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Dato che: 

 

[...] le cose vere della vita non si studiano e non si imparano, ma si incontrano 

[Oscar Wilde] 

 

dedico la tesi a tutti coloro che hanno fatto parte della mia vita. 

 

 



 

 

Abstract 

Moderate unconjugated hyperbilirubinemia is a common condition in the first week of 

postnatal life. Some neonates may develop very high levels of unconjugated bilirubin (UCB), with 

an increase of the unbound free fraction (Bf), able to diffuse through the blood brain barrier. The 

clinical manifestations range from the less severe Bilirubin-Induced Neurological Damage (BIND) 

to a more severe chronic kernicterus. Neurological damage is characterized by variability in 

location and severity of symptoms, including: motor disorders and athetosis (basal ganglia and 

cerebellum), auditory dysfunction (inferior colliculus), memory and learning impairment 

(hippocampus). Amount and duration of hyperbilirubinemia are not the only parameters that 

influence the severity of the damages. The neurodevelopmental age at the time of insult exposition 

and still unexplained selective regional brain sensitivity, seem to play an important role in 

influencing the damages. 

To investigate the reason(s) of this variability we developed organotypic brain cultures 

(OBCs), which preserve the architecture, cellular complexity and connection of the in vivo nervous 

tissue in an in vitro system. These characteristics allow the identification of the most sensible brain 

regions and CNS developmental stages to acute bilirubin toxicity. These data were used to evaluate 

alternative therapeutical strategies. Cortex (Ctx), Cerebellum (Cll), Hippocampus (Hip), Superior 

and Inferior collicula (SC, IC) OBCs from 2 (P2) and 8 (P8) days old rats, were produced and 

challenged with 70, 140 and 300nM Bf for 24Hrs. Membrane leakage, mitochondrial activity, 

apoptosis, glutamate excitotoxicity, inflammation, astrogliosis, oxidative stress were monitored. 

Finally anti-inflammatory, anti-oxidant and drugs inhibiting the glutamate channels, were screened 

for their ability to reverse the damage. 

We highlighted a differential developmental and regional sensitivity to bilirubin. 

Immediately after the birth (P2), Ctx displayed the maximal damage, followed by Hip and IC 

(starting from 140 nM Bf). In OBCs reproducing a more developed CNS (P8), sensitivity was 

increased. Surprisingly 70 nM Bf, usually considered safe, was able to induce damage in three 

regions (Hip, IC and Ctx). On the contrary, cerebellum was not damaged by bilirubin during 

treatment of 24 hours, while superior colliculus confirmed its resistance to bilirubin as expected by 

literature data. The Hip damage was mostly mediated by glutamate excitotoxicity and inflammation, 



 

with oxidative stress less relevant. In agreement, MgCl2 and indomethacin were more effective than 

curcumin, unable reverting damage to control levels, objective reached by exposing the OBC to a 

cocktail of the aforementioned molecules. IC showed a mechanism more related to inflammation 

and oxidative stress, efficiently reverted by curcumin and indomethacin. On the contrary, Ctx 

responded well to all therapeutic approach.  

Our data documented the existence of a regional and developmental differential sensitivity 

to bilirubin insults. Data reported suggest a complex, but somehow region-specific mechanisms of 

toxicity, significantly reverted by the drugs we tested. This work opens the way to a new 

therapeutical approach aimed in protect directly the brain. 

 

 

 



 

Riassunto 

 

L’ittero neonatale, caratterizzato da un moderato aumento della bilirubina sierica, è una 

condizione comune nel 60% dei neonati. Alcuni bambini possono sviluppare elevati livelli di 

bilirubina per un lungo periodo, favorendo l’aumento della concentrazione della frazione di 

bilirubina libera (Bf) non legata all’albumina e in grado di passare la barriera emato-encefalica. Il 

danno al cervello può essere limitato, come nell’encefalopatia da bilirubina, o progredire fino a 

livelli cronici e permanenti come nel kernittero. Il danno neurologico è variabile in base alla sede 

colpita e può interessare il comparto motorio (cervelletto), uditivo (collicoli inferiori) e cognitivo 

(ippocampo). Il livello di bilirubina totale e la durata dell’iperbilirubinemia sono parametri 

importanti per valutare la gravità della condizione patologica. In aggiunta, anche lo stadio di 

sviluppo del cervello dei bambini, specialmente nei prematuri, e una riportata ma ancor non 

spiegata differente sensibilità alla bilirubina di differenti regioni del cervello sono parametri che 

possono influenzare in modo rilevante la severità e le manifestazioni cliniche della patologia.  

Per studiare il ruolo dello sviluppo e della differente sensibilità regionale del cervello, le 

colture organotipiche di cervello di ratto (che mantengono l’eterogeneità cellulare del tessuto, nella 

sua struttura e connettività 3D, ma che possono essere coltivate in vitro) sono state sviluppate e 

ottimizzate per lo studio della tossicità da bilirubina. Colture d’ippocampo, cervelletto, collicoli 

inferiore e superiore e corteccia provenienti da animali di due differenti fasi dello sviluppo post-

natale (2 e 8 giorni dopo la nascita) sono state trattate con differenti concentrazioni di Bf (70, 140, 

300 nM) per 24 ore. La vitalità, apoptosi, attività mitocondriale sono stati valutati per studiare la 

differente sensibilità delle colture. Il ruolo dello stress ossidativo, infiammazione, astrogliosi ed 

eccitotossicità è stato valutato per studiare i meccanismi coinvolti nel danno da bilirubina. 

I risultati ottenuti mostrano differenze nella sensibilità regionale e nello stadio di sviluppo. 

Corteccia, e meno collicoli inferiori e ippocampo sono state le regioni più sensibili nelle colture 

derivate da animali di 2 giorni a partire da una Bf di 140nM. Un incremento della sensibilità alla 

bilirubina è stato osservato nelle stesse regioni, con ippocampo il più danneggiato, in colture di 

animali di 8 giorni, dove anche la concentrazione di 70 nM, considerata moderata e non tossica, è 

stata in grado di causare danno. Diversamente da quanto ipotizzato, il cervelletto non ha mostrato 

un danno significativo da bilirubina, mentre i collicoli superiori hanno confermato la loro 

resistenza. Il danno in ippocampo sembra essere prevalentemente causato dal rilascio di glutammato 



 

e dall’infiammazione, come confermato dai trattamenti neuroprotettivi con MgCl2 e indometacina. 

Una reversione del danno a livelli similari al controllo è stata tuttavia raggiunta solo esponendo le 

colture ad un cocktail dei tre principi farmacologici. Al contrario, la curcumina è stata il farmaco 

più efficace nell’inibire il danno nei collicoli inferiori. La corteccia invece non ha mostrato un 

meccanismo preferenziale nel danno da bilirubina, con una reversione significativa quando trattata 

con ciascuno dei tre farmaci.  

I dati ricavati da questo lavoro hanno dimostrato una differente sensibilità regionale e nello 

sviluppo del cervello alla bilirubina, ed ha inoltre dimostrato la multifattorialità dei meccanismi di 

danno. Il lavoro ha inoltre permesso di identificare farmaci efficace nel revertire il danno al SNC, 

suggerendo la possibilità di un nuovo approccio terapeutico basato sulla protezione diretta del 

cervello. 
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1  Introduction 
 

 

1.1 BILIRUBIN 

 

Bilirubin, derived from Latin, Bile, bile and ruber, red, is referred to the yellow lipophilic bile 

pigment with a linear tetrapyrrole structure. It is derived from the catabolism of heme-containing 

compounds, particularly hemoglobin, muscle myoglobin but also enzymes such as cytochromes, 

catalases, tryptophan pyrrolase. The main biological role hypothesized for bilirubin is as 

antioxidant, due to the beneficial effects observed in adult individuals with highest bilirubin levels 

than normal, in absence of liver diseases (Gilbert Syndrome). On the contrary, excessive level of 

plasma bilirubin in newborn is associated with yellow skin discoloration and accumulation in brain, 

resulting in damages and development of disabling consequences. 

 

 

1.1.1 Bilirubin metabolism 

 

300 mg of bilirubin are produced daily
1
, with a rate of 4.4 mg/kg, mainly (75-80%) derived 

from degradation of heme group of hemoglobin from senescent red blood cells in the 

reticuloendothelial system in spleen. The remaining (25%) UCB synthesis derives from heme 

groups of liver enzymes, excess of heme production, altered red blood cells and myoglobin
2
. 

The first step of heme metabolism involves the opening of heme ring and the conversion of 

1 mole of heme in 1 mole of Fe
2+

, CO and biliverdin by Heme Oxygenase 1 (HO1), consuming 

oxygen and NADPH. Subsequently, biliverdin is converted to bilirubin by Biliverdin Reductase 

(BVR), that catalyzes the oxidation of -CH= group (Figure 1.1)
3
. 
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Figure 1.1 Steps of conversion of hemoglobin to bilirubin. 

Conversion by heme oxygenase of hemoglobin to biliverdin, CO and Fe
2+

, with subsequent conversion of 

biliverdin to unconjugated bilirubin, by biliverdin reductase. Red arrows showed double-bonds target of light 

of phototherapy. 

 

The neo formed unconjugated bilirubin (UCB) is characterized of a very low solubility (<70 

nM) related to the internal polar groups that cannot interact with water. For this reason, in plasma, 

bilirubin is transported associated with albumin
4
 in adult and α-fetoprotein in newborns. In addition 

to its poor solubility, UCB is also poorly stable, since the double bonds in the vinyl and methene 

groups are readily oxidized and highly photosensitive (Figure 1.1)
3
. 
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UCB, in complex with albumin, diffuses through the porous sinusoidal endothelium and 

enter into hepatocyte, probably by a combined process of transmembrane diffusion and active 

transport
5,6

. In hepatocytes cytoplasmic bilirubin is bound to ligandin
7
 and glutathione S-

transferase
8
, that reduce the passive reflux of bilirubin in plasma or its interaction with cell 

membrane.  

In the hepatocytes, the conjugation of bilirubin increases its solubility and allows 

elimination. Conjugation is catalyzed by the enzyme uridine diphosphate glycosyltransferase 1A1 

(UGT1A1), a member of an enzyme family in the endoplasmic reticulum and nuclear envelope of 

hepatocytes (Figure 1.2). One or both carboxylic groups are modified by covalent attachment of 

polar glucuronic acid. The conjugation disrupts the internal structure and allows the release of a 

polar group. The polar group and the presence of hydrophilic glucuronic acid make bilirubin 

conjugates water-soluble. In adult humans, over 80% of the bilirubin conjugates are normally the 

di-glucuronide
9
, whereas the mono-conjugates predominate in newborns

10
. 

The conjugation increases bilirubin hydrophilic properties that allow its elimination by bile 

excretion in the intestine. The excretion of conjugated bilirubin into bile is mediated predominantly 

by an active ATP-dependent process mediated by the multidrug resistance-associated protein 

MRP2, and also by the ATP-binding cassette efflux transporter ABCG2
11

. 

In the intestine, reabsorption of conjugated form is low, but it is subjected to hydrolysis by 

bacterial β-glucuronidases and the new unconjugated form could be reabsorbed through the 

enterohepatic circulation and returned to the liver. In newborn, the intestinal reabsorption could 

significantly contribute to the development of jaundice. The majority of the conjugated bilirubin is 

metabolized by anaerobic bacteria to urobilinogens, eliminated in the stool
12

. 
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Figure 1.2 Main steps in the formation and elimination of bilirubin. 

UCB: unconjugated bilirubin; Bf: free bilirubin; CO: carbon monoxide; HSA: human serum albumin; 

UGT1A1: uridine diphosphoglucuronosyl transferase 1A1; BMG and BDG: bilirubin monoglucuronide and 

diglucuronide, respectively; MRP2: Multidrug resistance related protein 2
13

. 

 

 

1.1.2 Free bilirubin (Bf) 

 

The bilirubin in blood is clinically measured as Total Serum Bilirubin (TSB) and indicates 

the total bilirubin load, indispensable in presence of pathological value. TSB measures both the 

unconjugated bilirubin (UCB), defined “indirect bilirubin” and the conjugated form, called “direct 

bilirubin”. Due to its low hydrophilicity, in blood UCB needs to be bound to albumin (ALB). This 

bond determines the biological effects of the pigment. The binding between bilirubin and human 

serum albumin (HSA) was demonstrated by Bennhold
14

. Reported association constants for HSA 

range from 6.7 x 10
6
 M

-1
 for the high affinity site to 10

8
 M

-1
 for the secondary site

15,16
. 
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Under physiological conditions, the total albumin binding capacity is never saturated. 

However, as the primary binding site reaches saturation, the level of the small fraction of unbound 

bilirubin, called “free” bilirubin (Bf), increase quickly. Few data exist about Bf measurement in 

newborns. Clinically, neurological signs in fullterm newborns were observed in a Bf range of 13-46 

nmol/L
17

. Free from albumin binding, Bf can enter into the tissues. Plasma albumin limits the 

penetration of bilirubin by two ways. First, forming a complex (ALB+UCB) larger enough to avoid 

the entry of albumin bound bilirubin into tissues and across the blood brain barriers. Second, the 

contribution of the tissues for bilirubin binding reduces the extra vassal unbound bilirubin 

concentration. Despite the affinity of tissues for bilirubin is highly variable and depends on their 

structure and lipid content, tissues must be considered a reservoir of Bf in hyperbilirubinemia
18

. 

If UCB concentration is higher than the albumin binding capacity, the amount of Bf 

increases. In this condition, the unbound molecule, that is lipophilic and smaller enough can 

passively diffuse across the membranes and accumulates into the tissues. This principle is now 

known as “the Bf theory”. The first demonstration of the Bf theory was acquired to explain the 

outbreak of kernicterus in premature newborns treated with the antibacterial sulfisoxazole as 

prophylaxis for infection. At that time, kernicterus frequently occurred at total bilirubin 

concentrations between 12 and 18 mg/dl (considered low-middle total bilirubin, thus not 

dangerous), when sulfisoxazole was administered
19,20

. The drug was shown to compete with 

bilirubin for albumin binding sites, increasing the plasma Bf and perturbing the steady state 

sufficiently to increase the pigment brain entry causing toxic neuronal free bilirubin levels (acting 

as displacer)
21,22

. In fact, the Bf, due to its hydrophobicity, can permeate spontaneously through 

phospholipid bilayers of cell membrane by passive diffusion
23

, passing thought the endothelial cells 

forming the blood-brain barrier (BBB) in either direction
24

. 

