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Abstract 

Title of Thesis: Effect of Physiologic Free Bilirubin Concentrations on Apoptosis 

Rosy Linda Njonkou Tchoquessi, Master of Science, 2019 

Thesis Directed by: Dr. Cynthia Bearer, MD, Ph.D., Pediatrics  

 

Background: The mechanisms of bilirubin neurotoxicity are poorly understood. We 

hypothesize that free bilirubin at concentrations found in preterm infants increases 

neuronal apoptosis. To test this hypothesis, we measured the expression of pro-apoptotic 

proteins in primary cultures of cerebellar granule neurons exposed to bilirubin using 

quantitative immunoblotting techniques. 

Methods: Cerebellar granule neurons were plated on poly-L-Lysine overnight, then 

treated with human serum albumin combined with bilirubin to produce physiologic 

concentrations of free bilirubin. Staurosporine was added to some cultures as a positive 

control. Cell lysates were prepared, and cleaved caspase 3 expression was determined 

using quantitative immunoblotting techniques. 

Results:  Addition of physiologic concentrations of free bilirubin to cerebellar granule 

neurons increased the expression of cleaved caspase 3 in a dose dependent manner at 24 

hours. 

Conclusions: Physiologic concentrations of free bilirubin induces apoptosis in cultured 

rat cerebellar granule neurons. 
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Introduction  

Hyperbilirubinemia with accompanying neonatal jaundice is a medical condition 

characterized by the normal increase in bilirubin in the first week of life. It is the most 

common clinical condition encountered in newborns by neonatologists (1). In the 

neonatal intensive care unit (NICU),  about 80% of preterm neonates and 60% of term 

neonates will develop jaundice within the first week of life (2) (3). However, serum 

bilirubin may rise to abnormally high concentrations secondary to many risk factors, and 

cause neurotoxicity either acutely (called acute bilirubin encephalopathy (ABE)) or 

chronically (called kernicterus spectrum disorders (KSD)).  In newborns, most of the 

serum bilirubin is present as unconjugated bilirubin (UCB) which may exist as the form 

of free bilirubin (Bf) or albumin-bound bilirubin. Bf readily crosses the blood brain 

barrier (BBB) and is thought to be the neurotoxic agent (1). Lower serum albumin 

concentration as well as increased risks for acidosis and sepsis which increase Bf by 

decreasing its affinity for albumin, and the vulnerability of the developing cerebellum put 

preterm infants at higher risk for neurotoxicity. Previous studies have supported the role 

of UCB as a physiological antioxidant at low nanomolar concentrations (4). Despite its 

antioxidant behavior, high concentrations of serum bilirubin can become neurotoxic 

leading to acute bilirubin encephalopathies (ABE), subsequently kernicterus spectrum 

disorders, a devastating permanent neurodevelopmental handicap and/or death (5).  

Recent studies have shown that Bf plays a major role in bilirubin neurotoxicity (6)(7).  

While there have been many studies focusing on the mechanisms of bilirubin 

neurotoxicity using animal models, patients, tissues and different cellular systems, the 

mechanisms of UCB cytotoxicity are not completely well understood (8). The 
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disturbance of many cellular functions indicates that Bf toxicity is mediated by 

multifaceted mechanisms (8). There is also difficulty in the extrapolation of observations 

from in vitro studies to infants, specifically because of gaps in research evidence due to 

the use of supraphysiological concentrations of free bilirubin. 

L1 cell adhesion protein (L1) is a transmembrane glycoprotein and a member of the 

immunoglobulin superfamily that plays a critical role in the development of the central 

nervous system (CNS) (9) (10). An important aspect of L1 trafficking appears to be 

through a specialized micro domain of the plasma membrane called lipid rafts. Disruption 

of lipid rafts by ethanol in fetal alcohol syndrome and toluene, a solvent in solvent 

embryopathy, inhibits L1 mediated neurite outgrowth (11). The Bearer Lab has recently 

demonstrated that Bf disrupts lipid raft dependent functions of L1 cell adhesion molecule 

in cerebellar granule neurons. The role that dysfunction of lipid rafts plays in bilirubin-

induced neurotoxicity is of increasing importance because lipid rafts  are vital to the 

normal functioning of the brain, neuronal signaling, neuronal cell adhesion, axon 

guidance and neuronal outgrowth (12). 