Moreover, all the condition perturbing the dynamic bilirubin-albumin binding equilibrium 

might increase the Bf. Among them: poor feeding, hypoalbuminemia (<2.5 g/dL - frequently 

observed in infant especially preterm); displacer assumption
25

, acidosis, asphyxia, etc. 

Thus the possibility of quantify the Bf should be strongly relevant in predicting the risk of 

developing kernicterus. A method for the quantification of Bf was developed based on the 

observation that the bilirubin free of the albumin binding is oxidized by horseradish peroxidase in 

presence of hydrogen peroxide
26

. Even if, the methodology is well accepted for simple in vitro 

cultures media, so far it doesn’t work in a reproducible and easy way to perform fashion with the 
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more complex biological samples (blood, serum), avoiding to directly quantify the Bf in clinics. For 

that reason, the decision of intervention is still bases on the TSB – albumin blood ratio, and on the 

post-natal age of the icteric newborn (Figure 1.3)
27

. 

 

Figure 1.3 Nomogram for designation of risk of hyperbilirubinemia in newborns, based on the hour-

specific serum bilirubin values
27

. 

 

 

1.1.3 Bilirubin in newborns 

 

During fetal life, bilirubin production begins as early as 12 weeks’ gestation. For an optimal 

elimination, bilirubin is retained in unconjugated form that allows passage from the fetus, through 

placenta, to the maternal circulation for excretion. The presence of the bacterial β-Glucuronidase in 

fetal bowel helps to maintain bilirubin unconjugated by hydrolyzation of the conjugated molecules 

of glucuronic acid
28

. 

At birth, the protection of the placenta is lost. At the same time, the life span of erythrocyte 

is shorter than in adult (70-90 days vs. 120 days), the conjugation of bilirubin by UGT1A1 is only 

the 1% of level detected in adult life (reaching adult level only after 14 weeks after birth in 

humans
29

, as well the level of ligandin, responsible for bilirubin binding into hepatocyte is low. All 
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together, these conditions contribute to the physiological jaundice
30

, characterized by mild to 

moderate elevated serum UCB levels (less than 170 µM), occurring in approximately 60% of 

healthy term neonates. This physiological neonatal jaundice reflects the transition from intrauterine 

to extrauterine bilirubin metabolism. It is considered benign, and is usually resolved by the end of 

the first week of life without treatment requirement
31,32

. 

UCB has long been considered a waste product of difficult clearance. However, 

accumulating evidence suggests that UCB is a potent antioxidant at very low concentration
33

. In 

birds, amphibians, and reptiles the biliverdin produced in the first step of heme degradation is 

excreted directly, while in mammals biliverdin is reduced to the non-polar bilirubin. The acquisition 

of this biological process could be explained by the need to protect the newborn from the oxidative 

stress generated by the first contact with the air oxygen
34,35

. 

At the contrary, when plasma UCB levels increase dramatically due to increased production 

or impaired clearance, hyperbilirubinemia can cause toxicity to various brain regions, leading to 

acute reversible bilirubin encephalopathy or progress to the irreversible chronic form kernicterus, or 

even death
27

. 

 

 

1.1.4 Main causes of severe hyperbilirubinemia 

As previously explained, bilirubin uptake and elimination by the liver involves four distinct 

processes: uptake from the circulation, intracellular binding, conjugation, excretion. Alteration of 

one or more of this leads to different degree of hyperbilirubinemia, with consequent brain damages. 

 

1.1.4.1 Rh incompatibility 

Severe unconjugated hyperbilirubinemia may be determined by alteration of the hemolytic 

process, causing the Rh disease (also known as Rhesus incompatibility – hemolytic 

hyperbilirubinemia). The disease typically occurs only in second or subsequent pregnancies of Rh 

negative women where the fetus's father is Rh positive, leading to an Rh+ pregnancy. The disease 

has been virtually eliminated in high-income countries by the prophylactic use of Rh 

immunoglobulin given to the mother during the last trimester of pregnancy and within the first 72 h 

postpartum
36

. 
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1.1.4.2 Genetic deficits of the enzyme glucose-6-phosphate dehydrogenase 

Genetic deficits of the enzyme glucose-6-phosphate dehydrogenase (G6PD), that affects 

some 400 million people worldwide
37

, contribute to the cases of neonatal hyperbilirubinemia and 

puts infants at risk of kernicterus. The enzyme is part of a cytoplasmic system deputy for the 

production of the reduced form of NADPH, involved in the maintenance of intracellular levels of 

reduced glutathione to protect cells from oxidative stress. Due to their activity as oxygen carriers, 

red blood cells are at high risk of damages by free radical. This deficit is dangerous in red blood cell 

that lack of other regenerating systems for NADPH, leading to increased risk of hemolysis with 

consequent development of hemolytic jaundice. 

 

1.1.4.3 Genetic disorders of bilirubin metabolism: UGT1A1  

Differently from the previous two, hyperbilirubinemia derived from genetic abnormalities of 

the UGT1A1 enzyme are not characterized by an excessive production of iron and carbon 

monoxide, but they only lead to an accumulation of unconjugated bilirubin.  

 

1.1.4.4 Crigler-Najjar syndrome 

Unconjugated bilirubin is accumulated in plasma due to an insufficient level of enzymatic 

conjugation in the liver. Mutation in the key enzyme UGT1A1 leads to an autosomal recessive rare 

disease (0.6-1 per million live births) called Crigler-Najjar typer I syndrome (CN-1)
38–40

. Mutations 

in the exons 2, 3 and 4 of the gene UGT1A1 affected all the hepatic and extrahepatic transcripts
41

. 

Therefore, hepatic conjugation activity is absent in patient and plasma bilirubin reaches level of 26-

45 mg/mL, while the physiological concentration is 0.7-1 mg/mL. If untreated, the majority of 

patients die for kernicterus during the first 18 months of life. Phototherapy is of limited use in CN-I 

subjects, due to the increased thickening of the skin with age, the increasing of pigmentation and the 

decreased surface/mass ratio, strongly affecting phototherapy effectiveness. Of notice, CN-I 

subjects must receive 12 hours per day of phototherapy, significantly reducing the quality of their 

life
42

. Plasmapheresis and exchange transfusion are used in clinical practice during crisis, but the 

only effective treatment for CN-I patients is orthotopic liver transplantation
43

. The inactivation of 

the UGT1A1 gene was also observed in a rat, called Gunn rat, which spontaneously developed 



1. Introduction 
 

9 

 

hyperbilirubinemia after birth
44

. The Gunn rats was used as animal model of hyperbilirubinemia to 

study neuronal effects of bilirubin due to the evident cerebellar hypoplasia observe after one week 

of life
45

. The original strain of Gunn rat was characterized by lethality, but in the last years, animal 

somehow adapted to the genetic deficit until a non-lethal hyperbilirubinemia. Hyperbilirubinemia 

could be experimentally exacerbated by administration of sulphadimethoxine that is able to displace 

bilirubin from albumin and to increase dramatically its free form in blood
46

. 

The variant 2 of the Crigler-Najjar syndrome, described firstly in 1962
47

, is characterized by 

serum bilirubin of 7 to 20 mg/mL, due to a single base pair mutations in UGT1A1 gene, with 

consequent substitution of a single aminoacid that decrease the activity of the enzyme to 10% of 

normal, without abolish completely
48

. The syndrome is characterized by lowest level of plasma 

bilirubin if compared with type I syndrome and by a less sever phenotype. An important difference 

between the two variant in term of treatment is that type 2 patients are usually respondent to 

phenobarbital treatment
49,50

. Patients with CNS type 2 respond with a reduction of their serum 

bilirubin level of about 25%, while no response is seen in type 1 patients, due to the complete 

abolition of the enzymatic activity. 

 

1.1.4.5 Gilbert syndrome 

A common mild and chronic form of hyperbilirubinemia was described in last century as 

Gilbert syndrome
51

. The syndrome is estimated to be present in 3 to 10% of general population
52

 

and is diagnosed for the presence of longer dinucleotide repeat, A[TA7]TAA, in the promoter region 

upstream to exon 1 of UGT1A1 gene that has the sequence A[TA6]TAA
53

. The mutation causes a 

reduction in UGT1A1 activity of about 70%, with variation of unconjugated plasma bilirubin from 

normal to 3 mg/dL, usually during fasting or illness
54

. Increased level of plasma bilirubin in Gilbert 

syndrome is milder than those observed in Crigler-Najjar syndromes and is associated with 

protective effects in term of anti-genotoxic effects
55

 and reducing risk of cardiovascular diseases
56

. 

 

1.1.4.6 Conjugated Hyperbilirubinemia: Dubin Johnson and Alagille syndrome 

Differently from the previously unconjugated hyperbilirubinemia, there are syndromes 

characterized of high level of conjugated bilirubin in plasma. Conjugated form may accumulate in 

plasma due to alteration of the uptake and metabolic capacity of liver cells. The rare Dubin-Johnson 
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syndrome is characterized also by black pigmentation of the liver in the absence of other clinical 

biochemical alteration. The condition showed alteration of canalicular excretion, due to the 

mutation in the ATP-binding domain of the gene ABCC2, observed in many patients. On the 

contrary, Rotor syndrome is a disorder of hepatic storage. The syndrome showed autosomal-

recessive characteristic, but the molecular bases are unknown. Progressive familial intrahepatic 

cholestasis (PFIC) refers to a group of familial cholestatic conditions caused by defects in biliary 

epithelial transporters. The alteration could cause progressive liver damage. The mutation of JAG1 

gene causes Alagille syndrome, a disorder of bile duct development resulting in progressive 

cholestasis
57

. 

 

Indeed, chronic form of brain damages could be reached also under moderate level of total 

serum bilirubin (TSB) if associated with other pathologies by the opening the BBB, allowing not 

only Bf but also albumin bound UCB to reach the neural parenchyma (intraventricular hemorrhage 

and periventricular white matter injury; asphyxia; infection and inflammation)
58,59

. 

 

 

1.2 BILIRUBIN NEUROTOXICITY 

 

1.2.1 Kernicterus 

 

Historically, the term “kernicterus” was designated by Schmorl in 1904 to describe intense 

yellow staining of the basal ganglia and medulla oblongata in autopsy of brain newborn
60

. This 

historical finding perpetuates the idea of selective deposition of bilirubin in specific brain region as 

the main cause of the regional damages observed in the brain. This idea was first challenged by 

Hansen, in 2000
61

. Later on, an identical bilirubin content was measured in different regions of the 

brain of the Gunn rats (the spontaneous animal model of CN-I), suggesting that the dogma of a 

regional bilirubin deposition should be reconsidered and that the selective localization of the 

damage depends of a still unexplained regional selective sensitivity to toxicity
62

. 

The term kernicterus was used to describe neuropathology of bilirubin-induced brain injuries 

and its associated clinical findings. In the last decade there was the need to develop definitions for 
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other subtle form of bilirubin encephalopathy, usually described as bilirubin induced neurological 

damages (BIND). Classical kernicterus or chronic bilirubin encephalopathy is the clinical syndrome 

described in this chapter. BIND refers to individuals with subtle neurodevelopmental disabilities 

without classical findings of kernicterus. This syndrome is recognized because unknown 

neurological disabilities were diagnosed in patients with a history of hyperbilirubinemia. 

Neurological abnormalities are usually less severe than observed in classical kernicterus, allowing 

the introduction of the terms “subtle kernicterus” or BIND
63

. 

Nowadays, the American Academy of Pediatrics recommended using the term kernicterus 

only for the chronic and permanent signs of bilirubin damages and acute bilirubin encephalopathy 

for the acute effects. Jaundice newborn with signs of acute bilirubin encephalopathy became 

lethargic and hypotonic, followed by development moderate stupor, irritability, and hypertonia. The 

advanced phase, that probably became irreversible, is characterized by pronounced retrocollis-

opisthotonos, apnea, fever, deep stupor to coma, seizures, and also death. Chronic signs could be 

preceded by acute manifestations or develop directly after very high level of serum bilirubin. 

Surviving infants may develop athetoid cerebral palsy, auditory dysfunction, dental-enamel 

dysplasia, paralysis of upward gaze, and, less often, intellectual and other handicaps
27

. 

Well in agreement with the symptomatology, recent histological findings in newborns died 

with kernicterus included apoptosis and necrosis of neurons in the cerebral cortex, basal ganglia, 

hippocampus, pons, and cerebral Purkinje cells and calcifications were seen in cerebral white 

matter
64

. Specific findings in basal ganglia were confirmed in other autopsy cases, which described 

edema with mild neuronal loss. Other alterations observed were selective neuronal loss with gliosis 

in the globus pallidus, sub-thalamic nucleus, and hippocampus
65

. Cerebellum, hippocampus 

(especially in third layer of the Ammon’s horn, the CA3) and basal ganglia are regions commonly 

recognized as locations of damages in autopsy. In three children vacuolation of brain parenchyma 

was a common sign, related to neuronal degeneration in all the three regions described
66

. Different 

susceptibility of brain regions to bilirubin was confirmed also in in vitro and in vivo works, 

resulting in high sensitivity of hippocampus and cerebellum, and less in cortex
62,67–69

. In addition, 

magnetic resonance imaging (MRI) could be used to assess the damage. Abnormal increased signal 

intensity of T1-weighted images in the globus pallidus and subthalamic nuclei was described for the 

acute phase of kernicterus. MR imaging during the chronic phase displayed increased signal 

intensity on T2-weighted MR images of the globus pallidus, subthalamic nuclei, and 

hippocampus
70,71

. The brainstem auditory pathway is known to be sensitive to bilirubin 
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neurotoxicity
72

. Auditory measures use acoustic stimuli and auditory responses that fall into several 

categories. The series of characteristic peaks (labeled with Roman numerals I-V) in the response of 

acoustic stimuli are referred to as auditory brainstem responses (ABR). Dysfunctions in the related 

neural pathways cause deficits, including delayed or abnormal conduction time of neural impulses 

and are manifested as decreased peak latencies and increased interpeak intervals. In term neonates 

with hyperbilirubinemia, the wave latencies and interpeak intervals tended to be increased with the 

increase in the level of TSB
73

. Bilirubin has variable impact in auditory system and usually it is 

correlated with TSB level
74

. 

Kernicterus (<1 in 50000 live births) is recognized as rare disease by: Online Mendelian 

Inheritance in Man (OMIM#237900); European ORPHANET (ORPHA415286); NIH Genetic and 

Rare Diseases Information Center (GARD)
75

; The Italian Department of Health (RP0060)
40

. 

Nevertheless, bilirubin toxicity remains a significant problem of newborns despite recent advances 

in the care of jaundiced neonates. Data about rarity of kernicterus derived from registry of 

industrialized countries, but detailed information are lacking in low-income and middle-income 

countries (LMIC). A study of few years ago estimated the regional and global incidence of severe 

hyperbilirubinemia. The global prevalence of kernicterus was estimated in 56/100000 live birth 

with important difference in geographic areas. Analysis of high-income countries resulted in a 

prevalence of only 10/100000 live birth, while LMIC account for about 80% of the kernicterus 

cases with a prevalence of 73/100000
76

. 

As previously described, kernicterus is considered a rare consequence of 

hyperbilirubinemia, but some conditions contributed to its resurgence
77–79

. System failure in 

neonatal care during the first week of life was suggested as the possible reason of this: early 

discharge of the mother from the hospital during the first 72 hours of the newborn life, 

breastfeeding without support for optima lactation and the insufficient knowledge about the risk of 

severe hyperbilirubinemia. In addition, the efficacy in western countries of phototherapy, as first 

approach, and the availability of other medical interventions, has probably generated 

overconfidence in medical environment about the management of severe hyperbilirubinemia
80

. 
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1.2.2 Molecular mechanisms of bilirubin neurotoxicity 

 

Bilirubin could damages different brain region and it is suggested that this occurs by 

alteration of different biomolecular pathways. It is suggested firstly that the risk for neurological 

damage is related to the degree and duration of hyperbilirubinemia
81

. Moreover, it is important to 

understand the mechanism of toxicity to identify the key step to target to prevent the final and 

chronic symptoms. 

Initially, bilirubin is able to be able to diffuse spontaneously through the phospholipids 

bilayer of the hepatocytes cell membrane
23

. The same event happens in presence of membrane of 

neuronal cells where unconjugated bilirubin was observed to interact with cell membranes and 

mitochondrial membranes
82

. This process leads to disruption of lipid polarity and fluidity, alteration 

of protein order, and generation of redox status. Bilirubin interacts also with mitochondrial 

membranes influencing lipid fluidity and cytochrome c release in cytoplasm
83

. The consequence of 

the cytochrome release is the cell death by induction of apoptosis
84

. Induction of apoptosis was 

observed also in granular cells from cerebellum of Gunn rat starting from the alteration of cell 

cycle, which could explain hypoplasia
85

. 

Bilirubin interaction with phospholipid membranes causes also a reduction in the activity of 

the Na
+
-K

+
-ATPase and structural modification of the glutamate NDMA receptors

86
. Bilirubin has 

been demonstrated to alter the glutamate pathway by excessive stimulation of glutamate release 

with consequent overstimulation of the receptors, a process called excitotoxicity. Glutamate is the 

major excitatory neurotransmitter in human central nervous system and its regulation is critical due 

to its important roles for neural development
87

. Improper release of glutamate and receptors 

activation may lead to neuronal cell death. This event was observed in primary neuronal cell 

cultures where bilirubin induced apoptosis through the activation of glutamate receptors; in fact the 

administration of the NMDA receptors antagonist MK-801, but not the AMPA receptors antagonist 

NBQX protects the cells from bilirubin toxicity
88

. The Gunn rat resulted more sensitive than the 

normobilirubinemic rat to the administration of NMDA, the agonist of the same class of glutamate 

receptors, and the damages caused by sulfadimethoxine treatment could be reduced by NMDA 

receptor antagonist MK-801
89

. 

The role of oxidative stress in bilirubin toxicity were investigated in vitro by observation of 

increased level of protein and lipid oxidation and by decreasing level of antioxidant systems 
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(glutathione)
90

. In different cell lines, bilirubin causes an accumulation of intracellular reactive 

oxygen species (ROS) that activate the antioxidant cell response
91,92

. Pro-oxidant effects suggested 

by impairment of the antioxidant enzyme in brain were observed in a mouse model of Crigler-

Najjar syndrome
93

. Pro-oxidant markers consequent to bilirubin exposure were investigated also in 

newborns and resulted higher in infants with hyperbilirubinemia when compared with 

normobilirubinemic infants
94

. Another study displayed increased level of malondialdehyde in 

hyperbilirubinemic infants compared to healthy infants, which significantly decreased after 

phototherapy
95

. On the contrary, a work performed in the Gunn rat, as model of Crigler-Najjar 

syndrome, showed that lipid peroxidation is not the main mechanism causing BIND
96

. 

Bilirubin is able to alter mitochondria respiration depending on its concentration and cell 

target. Liver and heart cell displayed increased respiration rate at low concentration and inhibition 

only at high concentration, while in brain cells mitochondria activity was always inhibited
97

. Other 

effects in metabolic alteration were observed in brain of Gunn rat in inhibition of 

phosphofructokinase, a key enzyme of glycolysis
98

. The data was confirmed also in a rat model 

with a bilirubin infusion that displayed regional and age-dependent alteration of glucose utilization 

in brain
99

. 

The predilection of bilirubin for specific cells were tested in recent years by the 

measurement of viability in immortalized cell lines. One work that considered the sensibility of 

different tissues showed the preference of bilirubin toxicity for neuroblastoma and glioblastoma cell 

lines, as model of neuronal and glia cells
100

. On the contrary, liver and fibroblast cells resulted less 

sensitivity. In this respect, function and viability of neurons are supported by a large number of glia 

cells. Consequently, UCB playing its toxic effect on astrocytes, oligodendrocytes and microglia, 

may affect the neuronal survival. One of the first descriptions of damage of astrocytes reported 

swelling of perivascular astrocytes
101,102

, characterized by a lower, maturation dependent, sensitivity 

than neurons. Indeed, astrocytes showed high glutamate release and inflammatory activation
103,104

. 

Microglia are resident macrophage in CNS and are known to be sensible to the presence of 

bilirubin
105

, in turn affecting the survival of surrounding cells by the secretion of inflammatory 

mediators. Moreover, it was demonstrated that bilirubin induced an autophagic phenotype that is 

supposed to be neuroprotective, but also a pro-inflammatory phenotype with consequent cytokine 

release
106

. Recent in vitro studies clearly demonstrate that oligodendrocyte precursor cell are 

vulnerable to bilirubin toxicity, although less than neurons. In addition, unconjugated bilirubin 

limits oligodendrocyte differentiation and impairs axonal myelination in vitro, and demyelination 
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and axonal loss are reported in the cerebellum of preterm infants with kernicterus
59,107–109

, in mouse 

model of CN-1
110

 and in rats
102,111

. 

 

 

1.2.3 Available treatments 

 

The Subcommittee on Hyperbilirubinemia of American Academy of Pediatrics drafted 

guidelines for the practical management of hyperbilirubinemia
27

. The aim of this guideline is to 

promote an approach that will reduce the frequency of severe neonatal hyperbilirubinemia and 

bilirubin encephalopathy. The global hospital policy of early discharge of the newborn form the 

hospital demonstrated the low knowledge of the nursery and doctors to the hyperbilirubinemia 

risk
79

. The key elements are summarized here: 

- Establish nursery protocols for the identification and evaluation of hyperbilirubinemia. 

- Measure the total serum bilirubin (TSB) on infants jaundiced in the first 24 hours. 

- Recognize that preterm infants are at higher risk of developing hyperbilirubinemia. 

- Provide parents with written and verbal information about newborn jaundice. 

- Treat newborns, when indicated, with phototherapy or exchange transfusion. 

 

1.2.3.1 Phototherapy 

Phototherapy is the first and most common therapeutic intervention used for the treatment of 

hyperbilirubinemia
112

. The very first phototherapy unit incorporating an artificial light source 

instead of natural sunlight was developed and tested in 1958 at Rochford Hospital
113

 and became of 

clinical use a decade later
114

 (Figure 1.4). Phototherapy causes oxidation and consequent molecular 

rearrangement of bilirubin to produce mutant bilirubin isomers
115

, which are more polar and thus 

excretable without conjugation. The reactions that occur with light include isomerization about the 

two double bonds showed in Figure 1.1, photo-oxidation, and occurrence of an intra-molecular 

cyclisation When blue light illuminates the skin, an amount of photons of energy are absorbed by 

bilirubin present in the superficial skin capillaries. The objective of the oxidation of bilirubin is to 

reduce rising of its plasma level and to prevent its entry and deposition in brain. Therefore, the most 

important intervention for the severely hyperbilirubinemic infant is to initiate phototherapy without 
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delay. The photoisomerization of bilirubin begins almost instantaneously when the skin is exposed 

to light. Phototherapy is effective (in Western countries) in reducing the circulating amounts of the 

pigment in newborns when applied promptly. Furthermore, it’s important to remember that the ratio 

of bilirubin oxidation is related to the quality of the instrumentation used: wavelength into the range 

of 400 and 520 nm; intensity of the light; distance between the light source and the newborn; body 

surface area exposed to the light
116

. Phototherapy is not free of side effects; in fact they include 

short time alteration of thermal environment of the newborn, dehydration, alteration of electrolyte 

equilibrium, development of allergic diseases, retinal damages and others
117

. It is generally accepted 

that the side effects of neonatal therapy are rare and not serious. Bilirubin photoisomers, derived 

from photo-irradiation of unconjugated bilirubin, was recently studied
118

. The work demonstrated 

that photoisomers do not interfere in bilirubin-albumin binding, excluding any interference in Bf 

level, and in viability of cell lines, suggesting the absence of a direct toxic effect. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Newborn under phototherapy
116
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1.2.3.2 Exchange transfusion 

Phototherapy is generally effective, but in some neonates the plasma bilirubin concentrations 

become dangerously high. In addition, as reported before, phototherapy is also of limited use in CN-

I subjects, revealing the need of other treatment able to reduce bilirubin in blood. In these cases 

exchange transfusion is indicated
27

. An exchange transfusion requires that the patient's blood can be 

removed and replaced with “clean” blood, as demonstrated in animals and newborns
119–121

. The 

main disadvantages of the technique are the important side effects derived from the replacement of 

a large amount of blood. Complications include cardiac arrest, thrombosis of the portal vein, 

coagulopathies, hypoglycemia, hypocalcaemia, necrotizing enterocolitis, and transmission of 

infectious diseases, with a mortality rate of 0.3–2.0%
122–124

. 

 

1.2.3.3 Albumin administration 

The free bilirubin theory suggested the idea of the possibility to sequester the free fraction of 

plasma bilirubin by administration of albumin to the newborn to prevent bilirubin entry into the 

brain. In addition, there was need to develop new protective treatment due the high risk of side 

effects of the exchange transfusion, that represent the second step to reduce plasma bilirubin after 

phototherapy. In 1959, newborn puppies were injected with a bilirubin solution and simultaneously 

with serum albumin, showing clinical improvement with increased survival and reduce tissue 

bilirubin accumulation
125

. The possibility to administer albumin to the newborn with 

hypoalbuminemia or with plasma containing molecules able to displace bilirubin from albumin was 

discussed in the same year
126

. Human serum albumin treatment has been used also more 

recently
127,128

, without data about decreasing of bilirubin in brain. However, some years ago 

infusion of human serum albumin (HSA) resulted efficacy in decreasing of bilirubin in brain
129

 

when administrated in tandem with phototherapy treatment in hyperbilirubinemic Gunn rat
130

. 

 

1.2.3.4 Liver transplantation and genetic therapy 

Patients with CN-I are subjected to chronic hyperbilirubinemia for entire their life, so the 

treatment exposed here are only temporary solutions to reduce plasma bilirubin. The only solution 

is the correction of the genetic error by liver transplantation or by injection of hepatocyte expressing 

normal level of UGT1A1, as recently tested in Gunn rats
131,132

. 
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1.2.3.5 Alternative approaches 

Alternative methods to take advantage of the clearance role of albumin were studied. Nutritional 

intervention was also suggested to increase plasma albumin synthesis, as demonstrated in very low 

weight preterm newborn fed with high dose of aminoacid and lipid when compared with standard 

diet
133

. 

 

1.2.3.6 A new therapeutical strategy 

All the approaches previously described are focused in decreasing plasma bilirubin, but there 

are no sufficient data about their role in reducing efficiently and quickly bilirubin level in brain. A 

different field of studies is concentrated in the development of neuroprotective drugs that will be 

used to gain time to allow traditional therapies to be effective or as an alternative first step therapy. 

Till now only limited efforts in this direction have been done, mostly focused in obtaining 

mechanistic/bench based results. Minocycline is a semisynthetic second-generation tetracycline 

which exerts secondary protective effects which appear to be distinct from its anti-microbial 

action
134

. Minocycline possess in vitro anti-inflammatory, anti-excitotoxic
135,136

 and anti-apoptotic 

effects
137,138

. More interestingly are its effects in vivo, in the Gunn rats, where it is able to rescue 

bilirubin-induced cerebellar hypoplasia
139

 and auditory dysfunction
140

. The main limit of its clinical 

use in newborns is the presence of important side effects on bone and teeth development in child 

younger than 8 years. Other drugs approaches were investigated in vitro with the objects to inhibit 

mechanism suggested to be involved in bilirubin neurotoxicity: L-Carnitine
141

 for excitotoxicity; 

Taurine
142

 for intracellular calcium imbalance; MK-801 and caspase inhibitors
143

 for excitotoxicity 

and apoptosis; modified bile acid
144,145

 with multiple neuroprotective effects. 
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1.3 ORGANOTYPIC BRAIN CULTUREs 

 

In vitro cell cultures are an important technique for neuroscientist for studying large 

quantities of homogeneous cells in an isolated environment. Cancerous or immortalized cells are 

used as model of specific tissue to overcome the limited capacity of cell to proliferate unlimited in 

vitro. This simple system has provided historically a unique opportunity to understand biological 

systems and to know all the components that make up cells and organisms. The cultures of primary 

dissociated neurons, astrocytes, oligodendrocytes or microglia is another important method for 

neuroscientist to study behavior of normal cells of CNS. However, isolated cells do not reflect the 

nature of the organism due to the absence of 3D environment and lack of contact with other cells 

that are essential for their physiological function. This is of particular importance in brain tissue, 

where the intrinsic connections between nerve cells are an integral part of their function and where 

dissociation of the tissue may impacts on its original function. There is an increased interest for 

research systems to mimic well the physiological interaction of the cells that are present in the 

tissue. In addition, pharmaceutical field need a complex model to evaluate drug activities for pre-

clinical pharmacological study. Animal model is the leading model to study protective effects of 

drugs, but in many case they are complex, expensive and time-consuming. In addition, there are 

technical difficulties associated with examination or brain regions in situ in animal. 