Neuronal death had been thought to be a result of apoptosis and necrosis (13). It is now 

well understood that the magnitude of the initial insult rather than the specific type of 

stimulus determines which type of cell death the cell will undergo (13). Several studies 

have found that bilirubin toxicity is both concentration dependent and time-dependent 

(14).  Many of these studies were conducted using supraphysiological concentrations of 

free bilirubin. The role of neuronal death in bilirubin encephalopathies has been 

hypothesized to be linked to increased intracellular calcium levels resulting from direct 

effect of bilirubin at the level of the plasma membrane, the mitochondria and/or the 
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endoplasmic reticulum (ER) in the CNS (15). Here we show that physiologic 

concentrations of free bilirubin cause apoptosis of cerebellar granule neurons. 
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Bilirubin Production and Clinical Significance  

1. Bilirubin Metabolism 

Bilirubin is a bile pigment made of a tetrapyrrole chain (Figure 1). It is a nonpolar, 

lipophilic, insoluble in plasma (16). It is the final product of the heme metabolism 

through a two-step process (Figure 2).  It comes from heme derived from two major 

sources: 1) senescent red blood cells (RBCs) and 2) various hemoproteins (e.g. 

cytochrome C, catalase and peroxidase) found in other tissues primarily in the liver and 

also in muscles (17). The heme is first oxidized to biliverdin by the enzyme, heme 

oxygenase (HOX). Then biliverdin gets reduced to bilirubin with the release of a carbon 

monoxide (CO) molecule by biliverdin reductase enzyme. Once in the blood stream, 

bilirubin binds albumin with a high affinity in the plasma and get transported to the 

hepatocytes where it gets conjugated with glucuronic acid (17). This reaction is catalyzed 

by the uridine 5’-diphospho glucoronyl transferase of UGT (UGT1A1) (1) (17). The 

conjugation of bilirubin increases its water solubility, decreases its affinity for albumin 

and blocks it from passive reabsorption from the intestinal lumen. The conjugated 

bilirubin is then excreted in the bile and subsequently the gut.  In preterm infants, the 

bilirubin production rate is between 6 and 10 mg/kg/day which is about two to three 

times higher than in adults (1). This increased rate highlights a possible beneficial role of 

bilirubin as an antioxidant during the first week of life. The high levels of bilirubin 

usually drop due to an increase activity of the conjugating enzyme (1).  
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Figure 1: Structure of bilirubin. Bilirubin’s structure consists of four pyrroles in a chain.   

(Image: https://www.acs.org/content/acs/en/molecule-of-the-

week/archive/b/bilirubin.html) 
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Figure 2: Bilirubin Metabolism. The solid arrows represent the reticuloendothelial 

system, the dashed arrows, the enterohepatic circulation and the dashed and dotted arrows 

the cerebral circulation. 
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2. Bilirubin Encephalopathies 

Free bilirubin (Bf) is a lipophilic molecule and readily crosses the BBB. It can cause 

injuries to the basal ganglia and various brain stem nuclei leading to acute bilirubin 

encephalopathy (ABE) which may progress to kernicterus spectrum disorder (Figure 3) . 

In neonates, bilirubin related neurotoxicity can result in neonatal death or multisystem 

acute manifestation and long-term impairments including irreversible athetoid cerebral 

palsy, and speech, visuomotor, auditory, and other sensori-processing disabilities (18).  

Neonatal jaundice is usually asymptomatic, except for transient icterus (jaundice). It does 

not manifest until the third day of life and usually resolves by the 8th day in term infants.  

ABE onset is usually within the first days of life and is characterized by lethargy, 

hypotonia, poor feeding, fever, stupor, apnea, seizures and can possibly be fatal if the 

neurotoxicity is severe (15) (1). These abnormal neurologic signs are difficult to 

recognize in preterm neonates making it difficult to recognize ABE. 

 Kernicterus refers to pathoanatomic finding of intense yellow staining of basal ganglia 

where dense cytoplasmic bodies composed of degenerated mitochondria, membrane 

alterations and calcium granules are found (1) (19). It develops over the first years of life 

and the main clinical features are hearing impairment (due to damage of the cochlear 

nuclei in the brainstem), athetosis (movement disorder), cerebral paresis, vertical gaze 

palsy and apparent intellectual and developmental disabilities (1) (15),. It remains unclear 

why bilirubin-induced neurotoxicity is so regional and neuron specific but a possible 

hypothesis may reflect differences in cerebral regional blood flow, bilirubin uptake or 

tissue binding and clearance or to different sensitivity of neurons at different stages of 

development to injury (1).  
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Less severe hyperbilirubinemia can lead to subtle kernicterus, a part of KSD. This is 

marked by less severe neurodevelopmental disabilities without classical findings of 

kernicterus and include mild to moderate disorders of movement (ataxia, clumsiness, gait 

abnormalities), disturbance of muscle tone and altered sensorimotor integration (15).  
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Figure 3: Kernicterus spectrum disorder. 
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3. Clinical Problem 