 

1.3.1 The “roller tube” organotypic brain cultures  

For the reasons previously described, in neurological studies, some problems can be solved 

by using tissue cultures developed some decades ago and called organotypic brain cultures (OBCs – 

Figure 1.5). The first approach to organotypic cultures was developed by Hogue in 1947
146

 and 

modified later by Costero and Pomerat
147

. The technique was based on a small piece of human fetal 

brains cultured in a tube and included in a clot prepared from coagulation of hemostatic globulin 

and chicken plasma, all fed by medium. This technique was described in details by Gähwiler, by 

using rat brain slices, and was called Roller-Tube, due to the slow rotation of the culturing systems 

that allow oxygenation of the slices thanks to a continuous changing of the air-liquid interface in the 

tubes
148

. The main advantage of this method is the reduction in thickness of the slices after few 

weeks under the action of the clot, from the original 300-400 um to about 50 um
149

. Thanks to the 

reduced volume, the accessibility of individual neurons in the slice in these cultures resembles those 
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prepared from dissociated cells. This is a leading technique for microscopic observation of the 

development of neural connectivity, analysis of fiber growth and synaptic transmission and 

electrophysiological studies due to the accessibility to the neurons
150,151

. On the contrary, the 

reduced tissue amount limits the application of the cultures method for all the purposes based on 

collection of biological samples (RNA, proteins), such as in the present work. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Roller-tube (A) and Interface method (B)
152

 

 

1.3.2 “Interface” organotypic brain cultures 

Twenty years ago, a relatively simple method to produce and culture OBCs was introduced 

by Stoppini
153

 and called “interface” method. In this new system, slice prepared from explanted 

tissues are placed onto a semiporous membrane and fed by a small drop of medium. Slices are 

maintained alive in an air-liquid interface into a multi-well late in a classic 37°C, 95% humidity and 

5% CO2 incubator. Usually, slices are never fully soaked in medium but are covered with only a 

small film of medium at the upper surface. This technique reduced the technical requirement for 

production and culturing of slices. In addition, this method maintains slices in a static culture that 

preserve the tissue and allow the possibility to collect a good amount of sample for biomolecular 

analysis. 
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Organotypic brain cultures technique takes advantages from the properties of the neuronal 

tissue to survive for a long period in vitro. The ideas underline the development and usage of OBCs 

is the possibility to use cultures able to mimic the characteristics and function of the nervous tissue 

in vitro. This is supported by works that have analyzed the development of the slices during all the 

period of culture. Neuronal organization and morphology, and electrophysiological features of long-

term cultures are similar to those observed in adult brain tissue in vivo
154–157

. 

Together with the preservation of the characteristics of the nervous tissue, one of the main 

advantages of OBCs is the possibility to be obtained from various brain regions. These include 

hippocampus
158–160

, cortex
161,162

, cerebellum
163,164

, superior colliculus
165

, inferior colliculus
166

, 

striatum
167,168

 and spinal cord
169,170

. The basic principle of the OBCs preparation is the use of tissue 

that possesses a regular organization along their structure that allows the production of homogenous 

slices. 

Organotypic brain cultures were produced originally from neonatal rats of 1 to about 20 

days
148,153

. The age of the animal plays a significant role in the viability of the slice culture. Viable 

slices are easily obtained from brain of young animal of post-natal (P) 0 to 10 days or from 

embryos, that results more resistant to the stress of slices preparation. There are increased evidence 

that healthy slices could be produced from mature animals
171,172

, with increased risk of cell death 

and altered metabolism during culture period
162

. 

Despite the complexity of preparation protocol, organotypic cultures have obtained increasing 

success as useful alternative in simulating more ex vivo situations. Because they retain the 

cytoarchitecture of the tissue of origin, slices have evolved as one of the predominant ex vivo 

preparation used by electrophysiologists, and histologists, pharmacologists and biochemists. Slices 

system allow precise control of extracellular environments, so they facilitate research aiming to 

establish clear correlations between structure and function, as well as plasticity of neuronal 

interactions under different experimental conditions. In addition, it is possible to adopt these ex vivo 

models for neurotoxicity studies and for the screening of therapeutic molecules
173,174

. 
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2  Aims 

 

One key point related to the symptomatology of bilirubin encephalopathy is the 

heterogeneity in severity and appearance of neurological symptoms (auditory, motor, cognitive, 

etc). In addition, the presence of kernicterus at low bilirubin suggested the importance of points of 

vulnerability of brain development. Moreover, no attention has been dedicated till now to 

pharmacologically protect directly the brain, the final target of bilirubin toxicity. Interface 

organotypic brain cultures were selected as a good platform to test bilirubin neurotoxicity and to 

screen possible neuroprotective drugs. 

 

The aims of this project are the: 

 Development and optimization of organotypic brain cultures to the bilirubin induced 

damage field. 

 Screening of the regional differential toxicity (among damaged and not damaged brain 

areas). 

 Screening of the differential developmental toxicity. 

 Individuation of the molecular mechanisms involved in bilirubin toxicity in the different 

regions. 

 Based on such information, screening and validation drugs available to avoid the bilirubin 

induced brain damage. 
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3  Materials and Methods 

 

3.1 Experimental plan 

 

To provide a map of UCB target of post-natal brain during its development, and to acquire a 

deeper knowledge of mechanisms, as a basis for possible therapeutic intervention, we applied the 

interface organotypic brain cultures (OBCs) technique
148,153,175

 to the study of bilirubin neurological 

damage. They are slices of a specific region of the brain, conserving its cellular heterogeneity and 

connections
149

 and exhibiting synaptic plasticity and mechanisms of pathological insults 

comparable to what is obtained in vivo, but easily growth and challenged in vitro. Thus, they 

represent an ideal tool to assess ex vivo the effect of a compound on a specific CNS region
174,176

. In 

addition, the possibility to culture slices from animals at different post-natal ages, allows mimicking 

the CNS maturation. OBCs were prepared from hippocampus, cerebellum, inferior colliculus 

(pathologically involved in kernicterus)
61,177

, superior colliculus and cortex dissected from 2 and 8 

days old rat brains. Thus, OBCs were challenged in vitro with different UCB concentrations, and 

viability and biomolecular mechanism of damage screened. Finally, based on this information, 

drugs possibly already in clinical use in other neurological diseases, have been screened for their 

ability to reverse the damage. 

 

3.2 Solutions 

Hanks’ Balanced Salt Solution (HBSS) (Sigma Aldrich, St. Louis, MO, USA): Calcium 

Chloride (CaCl2) 0.166 g/L, Potassium Chloride (KCl) 0.97 g/L, Potassium Phosphate Monobasic 

(KH2PO4) 0.03 g/L, Magnesium Chloride (MgCl2-6H20) 0.21 g/L, Magnesium Sulfate (MgSO4-

7H2O) 0.07 g/L, Sodium Chloride (NaCl) 8.00 g/L, Sodium Bicarbonate (NaHCO3) 0.227 g/L, 

Sodium Phosphate Dibasic (Na2HPO4) 0.12 g/L, Glucose 1.00 g/L. 

Hanks’ Balanced Salt Solution (HBSS) (Sigma Aldrich, St. Louis, MO, USA): Calcium 

Chloride (CaCl2) 0.14 g/L, Potassium Chloride (KCl) 0.40 g/L, Potassium Phosphate Monobasic 
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(KH2PO4) 0.06 g/L, Magnesium Chloride (MgCl2-6H20) 0.10 g/L, Magnesium Sulfate (MgSO4-

7H2O) 0.10 g/L, Sodium Chloride (NaCl) 8.00 g/L, Sodium Bicarbonate (NaHCO3) 0.35 g/L, 

Sodium Phosphate Dibasic (Na2HPO4) 0.048 g/L. 

Heat-Inactivated Horse Serum (ThermoFisher Scientific, Waltham, MA, USA), Basal 

Medium Eagle (BME) medium (Life technologies Corporation, Grand Island, NY), Fetal Bovine 

Serum (FBS) (Euroclone, Milan, Italy), L-Glutamine (Life technologies Corporation, Grand Island, 

NY), Penicillin/Streptomycin (Life technologies Corporation, Grand Island, NY), D-Glucose 

(Sigma Aldrich, St. Louis, MO, USA) 

 

3.3 “Interface” organotypic brain cultures preparation 

 

Wistar Han
TM

 Rats, at two (P2) and eight (P8) days after birth, were obtained from the 

animal facility of the University of Trieste, Dept. of Life Sciences, Trieste (Italy). Animal 

experiments were performed according to the Italian Law (decree 87-848) and European 

Community directive (86-606-ECC). The study was approved by the animal care and use committee 

of the University of Trieste and regular communication to the competent Italian Ministry was done. 

Maximal effort to minimize the number of the animals used and their sufferance was done (RRR 

rule). 

Immediately after sacrifice, brains were removed and maintained in ice cold Gey’s Balanced 

Salt Solution plus D-Glucose 10 mg/mL (dissection medium). These experimental conditions were 

used to prevent damages that could affect neuronal tissue maintained in a non-physiological 

condition. Hippocampus (Hip), cerebellum (Cll), frontal cortex (Ctx), superior (SC) and inferior 

colliculi (IC) were dissected from brains and maintained in ice cold dissection medium until use 

(Figure 3.1). A McIIwain tissue chopper (Gomshall Surrey, U.K.) was used to cut transversely 300 

(SC, IC), 350 (Hip, Ctx) and 425 (Cll) μm slices. Healthy slices were selected from the total amount 

of tissue prepared by the chopper for structural integrity and were maintained in ice cold dissection 

medium for 60 minutes to allow cleaning of cutting surfaces from preparation procedure stress. 

Slices were then transferred to a sterile, semi-porous Millicell-CM inserts (PICM03050, Millipore, 

Darmstadt, Germany), feed by 1 mL of cold medium and maintained at 37°C, 5% CO2, 95% of 
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humidity in a humidified incubator. Many slices (1 to 12 maximum) were cultured in each filter 

depending of the objects of the experiment. 

 

 

 

Figure 3.1 Dorsal view of a whole P8 Wistar Han
TM

 rat brain (left) and hippocampus (right). 

Ctx: Cortex; SC: Superior colliculi; IC: Inferior colliculi; Cll: Cerebellum; Hip: hippocampus. 

 

 

3.4 Adapted cultures medium 

 

Standard culture medium (50% BME medium, 25% HBSS, 25% Heat-Inactivated Horse 

Serum, 1% L-Glutamine, 2% Penicillin/Streptomycin, 10 mg/mL glucose)
153

 was modified to allow 

Bf quantification. Bf adapted medium (Bf-OBCs medium) was composed by 65% of Basal Medium 

Eagle (BME) medium, 10% of heat-inactivated Fetal Bovine Serum (FBS), 25% of Hank’s 

Balanced Salt Solution (HBSS), 1% L-Glutamine, 2% Penicillin/Streptomycin, 10 mg/mL D-

Glucose. The medium was changed the day after cutting to help the slices to recover from the stress 

of the preparation protocol and every two days thereafter. Slices were maintained in culture for 10 

days to test viability during a long period. For treatment, slices were maintained in culture 5 days 
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before administration of UCB. This time is the minimum necessary to allow recovery from the 

stress of slicing. 

 

 

3.5 Bf treatment 

 

Immediately after recovery, slices were challenged for 1 to 24 hours with bilirubin, based on 

our experience in vitro
69,85,178,179

. The concentration of UCB (Sigma Aldrich, St. Louis, MO, USA), 

dissolved in DMSO (Sigma Aldrich, St. Louis, MO, USA), required to reach the desired Bf in the 

OBCs medium was quantified according to protocol using a Horseradish peroxidase and hydrogen 

peroxide, of Roca et al
180

. The concentration of Bf is not related only to the final concentration of 

albumin in the medium, but also to the characteristics of the medium. The method is based on the 

oxidation of the bilirubin unbound to albumin by Horseradish peroxidase (Sigma Aldrich, St. Louis, 

MO, USA) in presence of hydrogen peroxide. Different range of [Bf]/[Albumin] were tested to 

obtain a mathematical relation that allow Bf determination. 

UCB was purified as described by Ostrow and Mukerjee
181

, divided into aliquot and stored 

at -20°C till use. An aliquot of UCB necessary for the experiment was dissolved in DMSO at the 

final concentration of 5.028 mM and the diluted to the work concentration in medium. 

The toxic value of 140 nM Bf was reached adding 22.99 μM UCB (dissolved in DMSO) to 

our culture media. Additionally, a higher (300 nM Bf, corresponding to 34.18 uM UCB) and a 

lower 70 nM Bf (15.93 uM UCB) Bf concentration were used, to exacerbate the damage and 

individuate the precocious sensitivity threshold, respectively. Control slices were exposed to the 

same final concentration of DMSO needed to dissolve the UCB. For longer treatment, medium was 

changed and bilirubin was dissolved freshly every day. For shorter treatments, hippocampal cultures 

were exposed to bilirubin and DMSO for 1, 2, 4, 8, 12 or 24 hours. 
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3.6 Viability tests 

 

Three viability tests were used to follow the damage induced by the Bf challenging. Each 

monitored a different typology of damage. 

 

3.6.1 Lactate dehydrogenase release  

 

The amount of total extracellular Lactate DeHydrogenase in medium (LDH, membrane 

leakage) was determined using a CytoTox-ONE™ Homogeneous Membrane Integrity Assay 

(G7891, Promega, Madison, WI, USA) according to the manufacturer’s instructions, with minor 

modifications. After Bf exposure, supernatant was collected, and reaction started. The medium 

could be conserved also at -20°C. 100 uL of medium were incubated with 100 uL of the Reaction 

mix at 29°C for 5 minutes. Reaction was stopped by addition of 50 uL of Stop Solution. The 

fluorescence (560Ex/590Em) was determined using an EnSpire Multimode Plate Reader 

(PerkinElmer, Waltham, MA, USA), and the background fluorescence, derived from the medium, 

subtracted. LDH in challenged slices was expressed as fold respect the control. 

 

3.6.2 Hoechst staining 

 

Evidence of chromatin condensation, marker of cell death by apoptosis, was obtained by 

administration of 1 μg/mL Hoechst 33258 (Sigma-Aldrich, St. Louis, MO, USA) at the end of the 

challenging, after 3% PFA fixation
175

. Apoptotic cells were counted at 40X magnification, by a 

fluorescent microscopy Leica DM2000 (Leica Mycrosystems Srl, Solms, Germany) by three 

independent reader. At least 3 different fields were analyzed. Results were obtained as percentage 

of apoptotic cells related to the total number (apoptotic plus unaffected) cells in the control (100%). 

Final results were expressed as fold of apoptotic cells respect to the control DMSO (= 1). 

 

 



3. Material and Methods 
 

28 

 

3.6.3 Mitochondrial activity 

 

Mitochondrial metabolic activity was assessed using a 1-(4, 5-dimethyltiazol-2-yl)-3, 5-

diphenylformazan (MTT) assay (Sigma-Aldrich, St. Louis, MO, USA). MTT powder was dissolved 

in PBS at the final concentration of 5 mg/mL. 2-3 slices for each biological repetition were 

incubated with 0.5 mg/mL of MTT in medium at 37 °C for 1 h, harvested, and the precipitated-salt 

dissolved in DMSO. Absorbance was detected at 562 nm using a LD 400C luminescence Detector 

(Beckman coulter, Milan Italy). Results were expressed as percentage of activity related to the 

control (100%). 

 

 

3.7 Screening of pathway of damage 
 

3.7.1 Quantitative Real Time PCR of selected markers of bilirubin toxicity 

 

Based on previous data from our laboratory, or publications, specific genes were selected as 

markers of bimolecular mechanism(s) of neuronal damage
69,92,182–184

. The mRNA expression of 

genes of interest was analyzed by quantitative real-time PCR. Total RNA was extracted using TRI 

Reagent® RNA Isolation Reagent (Sigma-Aldrich, St. Louis, MO, USA), following the producer’s 

instructions. Complementary DNA (cDNA) was synthesized with the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Monza Italy).  

For the quantitative real-time PCR, primers were designed using the Beacon designer 4.2 

software (Premier Biosoft International, Palo Alto, CA, USA) on rat sequences available in 

GenBank (Table 3.1). The reaction was performed in a final volume of 15 μL in an iQ5 Bio-Rad 

Thermal cycler (BioRad Laborato-ries, Hercules, CA, USA). Briefly, 25 ng of cDNA and the 

corresponding gene-specific sense/antisense primers (250 nM each, with the exception of Cox2 and 

Il1β, 500 and 750 nM respectively) were diluted in the SSo Advance SYBER green supermix (Bio-

Rad Laboratories, Hercules, CA, USA). Amplification protocol was 3 min at 95 °C, 40 cycles at 95 

°C for 20 s, 60 °C for 20 s, and 72 °C for 30 s. Specificity of the amplification was verified by a 

melting-curve analysis, and non-specific products of PCR were not found in any case. The relative 
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quantification was made using the iCycleriQ software, version 3.1 (Bio-Rad Laboratories, Hercules, 

CA, USA) by the modified ΔΔCt method
185

, taking into account the efficiencies of the individual 

genes and normalizing the results to the housekeeping genes (Hypoxanthine guanine 

phosphoribosyl transferase: Hprt, Glyceraldehyde 3-phosphate dehydrogenase: Gapdh)
186,187

. The 

level of markers mRNA were expressed relative to the reference sample. 

 

Gene Accession number Forward Reverse AL 

Hprt NM_012583.2 AGACTGAAGAGCTACTGTAATGAC GGCTGTACTGCTTGACCAAG 163 

Gapdh NM_017008.2 CTCTCTGCTCCTCCCTGTTC CACCGACCTTCACCATCTTG 87 

Tnfα NM_012675.2 CAACTACGATGCTCAGAAACAC AGACAGCCTGATCCACTCC 172 

Il1β NM_031512.2 AACAAGATAGAAGTCAAGA ATGGTGAAGTCAACTATG 137 

Il6 NM_012589.1 GCCCACCAGGAACGAAAGTC ATCCTCTGTGAAGTCTCCTCTCC 161 

Il4 NM_201270.1 GCAACAAGGAACACCACGGAGAAC CTTCAAGCACGGAGGTACATCACG 96 

Il10 NM_012854.1 CCAATGGTGTCCTTTCACTTG AACAAACTGGTCACAGCTTTC 189 

Cox2 NM_017232.3 CTTTCAATGTGCAAGACC TACTGTAGGGTTAATGTCATC 92 

Hmox1 NM_012580.2 GGTGATGGCCTCCTTGTA ATAGACTGGGTTCTGCTTGT 76 

Srxn1 NM_001047858.3 AAGGCGGTGACTACTACT TTGGCAGGAATGGTCTCT 85 

 

Table 3.1 Primer sequences designed for the mRNA quantification. 

AL: amplicon length, Hprt hypoxanthine guanine phosphoribosyltranserfase, Gapdh glyceraldehyde 3-

phosphate dehydrogenase, Tnfα tumor necrosis factor alpha, Il1β interleukin 1 beta, Il6 interleukin 6, Il4 

interleukin 4, Il10 interleukin 10, Cox2 cyclooxygenase 2, Hmox1 Heme oxygenase 1, Sxrn1 sulfiredoxin 1. 

 

 

3.7.2 Glutamate quantification in culture media 

 

Because no reliable genes to monitor glutamate excitotoxicity by quantitative Real Time 

PCR were individuated, the amount of extracellular glutamate was quantified using a Glutamate 

Assay Kit (MAK004, Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s 
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instructions. After Bf exposure, supernatant was collected, and reaction started. 30 uL of culture 

medium were incubated with the reaction mix at 37°C in a 96-well plate. A standard curve of 

glutamate in the range of 2-10 nmol/well was prepared to quantify the total amount of glutamate 

released. A blank was prepared using the same reaction mix without the enzyme provided by the 

kit. The absorbance (450 nm), proportional to the glutamate present, was determined using an 

EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA). Glutamate release in 

challenged slices medium was expressed as fold respect the control. 

 

 

3.7.3 Histochemical analysis of damage 

 

3.7.3.1 Immunofluorescence 

Glial fibrillary Acidic Protein (GFAP) immunofluorescence was performed to evaluate 

morphological changes associated with UCB exposure. Slices were fixed in 4% paraformaldehyde 

(Sigma-Aldrich, St. Louis, MO, USA) for 20 minutes at 4°C and then washed twice with PBS and 

PBS plus Glycine 0.1M (Sigma-Aldrich, St. Louis, MO, USA) to eliminate residues of 

paraformaldehyde. After washing, slices were pre-incubated 1 hours in 1% normal goat serum 

(NGS, Sigma Co., Saint Louis, Missouri, USA) and 0.1% triton-X100 (Sigma Co., Saint Louis, 

Missouri, USA) in PBS (blocking solution). Then, slices were incubated 2 hours at 37°C with 

primary antibody Polyclonal Rabbit Anti-Glial Fibrillary Acidic Protein (4.8 ug/mL, Z0334, Dako 

Denmark A/S) in blocking solution. Slices were then rinsed three times in PBS for 5 minutes and 

subsequently incubated with FITC-Conjugated Swine Anti-Rabbit secondary antibody (1:2000, 

F0205, Dako Denmark A/S) 2 hours at RT in blocking solution. Slices were then washed twice in 

PBS for 5 minutes and incubated 10 minutes at RT with Hoechst 33258 (2 ug/mL, Sigma-Aldrich, 

St. Louis, MO, USA), washed and mounted with Fluorescent Mounting Media (HC08, Millipore, 

Darmstadt, Germany). Fluorescence was detected by fluorescent microscopy Leica DM2000 (Leica 

Mycrosystems Srl, Solms, Germany). 
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3.7.3.2 Histology 

At the end of the challenging, OBCs were immediately fixed in neural buffered formalin 4% 

(Kaltek, Padova, Italy), then embedded in paraffin. Tissues were sectioned at a thickness of 3 um, 

by a microtome (Microm-hm 340e- BioOptica, Milan, It), affixed on the slice and dried at 60°c for 

1 hrs. Sections were stained with the hematoxylin & eosin (H&E) protocol, performed by a Leica 

ST5020 Multistainer (Leica Microsystem, Milano, It) to assess the presence of apoptosis, necrosis, 

microgliosis, edema, and cell loss. Staining was performed as follow: Hematoxylin coloration 

(Xylol 2x5’; Ethanol 2x4’; H2O 1x3’; Hematoxylin 12’; H2O 2x6’; Eosin 1x 1,30’; Ethanol 2x3’; 

Xylol 1x3’ plus 1x2’. Histology was read by two independent pathologists, blinded to experimental 

design and treatment groups at the Department of Anatomy of the local Teaching Hospital of 

Cattinara. Pictures were collected by a D-Sight plus image digital microscope & scanner (Menarini 

Diagnistics, Firenze, Italy). 

 

3.7.4 PI staining 

 

Propidium Iodide staining was performed to localize dying cells (no discrimination between 

apoptosis and necrosis). To label the nuclei of dead neurons, 2 ug⁄mL PI (Sigma, Louis St, MO, 

USA) was added to the wells of the culture for 60 min. After incubation, digital imagines of PI 

fluorescence were obtained by fluorescent microscopy Leica DM2000 (Leica Mycrosystems Srl, 

Solms, Germany). 

 

 

3.8 Neuroprotective drugs 

 

3.8.1 Screening of neuroprotective drugs 

 

In order to evaluate the possible biological effects of candidate drugs, hippocampal slices 

from P8 animals, were exposed to: 1) DMSO alone, as control; 2) 140 nM Bf; 3) drugs alone; 4) 

140 nM Bf and drugs in a co-treatment, for 24 hours. Drugs used were curcumin, N-acetylcysteine 
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(NAC), magnesium chloride, riluzole, indomethacin, creatine
188–190

. Minocycline (60 uM, Sigma-

Aldrich, St. Louis, MO, USA) was selected as golden standard, based on published in vivo 
139,140

 

results demonstrating its efficacy in reverting the bilirubin induced damage. 

 

3.8.2 Validation of selected neuroprotective drugs 

 

In order to evaluate the biological effects of selected drugs, slices from all regions from P8 

animals, were exposed to 1) DMSO alone, as control; 2) 140 nM Bf; 3) drugs alone; 4) 140 nM Bf 

and drugs together, for 24 hours; 5)140 nM Bf and all the drugs selected together. Drugs used were 

curcumin (anti-oxidant, 50 uM, C7727, Sigma-Aldrich, St. Louis, MO, USA)
191,192

, magnesium 

chloride (glutamate channel blocker, 10 mM, M4880, Sigma-Aldrich, St. Louis, MO, USA)
193,194

 

and indomethacin (anti-inflammatory, 50 uM; Promedica CHIESI)
195,196

. 

 

 

3.9 Statistical analysis 

 

Data was analyzed with Graph pad prism 5 for Windows (GraphPad Software). Statistical 

significance was evaluated by paired two tailed test. A p value <0.05 was considered statistically 

significant. Results are expressed as mean ± SD of three-five independent biological repetitions. 



4. Results 
 

33 

 

4  Results 

 

4.1 Optimization of OBCs 

 

Cultures medium was changed from those frequently used in literature, containing 25% 

horse serum. The characteristic of this serum, derived from an adult animal, do not allow the 

quantification of free bilirubin in medium by the peroxidase method, due to the strong intrinsic 

peroxidase activity and high album content
180

. On the contrary, FBS is derived from fetal animal 

and is characterized by low level of peroxidase activity, albumin and antibodies. To allow Bf 

quantification, medium composition was modified by the substitution of 25% of horse serum with 

10 % of FBS, normally used for cell cultures and Bf treatment
69,92

. Viability of the slices in the Bf 

OBCs medium was evaluated by LDH assay, as the most used and informative technique to study 

viability, at least during the first 9 days of cultures, necessary for the purpose of the work. 

 

Figure 4.1 Comparison of viability recovery in the two culture medium. 

Graph showing comparison of viability recovery from preparation protocol (LDH test) of slices from Ctx P8 during 10 

days of cultures in usual OBCs medium (continuous line) and in the Bf adapted medium (dash line). Results are 

expressed as percentage (1
st
 day = 100%). 
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As shown in Fig. 4.1, the organotypic brain cultures showed a relevant LDH release 

immediately after cutting (reflecting the slicing procedure stress), decreasing to normal levels in 

about 5 days (recovery time). No differences were observed between OBCs cultured in standard 

medium vs. Bf OBCs medium. No differences were detected for all regions or post-natal age of 

animals used (data not shown). Challenging was initiated only after OBCs recovery from slicing 

procedure stress, at the 6
th

 day in vitro. 

 

 

4.2 Regional sensitivity to bilirubin toxicity 

 

Three viability tests were used to follow the damage induced by the Bf challenging. Each 

monitored a different typology of damage: membrane leakage (LDH assay), apoptosis induction 

(Hoechst staining) and impairment of mitochondrial activity (MTT test). 

 

4.2.1 Membranes leakage 

 

Membrane leakage was evaluated in OBCs at the end of the 24 hours treatments with three 

different concentrations of Bf. Culture medium was collected and the reaction started 

OBCs obtained from 2-days-old animals (Figure 4.2, left) did not show statistically relevant 

increase in LDH activity under 70nM Bf. 140nM Bf resulted in toxicity to Hip (3.5fold, p<0.01 vs. 

DMSO same region), IC (3.2fold, p<0.01 vs. DMSO same region) and Ctx (4.4fold, p<0.001 vs. 

DMSO same region). No effects were observed in Cll e SC. Moving to the 300nM Bf, a dose 

dependent effect was observed in IC and Ctx (2 and 2.5fold vs. 140nM Bf respectively, both 

p<0.05; and 5.9fold and 10.8fold vs. DMSO respectively, both p<0.001), with the latter showing the 

maximal damage. No dose effect was observed in Hip (3.8fold, p<0.001 vs. DMSO), while the 

maximal challenging (300nM Bf) was needed to induce membrane integrity loss in Cll (3.25fold, 

p<0.01) and SC (1.8fold, p<0.05). 
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Figure 4.2 Membranes leakage (LDH) of P2 and P8 OBCs challenged with 70, 140 and 300 nM Bf. 