Despite the extensive research done on neonatal jaundice, the level of Bf that is 

neurotoxic is still unclear, especially in preterm infants. Bilirubin is known as a potent 

antioxidant at low concentrations which is important for preterm infants. However, recent 

observational studies conducted in preterm neonates have suggested that total serum 

bilirubin levels as low as 5 mg per deciliter (86 μmole per liter) or even lower may cause 

developmental deficit (20). Nevertheless, other studies have shown that higher bilirubin 

levels have no neurotoxic effect and might potentially benefit these children, highlighting 

the antioxidant role of bilirubin(21). These studies pose the problem of understanding 

how much Bf is neurotoxic. Despite the multimodal treatment in place (use of 

phototherapy, exchange transfusion, etc.) ABE and KSD remain a clinical problem.  
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Bilirubin and Cerebellum Vulnerability in Preterm Infants 

1. Cerebellum structure and projections 

The cerebellum is a structure that is located at the back of the brain, underlying the 

occipital and temporal lobes of the cerebral cortex. It consists of two convolutes lateral 

hemispheres and a narrow medial portion, the vermis (22). It is connected to the brain by 

three pairs of dense fiber bundles called the peduncles (22). The cerebellum has extensive 

bidirectional circuity projections to a group of brainstem nuclei and the cerebellar cortex 

that plays a role in modulation and refinement of motor activities (22). It is subdivided in 

three lobes based on the neuroanatomy and phylogenetic criteria and also their primary 

and efferent connections (Figure 4) (22)(23). The flocculonodular lobe also known as the 

archicerebellum is the oldest division phylogenically and receives extensive input from 

the vestibulocerebellum and plays an important role in equilibrium control (22) (23). The 

paleocerebellum or spinocerebellum, also a primitive region receives extensive 

somatosensory input from the spinal cord, including the anterior and posterior 

spinocerebellar pathways that convey unconscious proprioperception (22)(23). The 

neocerebellum also known as cerebrocerebellum is the most evolved region and receives 

most of its input from the cerebral cortex (22)(23). it outputs to the cerebral cortex via the 

dentate, which is a deep cerebellar nucleus vulnerable to bilirubin neurotoxicity (23)(24). 

The cerebrocerebellum plays an important role in dexterity and fine motor control; 

damage to this structure and the dentate nucleus affects skilled coordinated movement 

and speech (22)(23). Cerebellar damage might play a role in dystonia, a prominent 

neuromotor feature of KSD in preterm and term neonates alike (23). 
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Figure 4: Schematic of the bidirectional connectivity between the cerebellum and other 

brain regions including the cerebral cortex. Most cerebro-cerebellar afferent projections 

pass through the basal (anterior or ventral) pontine nuclei and intermediate cerebellar 

peduncle, whereas most cerebello-cerebral efferent projections pass through the den- 

tateand ventrolateral thalamic nuclei. DCN,deep cerebellar nuclei; RN,red nucleus;ATN, 

anterior thalamic nucleus; PFC, prefrontal cortex; MC, motor cortex; PC, parietal cortex; 

TC, temporal cortex; STN, subthalamic nucleus; APN, anterior pontine nuclei. 

(Reprinted under the terms of the Creative Commons Attribution License from D'Angelo 

E, Casali S. Seeking a unified framework for cerebellar function and dysfunction: from 

circuit to cognition. Front Neural Circuits 2013; 6:11 (25)). 
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2.Cerebellar Vulnerability to KSD 

The cerebellum is increasingly recognized as an important site of postnatally acquired 

CNS injury in neonates, particularly those born prematurely (26). In addition to the 

destructive lesions caused by cerebellar hemorrhage, infarction, factors that play a role in 

cerebellar under development include co-morbid supratentorial CNS lesions and 

postnatal steroids (26). When the cerebellum or its connections are damaged, at first 

glance, the motor deficits produced by such damage are less than one might expect of a 

structure so centrally located in the neuraxis and so intimately involved in motor control 

(22). Extensive damage to the cerebellum, for example, does not abolish movement and 

rarely even causes muscle weakness; somesthetic or other sensibilities are not disrupted, 

nor is cognition; instead, the most prominent effects are a type of incoordination or 

clumsiness of movement called ataxia and abnormal muscle tone (22). This is also 

observed in neonates with cerebellar injury; hypotonia, gait abnormalities, and 

extraocular disturbances have also been reported (26).  