Membranes leakage is expressed as fold vs. control (DMSO = 1). Data are expressed as means ±S.D. of 3-5 

biological repetitions. Statistical relevance: a p< 0.05, b p<0.01, c p<0.001 vs. DMSO; § p<0.05, §§ p<0.01, 

§§§ p<0.001 70 nM vs. 140 nM; # p<0.05, ## p<0.01, ### p<0.001 140 nM vs 300 nM. 

 

In organotypic cultures from 8-days-old animals (Fig. 4.2, right), irrespective to the bilirubin 

concentration, the Hip displayed the maximal toxicity, followed by IC = Ctx. In these three regions 

LDH activity was statistically increased already with 24 hours challenging with 70nM Bf (6.4, 3.6 

and 2.8 fold, respectively, all p<0.001). Increasing of bilirubin concentration (to 140nM) enhanced 

the damage in Hip, IC and Ctx (to 19, 10.6 and 8.85 fold, respectively, all p<0.001 vs. DMSO; all 

p<0.001 vs. 70nM Bf). No dose-dependent increase in LDH release was observed moving to the 

maximal challenging (300nM Bf) in Hip, IC and Ctx. Inversely, only under 24 hours of 300nM Bf, 

a statistically relevant changes started to be detected in Cll (3.6 fold, p<0.001) and SC (1.8 fold, 

p<0.01). 
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4.2.2 Apoptosis 

Hoechst staining was used to mark all nuclei of OBCs at the end of the treatments. A 

representative picture of the chromatin condensation, a characteristic marker of apoptosis, is shown 

in Figure 4.3. 

 

Figure 4.3 Representative images of Hoechst staining to mark apoptotic cells. 

Left side, representative picture of a P8 Hip OBCs with the nuclei stained in blue by Hoechst. Right side: I, 

II, III and IV magnification images of single apoptotic cells. 

 

In OBCs from 2-days-old rats (Figure 4.4, left), 70nM was already sufficient to generate a 

statistically relevant apoptosis only in Hip (2.16fold vs. control, p<0.001), with a clear dose effect 

increasing to 140nM (2.3fold vs. 70, p<0.05; p<0.01vs. DMSO) and 300nM Bf (12fold vs. DMSO, 

p<0.001). At 140nM Bf, apoptosis started to be significant in Ctx (2.22fold, p<0.05) without any 

increase moving to 300nM; and especially in IC (10.4fold, p<0.01 vs. control, 3.1 fold vs. 70nM Bf, 

p<0.05), again with no changes moving to 300nM Bf. The extreme challenging (300nM Bf) was 

needed to induce apoptosis in Cll (1.95fold vs. control, p<0.05) and SC (4.5fold vs. control, 

p<0.05). 
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Figure 4.4 Apoptosis of P2 and P8 OBCs challenged with 70, 140 and 300 nM Bf. 

Apoptosis is expressed as fold vs. control (DMSO = 1). Please note differences in scale bar: up-to 20 in P2 

and up-to 90 in P8 preparations. Data are expressed as means ±S.D. of 3-5 biological repetitions. Statistical 

relevance: a p< 0.05, b p<0.01, c p<0.001 vs DMSO; § p<0.05, §§ p<0.01, §§§ p<0.001 70 nM vs. 140 nM; 

# p<0.05, ## p<0.01, ### p<0.001 140 nM vs. 300 nM. 

 

In slices from more developed animals (P8 - Fig 4.4, right), hippocampus confirmed its high 

sensitivity to low bilirubin dose of 70nM (p<0.001), increasing at 140 = 300 nM challenging (both 

about 61fold vs. control, p<0.001, and 3.7fold vs. 70nM Bf, p<0.01). Inferior colliculus was also 

damaged after each treatments, but with a dose dependent effect from 70 (2.9fold vs. control, 

p<0.05), thought 140 (17fold vs. control, p<0.05 and 5.8fold vs. 70 nM Bf, p<0.05), to 300nM Bf 

(2.5fold vs. 140 nM, p<0.01). No significant bilirubin induced apoptosis was observed in SC, Cll 

and Ctx. 

 

4.2.3 Mitochondrial activity 

 

Despite some variation in MTT activity (Figure 4.5, left), no relevant changes were detected 

in P2 OBCs exposed to all Bf concentration, except for a 25% decrease (p<0.05, indication of 

sufferance) in SC exposed to 140nM Bf. 
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Figure 4.5 Mitochondrial activity of P2 and P8 OBCs challenged with 70, 140 and 300 nM Bf. 

Mitochondrial activity is expressed as percentage vs. control (DMSO = 100%). Data are expressed as means 

±S.D. of 3-5 biological repetitions. Statistical relevance: a p< 0.05, b p<0.01, c p<0.001 vs. DMSO; § 

p<0.05, §§ p<0.01, §§§ p<0.001 70 nM vs. 140 nM; # p<0.05, ## p<0.01, ### p<0.001 140 nM vs. 300 nM. 

 

In P8 OBCs (Fig 4.5, right), a relevant reduction in mitochondrial metabolism was detected in 

Hip and IC exposed to a Bf of 140 and 300nM (Hip both concentrations p<0.001, IC both 

concentrations p<0.01). SC and Ctx displayed significant mitochondrial activity reduction only 

when exposed to the maximal dose (300nM Bf, both p<0.05). Cll was insensible to all Bf 

concentrations (vs. DMSO).  

 

4.3 Developmental sensitivity to bilirubin toxicity 

 

To highlight the developmental sensitivity to bilirubin toxicity, viability was expressed as 

ratio of P8/P2 results (Table 4.1). Ratio bigger than 1 highlights an increased developmental 

sensitivity in the LDH and Hoechst staining results. The opposite is for MTT activity. 
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LDH 

 Hip Cll IC SC Ctx 

70nM 7.11 
a
 1.12 2.20 

a
 1.43 2.40 

b
 

140nM 5.44 
c
 0.79 3.35 

b
 1.51 2.03 

a
 

300nM 5.51 
b
 1.12 1.61 1.22 0.85 

Hoechst 

70nM 8.95 
c
 0.61 0.89 0.13 

b
 0.77 

140nM 12.70 
c
 0.75 1.65 1.68 2.92 

300nM 4.97 
c
 0.65 4.19 

c
 0.51 0.12 

a
 

MTT 

70nM 0.85 1.17 0.96 1.12 1.04 

140nM 0.69 
a
 1.18 0.86 1.27 0.78 

300nM 0.64 
a
 0.95 0.71 0.83 0.57 

b
 

 

Table 4.1 P8/P2 ratio of viability tests. 

LDH (upper), Hoechst (middle) and MTT (lower) viability was expressed as ratio of P8 results divided for 

P2 results. Ratio bigger than 1 describe an increased sensitivity during the development for LDH and 

Hoechst data, the opposite for the MTT test. Statistical relevance vs. DMSO a: p<0.05; b: p<0.01; c: 

p<0.001. 

 

4.3.1 P8/P2 membrane leakage in developmental sensitivity 

 

LDH (Table 4.1, upper panel) revealed a clear developmental increase in sensitivity in the 

hippocampus (P8 higher than P2) under all the Bf concentration used in this study (p<0.05, p<0.001 

and p<0.01, at 70, 140 and 300nM Bf challenging, respectively). A similar behavior was also 

observed in the IC, but limited to the 70 and 140nM Bf concentrations (p<0.05 and p<0.001, 
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respectively) and Ctx (p<0.01 and p<0.05, 70 and 140nM Bf respectively). No increased 

developmental sensitivity to bilirubin toxicity was observed in cerebellum and superior colliculi.  

 

4.3.2 P8/P2 apoptosis in developmental sensitivity 

 

As shown in Table 4.1, central panel, at all bilirubin concentration, Hip sensitivity was 

increased in P8 vs. P2 OBCs (all p<0.001), while in IC an increase was observed only under the 

maximal challenging (p<0.001). Differently, P8 SC and Ctx were less sensible than P2 preparations 

to 70 and 300nM Bf, (p<0.01 and p<0.05). No developmental difference was observed in Cll. 

 

4.3.3 P8/P2 mitochondrial activity in developmental sensitivity 

 

Developmental sensitivity (8day after birth higher than 2day) was observed in Hip exposed to 

140 and 300nM (both p<0.05) and in Ctx exposed to the higher concentration of 300nM (p<0.01). 

While IC, Cll and SC showed no differences between the two post-natal developmental stages 

(Table 4.1, lower panel).  

 

 

 

4.4 Biomolecular mechanism involved in bilirubin toxicity 

 

Different analysis (transcriptomic, enzymatic, and histological) were performed in OBCs 

challenged with bilirubin to screen the biomolecular mechanisms of damage. The screening was 

performed at the post-natal age showing the maximal sensitivity (P8) challenged with the well-

known toxic Bf concentration (140nM). 
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4.4.1 Oxidative stress 

The possible involvement of oxidative stress in the bilirubin induced damages was 

evaluated. The expression of gene activated in response to oxidative stress was measured in each 

region at the end of treatment and reported in Table 4.2. 

 

 Hip Cll IC SC Ctx 

Hmox1 3.94±1.54 
a 

2.31±1.31 3.43±1.40 
a
 3.29±0.67 

b
 1.98±1.15 

Srxn1 17.02±2.09 
c
 3.37±1.53 

a
 7.56±4.76 

a
 13.92±3.41 

b
 3.02±0.74 

a
 

 

Table 4.2 Analysis of marker genes expression for oxidative stress. 

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5 biological repetitions were 

considered. Statistical relevance, a: p<0.05; b: p<0.01; c: p<0.001. 

 

Inducible heme oxygenase 1 mRNA expression (Hmox1) was significantly up-regulated in 

Hip, IC and SC (p<0.05 in Hip and IC; p<0.01 in SC). Sulfiredoxin (Srxn1), responsible of the re-

activation of the antioxidant peroxidases peroxiredoxins, was significantly upregulated in all 

regions (Hip p<0.001; Cll, IC and Ctx p<0.05; SC p<0.01). 

 

 

4.4.2 Inflammation 

 

The role of inflammation was investigated by analyzing the expression of pro-inflammatory 

cytokines gene (Tnfα, Il1β and Il6) and the prostaglandin-endoperoxide synthase 2 or 

cyclooxygenase 2 (Cox2), involved in prostaglandin production. Data are showed in Table 4.3. 
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Hip Cll IC SC Ctx 

Tnfα 5.53±0.48 
c
 1.10±0.29 1.27±0.49 2.35±0.27 

c
 1.06±0.71 

Il1β 8.40±2.14 
b
 4.31±2.54 13.69±6.82 

a
 9.32±4.18 

b
 4.10±3.00 

Il6 361.31±121.43 
c
 7.03±1.12 

c
 87.99±45.59 

b
 281.89±252.88 

a
 14.36±7.32 

b
 

Cox2 52.00±10.39 
c
 27.64±13.74 

a
 98.01±41.37 

b
 1.98±1.58 7.61±5.40 

a
 

 

Table 4.3 Analysis of expression of pro-inflammatory gene. 

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5 biological repetitions were 

considered. Values are fold change ± standard deviation vs. DMSO. Statistical relevance, a: p<0.05; b: 

p<0.01; c: p<0.001. 

 

In Hip bilirubin treatment up-regulated the pro-inflammatory Tnfα, Il6 (both p<0.001), Il1β 

(p<0.01) and Cox2 (p<0.001). A similar pattern was detected in the IC (Il6 and Cox2 p<0.01; Il1β 

p<0.05). In Cll Tnfα or Il1β modulation was not observed, in spite of a Cox2 (p<0.05), Il6 (p<0.001) 

significant up-regulation. In SC and Ctx I detected the up-regulation of Tnfα, Il1β, Il6 and Il6 and 

Cox2, respectively. 

Anti-inflammatory cytokines was also studied to evaluate the capacity of the tissue to 

counteract the damages. Data were showed in Table 4.4. Il10 was upregulated in all regions with 

the exception of SC. On the contrary, Il4 was overexpressed only in IC, with a non-significant trend 

of increased expression in Hip and Ctx. 
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 Hip Cll IC SC Ctx 

Il10 5.02±1.03 
b
 2.69±0.64 

a
 3.18±0.37 

a
 1.12±1.21 1.90±1.21 

Il4 4.96±3.30 0.75±0.89 2.55±0.98 
a
 0.42±0.26 6.65±4.78 

 

Table 4.4 Analysis of expression of anti-inflammatory marker gene. 

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5 biological repetitions were 

considered. Statistical relevance, a: p<0.05; b: p<0.01; c: p<0.001. 

 

4.4.3 Glutamate release 

 

Additionally, glutamate excitotoxicity involvement
197

 was assesses by the quantification of 

glutamate release in the culture medium (Figure 4.6). Relevant release was detected in Hip (p<0.01) 

and IC (p<0.05) after bilirubin toxicity challenging. 

 

 

Figure 4.6 Graph representing glutamate release in medium. 

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5 biological repetitions were 

considered. Statistical relevance, *: p<0.05; **: p<0.01; ***: p<0.001. 
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4.4.4 Immunofluorescence 

Glial fibrillary acidic protein (GFAP, Figure 4.7) staining was used to visualize possible 

astrocytes reaction to bilirubin stimuli (astrogliosis). Representative normal astrocytic morphology 

and network are shown in Figure 4.7-A (P8 SC, DMSO), where the defined, continuous, and 

filamentous shape of the astrocyte cytoskeleton is well appreciable. No evident increased GFAP 

signal intensity, increased astrocytes number, or scare formation, markers of astrocytes activation 

(astrogliosis) were observed. In contrast, after 140nM Bf challenging, astrocytes in all section 

demonstrated morphological alterations, also if of different extent depending from the brain areas 

under analysis. The most dramatic consequences were observed in the Hip (Figure 4.7-B), 

presenting a clear astrocytic body and filament volume reduction, and fragmentation of dendrites 

(clasmatodendrosis). A lower extent of astrocytes sufferance was also observed in IC (Figure 4.7-

D), Cll (Figure 4.7-C), and rarely in the SC (Figure 4.7-F). In cortex we noticed a high variability 

among preparations, with some biological repetitions presenting relevant damage (Figure 4.7-E1) 

others unaffected (Figure 4.7-E2). This technical trouble affected all the analysis of this brain area. 
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Figure 4.7 Glial fibrillary acidic protein (GFAP, green) staining of astrocytes processes on OBCs. 

Representative GFAP staining in control (A) SC DMSO treated slice. Bf challenged hippocampus (B) 

showing the destruction of the astrocytic network in this brain structure (greens blots and dots are remnants 

of astrocytes). D) A relevant reaction to Bf challenging is observable in IC, while a minor degree of bilirubin 

toxicity is also testified in challenged Cll and SC (C and F, respectively, 140 nM Bf, P8. Variable effect is 

present in Ctx OBCs (E1-E2, 140 nM Bf, P8). Images are all 63X zoomed; scale bar on the images. 
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4.4.5 Histology 

The high damage on the hippocampus was confirmed also by histological evaluation (Figure 

4.8 a-b). A considerable tissue compromising with large intracellular spaces, neuronal cell loss, 

apoptosis and some degree of necrosis, oedema, fibrillary matrix components, presence of foam 

cells and microgliosis was also noticed. An important cellular death was present also in the cortex 

(decreased cellular density, with a general weak nuclear staining) (Figure 4.8 e-f). Similarly to Hip, 

but a lower extent, IC showed large intracellular spaces, apoptotic bodies and foam cells (Figure 4.8 

c-d). Some degree of degeneration was detected also in the Cll OBCs, with peri-cellular edema, 

necrosis, and a barely detectable increase of apoptosis (Figure 4.8 g-h). The SC was only weakly 

changed by bilirubin exposure, presenting a negligible increase of cells with vacuoles and fibrillary 

matrix components with cellular debris, in respect to DMSO exposed SC OBCs (Figure 4.8 i-j). 

Low degree of fibrosis and apoptosis was observed also in SC OBCs treated with DMSO. 
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Figure 4.8 Histological analysis of OBCs treated with Bf 140 nM. 

Red arrow: apoptosis. Blue triangle: swollen nuclei. Green triangle: microgliosis. Red circle: foam cells. Red 

square: fibrosis. Green circle: inflammation. Blue square: oedema. All images are 63x zoomed. 
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4.5 Additional data 

 

4.5.1 Cerebellum: long treatment 

 

Cerebellum is considered the landmark of bilirubin brain damages in Gunn rat, when 

analyzed after 9 day of life
45,62,85

. Because 24hrs of bilirubin exposure was not able to induce any 

relevant damage, cerebellar sensibility was tested in OBCs during a long treatment of 4 days of Bf 

140 nM. 

 

 

Figure 4.9 Membrane leakage (LDH) of P8 cerebellar OBCs. 

Membranes leakage is expressed as fold vs. control (DMSO = 1). Data are expressed as means ±S.D. of 3-5 

biological repetitions. 

 

A preliminary analysis showed an increased release of LDH in medium at the 3
rd

 and 4
th

 

days of treatment, despite that never reaching the statistical relevance (Figure 4.9). 
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4.5.2 PI staining 

 

PI was used to stain dying cells (both apoptosis and necrosis – Figure 4.10). No clear images 

were obtained, with the exception of a strong red fluorescence of the CA3 region of the 

hippocampal slice from P2 rat.  

 

 

Figure 4.10 PI staining of P2 and P8 OBCs. 
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4.5.3 Time course characterization of hyperbilirubinemia-induced damage in 

rat organotypic hippocampal cultures 

 

Complementary to the primary purpose of this work, a time course characterization of the 

bilirubin damages was performed in P8 hippocampal slices. The work was performed together with 

Michele Montrone, student of the International Master Degree in Neuroscience (University of 

Trieste) for its thesis. Hippocampal slices were treated for 1, 2, 4, 8, 12 and 24 hours to recognize 

the time of development of the mechanisms of toxicity through quantification of different 

biomarkers. 

 

Figure 4.11 LDH release in medium after 140 nM Bf treatment.  

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5 biological repetitions were 

considered. Statistical relevance, *: p<0.05; **: p<0.01; ***: p<0.001. 

 

A relevant (p<0.05) LDH release was observed starting from 12 hours of treatment, 

increasing at the end of the following 12 hours (p<0.01) (Figure 4.11). 
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Figure 4.12 Gene expression of markers of oxidative stress after 140 nM Bf treatment. 

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5 biological repetitions were 

considered. Statistical relevance, *: p<0.05; **: p<0.01; ***: p<0.001. 

 

We observed an increased expression of Hmox and Srxn1 genes (p<0.05 both) under 

analysis upon 8hrs of Bf exposure (Figure 4.12). Their expression reached the peak at 12 hours and 

then started to decay, without reaching DMSO levels also at 24 hours. 

 

 

Figure 4.13 Pro- (a) and anti-inflammatory (b) genes after 140 nM Bf treatment. 

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5 biological repetitions were 

considered. Statistical relevance, *: p<0.05; **: p<0.01; ***: p<0.001. 
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A similar trend of increased expression was also observed for inflammatory genes. Despite 

the high standard deviations that avoid reaching a clear statistical relevance, all inflammatory genes 

showed a trend of increased expression after 8 hours. All genes peaked at 12 hours and then 

decreased, with the exception of Cox2 that maintain a high and significant expression until 24 

hours. 

 

 

Figure 4.14 Glutamate (Glu) release in medium after 140 nM Bf treatment. 

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5 biological repetitions were 

considered. Statistical relevance, *: p<0.05; **: p<0.01; ***: p<0.001. 

 

We observed that release of glutamate (Figure 4.14) started slightly at 8 Hrs upon 140 nM 

UCB exposure (p<0.05) and increased as exposure was getting longer (12 Hrs, p<0.01; 24 Hrs, 

p<0.05). 
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Figure 4.15 Immuno-staining against GFAP in organotypic hippocampal cultures (20x). 

a) DMSO, b) 1 Hrs, c) 2 Hrs, d) 4 Hrs, e) 8 Hrs, f) 12 Hrs, g) 24 Hrs of 140 nM Bf exposure. Hrs: Hours. All 

images are 63x zoomed. 
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Preserved morphology of the distal processes of astrocytes could be observed at 1 (Figure 

4.15 -b), 2 (Figure 4.15-c) and 4 (Figure 4.15-d) hours of 140nM Bf challenging, when compared 

with DMSO treated slices (Figure 4.15-a). After 8 hours (Figure 4.15-e) of UCB exposure the first 

morphological changes occur, increasing thereafter at 12 (Figure 4.15-f) and 24 hours (Figure 4.15-

g), at which times GFAP staining allows to observe a clear astrocyte loss. 

 

 

Figure 4.16 Gfap expression after 140 nM Bf treatment. 

Values are expressed as fold of change ± standard deviation vs. DMSO. 3-5. Biological repetitions were 

considered. Statistical relevance, *: p<0.05; **: p<0.01; ***: p<0.001. 

 

The relative Gfap mRNA expression presented a clear decreasing trend (Figure 4.16) since 

the 8 hours (0.75 fold vs. DMSO), and even more at 12 hours (0.38 fold) and 24 hours (0.07 fold, 

p<0.01). This data is in line with the GFAP staining trend, which showed alteration of the astrocytes 

morphology starting from 8 hours of treatment (Figure 4.15). 
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4.6 Therapeutic approach for neuroprotection 

 

4.6.1 Screening of drugs 

 

Finally, we used the OBCs as screening platform to identify possible neuroprotective 

therapeutics to test on all damaged regions. Hippocampus was used as model for a preliminary 

selection of the candidate drugs. LDH test was chosen to evaluate the protective effect for its 

maximal sensibility as demonstrated in this work.  

Minocycline (golden standard), well known to avoid cerebellar hypoplasia in the Gunn 

rat
139,140

, was effective also in protecting OBCs toward bilirubin toxicity (34%), despite never fully 

reverting the viability to the normal levels (DMSO).  

Each molecule was tested in different concentration, starting from the data available in 

literature. In the present thesis, only the most effective dosage is presented. 

 

 

Figure 4.17 Screening of neuroprotective activity of candidate drugs. 

LDH release is expressed as fold vs. control (DMSO = 1). Data are expressed as means ±S.D. of 3-5 

biological repetitions. Statistical relevance: *: p<0.05; **: p<0.01; ***: p<0.001. 
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The two antioxidant drugs curcumin and N-Acetylcysteine (NAC) showed different effects 

(Figure 4.17). While curcumin improved the viability of about of 18% (p<0.05), NAC was not able 

to reduce the bilirubin induced damages. Based on this result, curcumin was selected for following 

validation experiments. 

The anti-excitotoxic drugs magnesium chloride (acting as inhibitor of NMDA receptors) and 

riluzole (acting inhibitor of glutamate release) were able to reduce bilirubin damages. Magnesium 

chloride reduced the damage of 37% (p<0.001), while riluzole of 27% (p<0.05). Based on its 

applicability in newborns, Magnesium chloride was designated as therapeutical molecules, 

differently from riluzole. 

The anti-inflammatory drug indomethacin reduced LDH release of 42% (p<0.001), while 

creatine, used to stimulate mitochondrial metabolism, showed no effects. 

 

4.6.2 Neuroprotective efficacy/safety of drugs 

The ex vivo efficacy vs. safety of the drugs selected during the screening (on Hip), was 

confirmed exposing all the regions simultaneously to 140nM Bf challenging and the principle at the 

defined dosage (Figure 4.18). 

Curcumin, an anti-oxidant nutraceutical, was efficient in improving the viability in IC of 

about of 69% (p<0.001), of about 43% in Ctx (p<0.01), and only of about 18% in Hip (p<0.05). 

Magnesium, a glutamate receptor blocker, was similarly effective in all the three damaged 

regions: Ctx (47%, p<0.01), IC (44%, p<0.01), and Hip (37%, p<0.001). 

Indomethacin, an anti-inflammatory drug, increased the viability of OBCs of 63% (p<0.01), 

60% (p<0.001) and 42% (p<0.001) in Ctx, IC and Hip, respectively. 

Co-treatment was effective in IC (68%, p<0.001) and Ctx (52%, p<0.01), but not relevantly 

improving the already good results obtained with the single molecules. Importantly, co-treatments 

strongly improved viability in Hip (78%, p<0.001), where it represent the most effective treatment.  
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Figure 4.18 Viability improvement of therapeutic agents in co-treatment with bilirubin in Hip, IC and 

Ctx. 

LDH release is expressed as fold vs. control (DMSO = 1). Data are expressed as means ±S.D. of 3-5 

biological repetitions. Statistical relevance: *: p<0.05; **: p<0.01; ***: p<0.001. 

 

 

Single drug exposure alone (24Hrs) or in co-treatments, never increased LDH release in 

OBCs (data not shown), indicating safety of the dosage used in our system (Figure 4.19). 

 



4. Results 
 

58 

 

 

Figure 4.19 Viability of SC and Cll after exposure to therapeutic agents in co-treatment with bilirubin. 

LDH release is expressed as fold vs. control (DMSO = 1). Data are expressed as means ±S.D. of 3-5 

biological repetitions. 

 

Single drug exposure and co-treatment resulted safely in SC and Cll, undamaged by bilirubin 

(Figure 4.19). 
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5  Discussion 

 

A resurgence of neurological consequences due to severe hyperbilirubinemia is nowadays 

observed in the developed countries, while this neonatal condition has never disappeared in the low- 

and middle-income countries, where is still a major cause of death. Main causes could be identified 

in a general underestimation of the risk of hyperbilirubinemia by global hospital policy, and in the 

failure in suitable neonatal care (early discharge from hospital, delay in seeking care for infants with 

hyperbilirubinemia; delay in providing appropriate treatment and/or lack in family knowledge)
198

. 

Especially in this circumstance, the appropriate understanding of the neurological bilirubin target of 

toxicity and the increased attention in direct brain protection (final target of bilirubin toxicity) are 

needed to avoid the possible long-term inauspicious outcomes. 

By the use of the brain organotypic cultures, well reproducing in vitro the CNS, we mimicked 

the disease and characterized the most sensible brain areas, individuating the principal mechanisms 

of toxicity. Un-doubtfully, the OBCs represent a step forward in respect to the cell cultures in the 

understanding of the mechanisms of action of bilirubin. Cell cultures lack in the reproduction of the 

complex environment of the neuronal tissue. Even more far from the in vivo, is the possibility to 

investigate the tropism of bilirubin for selected brain areas, as well the supposed developmental 

sensibility, suggested as responsible for the variability in presence and severity of symptoms
63

, by a 

so simple model as the cell lines, despite tempted
67,100,199

. By the other side animal model are too 

complex, and hyperbilirubinemia quite impossible to modulate to experimental purpose. 

Our OBCs, in which the inferior collicula and hippocampus emerged as the more sensible 

areas, well reproduced the topography of damage known in clinic, where the first diagnostic 

symptoms of bilirubin brain toxicity are the alterations of the auditory evoked potentials (index of 

IC damage)
200,201

 and memory/learning deficits (Hip damage)
202–204

. Moreover, newborn autopsy 

findings reported yellow staining and cell death in the hippocampal region
64,65,109

, and in the inferior 

colliculus of Gunn rats
205

. This is in agreement with our histological findings of a general cell loss, 

from both necrosis and apoptosis, associated with edema, fibrillary matrix development and 

microgliosis. These phenomena were observed in hippocampus and lower in inferior colliculus, 

where swollen nuclei were also observed. 
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Both regions, displayed glutamate release (Figure 4.6), reported leading to excitotoxicity to 

neuron and cellular death, through apoptosis (Figure 4.4) and necrosis (Figure 4.2)
103,197,204

. 

Particularly interesting is the relevant damage that occurs in astrocytes, called clasmatodendrosis. 

This alteration is characterized by the shortening of astrocytic process that tends to disintegrate, 

forming small corpuscles, cytoplasmic vacuolization and swelling (Figure 4.7 B-C)
206,207

. Astrocyte 

swelling may be an additional source of extracellular glutamate
208

. As reported in previous 

works
103,106,209,210

, Hip demonstrated a clear involvement of the inflammatory pathways both in 

induction of cytokines expression (Table 4.3) and in microgliosis (Figure 4.8 b). Indeed, fibrosis 

and foam cells (Figure 4.8 b) in the brain are usually observed in presence of a pro-oxidant milieu 

(endocytosis of lipid-peroxidation products by macrophages), that we revealed by the analysis of 

Ho1 and Srnx1 mRNA modulation, in turn activating inflammation (Il1β, Il6, Tnfα, Cox2 - Table 

4.3). In this respect, it has been suggested that interleukin 1β may be related to a functional 

interaction between its receptor and the NMDA receptors, leading to alterations in the NMDA 

receptor channel-gating properties in a way that favors Ca
2+

 influx
211

. Pro-inflammatory cytokines 

are also able to induce Cox2 activity that exacerbates the damage
212

, in agreement with previous 

published works using cell cultures
144

 and confirmed in the neonatal brain
213

. 

Importantly, by our work, we described a similar picture (presence of oxidative stress, 

inflammation, and glutamate excitotoxicity) also for the IC, a region usually not investigated from 

the “bench side”, despite clinically relevant. The inferior colliculi are a key part of the auditory 

connectome, and a well-known target of bilirubin toxicity in clinics
205,214,215

. Its permanent damage 

is cause of a very disabling handicap, factually isolating from the society a baby otherwise with an 

intact intelligence. Similarly, P8 is a sensible age for the auditory onset in rats and it was identified 

as a period of high expression of metabotropic glutamate receptors
216

 and increased Ca
2+

 

permeability
217

, if compared with newborn rats. 

Surprisingly, we observed damage in the cerebral cortex, a brain area usually considered 

resistant to bilirubin toxicity by clinicians
177

. In our system, 70nM Bf started causing a membrane 

leakage in P8 slices, reaching the maximal values at 140nM, when Il6 and Cox2 were significantly 

modulated, together with Srxn1 (but not Ho1). At 300nM also mitochondrial function was altered, 

as well as we observed a slight increase of apoptosis. The histological analysis confirmed a high 

degree of damages in cortex with strong decrease of cellular density and weak nuclear staining. The 

images obtained from histological staining of cortex are not sufficient to discuss thoroughly the 

effect of bilirubin, due to the complexity composition of the region. Insufficient information is 
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available in literature to permit an appropriate discussion of the results. Despite that, it should be 

considered that almost all the in vitro evidences about the mechanisms of toxicity triggered by 

bilirubin we have, have been obtained by the use of primary cultures of neurons and astrocytes 

isolated from the cerebral cortex
67,69,84,197,209

. Indeed, in animal models, cortical sensitivity to 

bilirubin was suggested also by inhibition of the phosphorylation of synapsin I
202

, by histological 

abnormalities observed in occipital cortex, together with alteration of balance of excitatory and 

inhibitory neurotransmitters
68

. Even though rare, electroencephalography (EEG) measurement in 

newborn demonstrated that hyperbilirubinemia affects the cerebro-cortical electrical activity, in a 

time limited manner
218

, and autopsy findings displayed apoptosis and necrosis in this area
64

. These 

findings suggest a potential sensitivity of the cortical area to bilirubin, probably less severe than 

those observed in other regions, that needs additional clinical attention to be clarified. Up to now, it 

has been questioned if the absence of clinical functional information about bilirubin toxicity in this 

CNS region depends on a general indifference toward this structure or reflecting a real finding. 

Notably, OBCs from 8days old animals became sensitive, when compared to OBCs from 

2days old pups, to 70nM Bf, considered a not toxic (or a threshold) concentration
31

. This finding is 

in line with the recent warning, reporting children recognized to have a neurological deficit, 

described as low bilirubin kernicterus. Elevated bilirubin in early infancy has been associated with 

later diagnoses of attention deficit hyperactivity disorder and autism spectrum disorder
219,220

. 

Accordingly to this report, moderate elevations are not considered benign, and are instead 

considered potential contributors to cognition problems
221

. 

Independently of the concentration of bilirubin used, we demonstrated the existence of a 

different sensitivity to bilirubin toxicity during the CNS development. The early stage after the birth 

(P2) was less prone to damage (Table 4.1) than only few days after (P8). This result is significant 

considering that if exposure to a toxicant occurs during organ development, it is more vulnerable 

than before or after
222

. No detailed biomolecular data are available about human post-natal brain 

development. In rodents, brain development starts with a “dormant period” during the first 2-3 post-

natal days
223

. A dramatic increase of NMDA receptor subunits
224,225

 and sensitivity of inflammatory 

reaction
226

 are observed during the second post-natal week, together with the activation of 

neurogenesis, non-neuronal cells proliferation, tissues apoptosis and remodeling
223

. All those 

mechanisms could represent a target for bilirubin toxicity, and most of them have been observed to 

be affected in our ex vivo model. Moreover, the in vivo literature is consistent with our hypothesis 

that the target of bilirubin toxicity might be developmentally regulated. A window of vulnerability 
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to bilirubin toxicity have been described in animal models around at P6-10, while preceding and 

following CNS developmental stages resulted substantially insensible
227–229

. Interestingly, in 

newborns the gestational age at the time of peak of hyperbilirubinemia (usually occurring from the 

4
th

 to the 10
th

 day after the birth) seems to drive the level of damage, from auditory to motor 

dysfunction
63

. 

This reasoning might help in explaining the most striking difference between our OBCs and 

the animal models of CNI and neonatal hyperbilirubinemia: the absence of damage in the 

cerebellum OBCs. Cerebellar hypoplasia is the hallmark of the animal models
45,62,110,230,231

 and 

cerebellum damage was highlighted also in case report of pre-term babies died with 

kernicterus
109,232

. In our experimental model, the cerebellar OBCs were almost insensible to 

bilirubin challenge (24 hours), despite some increased expression of markers of oxidative stress 

(Table 4.2), inflammation (Table 4.3) and some histological alterations (oedema, necrosis and 

apoptosis) (Figure 4.8 g-h). This is not fully surprising, because two days are not enough to induce 

the cerebellar hypoplasia in vivo, requiring at least 8-9 days
85,228,231

. This highlights again the 

hypothesis that the pathway/mechanisms of bilirubin damage might be region specific, and 

requiring a longer time in the cerebellum. Of notice, bilirubin toxicity to cerebellar granular cells 

play across interference of cellular proliferation, finally leading to apoptosis, contributing to the 

cerebellar hypoplasia of hyperbilirubinemic Gunn rats
85

. It is believable that the acute (24 hours) 

protocol paradigm we used in this work was insufficient to activate the molecular events impairing 

cellular proliferation and reproducing the behavior observed in vivo. As further proof, four days of 

treatment with 140nM Bf increased the LDH release (>2fold) also in our organotypic cerebellar 

cultures (Figure 4.9). In addition, while the Bf concentration of 140 nM was the most used
69,92

 and 

with sure toxicity in cell lines
178

, no data exist about Bf concentration in newborn brain. Data from 

Gunn rats reported a range of brain Bf of about 71-770 nM
233

, suggesting the important role played 

by an extreme Bf level in cerebellar damages. 

Superior colliculus was the only region studied that seems to confirm the preliminary 

hypothesis of resistance to bilirubin toxicity. This brain region is related to the visual pathway and 

the absence of evident severe neurological alteration in newborns
63

 makes superior colliculus a 

strong negative control of damage. Superior colliculus resulted sensitive in the viability tests only to 

the higher concentration of bilirubin, without reaching the level of damages of the most sensible 

regions. On the contrary, the overexpression of oxidative stress markers (Table 4.2) and pro-

inflammatory genes (Table 4.3) suggested that the tissue is responsive to bilirubin, but possibly 
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with transient non-toxic effects. Histological finding do not allow the deeply discussion of the 

effects of bilirubin in SC, because vacuolization and fibrosis observed in treated slices are also 

reported in control (DMSO) slices, suggesting the sensitivity of the tissue to the bilirubin solvent. 

Clinically, visual pathway integrity was quantified by Visually Evoked Potentials (VEPs)
234

. The 

first study described alteration of the visual pathway reported two preterm infants with moderate 

serum bilirubin concentrations that showed improvement VEPs after exchange transfusion
235

. In a 

study recruiting 94 term infants the authors found that alterations were positively correlated with the 

level of maximal serum bilirubin
236

. On the contrary, a retrospective follow-up showed no 

differences between the group with hyperbilirubinemia regard to mean visual evoked potential 

latencies
237

. A more recent study, suggest again a variation of visual alteration according to the 

level of hyperbilirubinemia, measured by VEP
238

. This finding suggests that some of the VEP 

disturbances observed in the studies may be temporary and reversible. They could disappear as soon 

as bilirubin is removed from blood and, possibly, cleared from the brain.  

One of the main aims of this work was the understanding of the region selective mechanisms 

of bilirubin toxicity, focused in defining the more befitting drug to protect directly the CNS 

parenchyma. 

In agreement with a multifactorial pathway of damage in hippocampus, MgCl2 (viability 

improvement of about 37% vs. Bf alone)
88,89

 and indomethacin (42%)
103,210

 were the most efficient. 

The poor role of antioxidant curcumin (18%) suggested a secondary role played by oxidative 

stress
96

 in this brain area. Of notice in this highly damaged brain region, none of the aforementioned 

molecules was able to restore the viability to levels comparable to the control (DMSO). 

Nevertheless, both MgCl2 and indomethacin equaled the protection conferred by minocycline. This 

result should be considered already promising because minocycline is able to totally avoid CNS 

damage in vivo 
139,140

. Indeed, co-treatment significantly improved the protection (78% of 

recovery), clarifying that bilirubin acts simultaneously on different pathways, not necessarily 

connected, as proved also by the time-course study on the hippocampus (From Figure 4.11 to 

Figure 4.16).  

Curcumin (69%, anti-oxidant) and indomethacin (60%, anti-inflammatory) treatment 

significantly reverted the damage in the inferior collicula, with only a slightly less efficient action of 

the MgCl2 (44%, NMDA blocker), and no additional effects in co-treatments. Auditory deficit are 

the first clinical symptom of the bilirubin toxicity to the CNS
205,214,215

. Easily reverted by a prompt 
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phototherapy intervention, the damage assumes dramatic outcomes if not promptly faced, factually 

isolating from the society a baby otherwise with an intact intelligence. The great result obtained 

with our therapeutical scheme, might be extremely promising if confirmed in vivo. 

In the cerebral cortex, the damage was similarly preventable by all the therapeutical 

approaches studied, offering the possibility to choose the best available and safe treatment. 

The rationale of the drug selection preformed on this work is the nearly applicability to the 

newborns, therefore only drugs already in clinical use in other pathologies or tested in animal 

models were considered. Curcumin is the active ingredient of turmeric, and is a well-known 

antioxidant and anti-inflammatory of human use
239

. Curcumin reduced epilepticus events in a post-

status epilepticus rat model
240

; attenuated brain edema in mice with intracerebral hemorrhage
241

 and 

was effective against ischaemia/reperfusion insult in rat brain
192

. Magnesium is the physiological 

inhibitor of the NMDA family of glutamate receptors; therefore its supplementation was suggested 

as possible neuroprotective therapy against excitotoxic events. Magnesium, as magnesium sulfate, 

was tested as neuroprotective drugs in newborns
242,243

, but it was excluded from this work because 

it is included in the list of drugs able to increase Bf level
25

. Magnesium chloride was effective in 

enhancing memory
244

; conferring neuroprotection in a rat model of spinal cord injury
245

, and 

recovery of function following bilateral anterior medial cortex lesions in the rat
246

. Indomethacin is 

a non-steroidal anti-inflammatory drug, by inhibiting the production of prostaglandin. It is used in 

newborn to close patent ductus arteriosus. Indomethacine is known to be neuroprotective in an 

oxygen-glucose deprivation in organotypic cultures
195

 and reducing microglia activation in a mouse 

model of focal cerebral ischemia
247

. Indeed, indomethacin could also prevent white matter injury in 

newborn
196

. All the drugs described are known to be able to cross the blood brain barrier to reach 

the brain. In addition, they are not present in the list of drugs known to alter bilirubin-albumin 

binding, increasing Bf level
25

. 

In conclusion, the adaptation of OBCs technique to the study of bilirubin brain toxicity well 

reproduced the findings observed in vivo (animal models) and in clinics, highlighting the regional 

and developmental sensitivity to the pigment. As such, OBCs represent a good platform for the 

investigation of the biomolecular events leading to the regional selective damage as well as 

screening new therapeutical approaches. We capitalized the research by demonstrating a 

multifactorial toxic action of bilirubin, with some region specificity, and we proved ex vivo the 

efficacy of a new experimental approach, aimed in protecting directly the brain from the bilirubin 
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induced damage, with the main advantage of gaining time allowing phototherapy to be effective in 

reducing serum bilirubin levels. This information may be important to suggest a specific therapeutic 

approach (anti-inflammatory vs. anti-oxidant vs. blocking the glutamate channels vs. combined), 

depending on the symptomatology of the patients (spy of the region with damage). 
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6  Conclusions 

 

Organotypic brain cultures are a good tool to study bilirubin neurotoxicity, mimicking the in 

vivo condition, but with the possibility to control all the experimental conditions. Their 

characteristics overcame the limits of cell cultures and primary cell cultures and allow the 

possibility to study the capacity of the tissue to react to bilirubin stimuli. 

Hippocampus results the most sensible region to bilirubin induced damages during the regional 

screening. Similar damages were observed in inferior colliculi and less in cortex. Cerebellum, the 

landmark of damages in Gunn rata and undamaged in OBCs, probably need more than 24 hours of 

Bf exposure to be damaged. Superior colliculi seem to confirm their resistance to bilirubin toxicity. 

Increased sensitivity of P8 than P2 cultures was observed, especially in hippocampal slices. 

The identification of two temporal windows demonstrated the existence of a different sensitivity to 

bilirubin toxicity during the CNS development. 

Glutamate release seem to play a role in damage only hippocampus and inferior colliculus. On 

the contrary, increased expression of inflammatory and oxidative stress markers were observed in 

all the five regions analyzed. The lack of damages observed in cerebellum and superior colliculus in 

terms of viability suggested that inflammation and oxidative stress play a different role in damages 

that can’t be quantified after 24 hours, if compared with the other regions tested. 

Single drug treatment is able to reduce the bilirubin induced damages in all the affected regions 

tested, but the cocktail of drugs seem to be more effective for a future clinical approach. Drugs 

studied in this work could be considered for a clinical application, due to their efficacy and their 

simple translation to clinic. 
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