The cerebellum is very vulnerable to insults due to its rapid growth during perinatal and 

postnatal development (27). Kernicterus spectrum disorder is often though in terms of  

severe adverse neuromotor (dystonia with or without athetosis) and auditory (hearing 

impairment or deafness) sequalae (23). Bilirubin-induced neurotoxicity is also 

characterized by a decreases in Purkinje cells and a disruption of the multisensory loop 

between the cerebellum and cortical neurons (1). Cerebellar involvement, especially the 

yellow staining of the dentate nucleus and cerebellar roof nuclei, is an equally consistent 

feature of kernicterus (24). Cerebellar involvement is also noted in animal models of 

kernicterus (23)(28). The substantial overlap between motor deficits reported in KSD and 
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those associated with cerebellar underdevelopment suggests a link between cerebellar 

injury and KSD; and further begs the question as to how one might distinguish subtle 

KSD from other conditions in which cerebellar injury is a prominent feature (23).  
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Lipid rafts 

Lipid rafts are specialized membrane microdomains that serve as organizing centers for 

assembly of signaling molecules, influence membrane fluidity and trafficking of 

membrane proteins, and regulate different cellular processes such as neurotransmission 

and receptor trafficking. They are composed of both proteins and lipids and exist in 

continuity with non-raft compartments of membranes (12). Recent findings have 

suggested that they might play a critical role in the pathophysiology of multiple CNS 

disorders such as Smith-Lemli-Opitz syndrome, Huntington Disease, Alzheimer’s and 

Nieman-Pick diseases (12). Isolated by using low concentrations of detergent to 

solubilize the non-raft membranes, they are frequently referred to as detergent resistant 

membranes (DRM). 
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Apoptosis Cell Death 

1.Morphologic and Biochemical Hallmarks of Apoptosis 

Neuronal death occurs extensively during development and pathology, where it is 

especially important because of the limited capacity of adult neurons to proliferate or be 

replaced (29). Physiologically, cell death is a tightly regulated and crucial homeostasis 

mechanism required to maintain tissues, organ size, and function (29). During 

development program cell death plays an important role in the generation of functional 

circuitry within the nervous system through several mechanism, such as elimination of 

neurons migrating to ectopic positions or innervating inappropriate targets, and 

competition of neurons for limiting amount of pro-survival factors produced by targets 

(comprising glia) to achieve optimal target innervation (30). While removal of excessive 

neurons during neurodevelopment is essential for the formation of functional circuitry, 

aberrant neuronal death is one of the principal causes of acute and chronic 

neurodegenerative disease (29).  

Apoptosis or regulated cell death is a molecular or morphological process leading to 

controlled cellular self-destruction. It is characterized by specific cellular morphology 

changes, nuclear changes, cell surface changes and activation of caspases. Apoptosis 

occur two ways: first, a commitment to cell death followed by an execution phase 

characterize by dramatic stereotypic morphological changes in cell structure (31). The 

onset of apoptosis is characterized by shrinkage of the cell and the nucleus as well as 

condensation of nuclear chromatin onto sharply delineated masses that become 

marginated against nuclear membranes (32). Later, the nucleus progressively condenses 

and breaks up (karyorrhexis), The cell detaches from the surrounding tissue and its 
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outline become convolutes and form extensions (32). Small vesicular bodies named 

apoptotic bodies  form near the cell surface (29) (32). They are crowded with closely 

packed cellular organelles and fragments of nucleus (32). These apoptotic bodies are 

normally recognized and engulfed by neighboring cells and phagocytes in a process 

known as efferocytosis, preventing the escape of intracellular components from dying 

cells into the extracellular milieu and thereby avoiding unnecessary and potentially 

neurotoxic inflammatory response (29)(32). Impairment of efferocytosis capacity leads to 

secondary necrosis, a process in which the plasma membrane ruptures and the cell’s 

intracellular content is release in the extracellular space triggering an inflammatory 

response (29)(32). In neurons, a mechanism by which apoptosis can lead to necrosis is 

the caspase cleavage of the plasma membrane calcium pump, resulting in calcium 

overload in the cell (33). The biochemical hallmark of apoptosis are chromatin 

condensation and DNA fragmentation by endogenous DNases, which cut the 

internucleosomal regions into double-stranded DNA fragments of 180-200 base pairs 

(32), compaction of cytoplasmic organelles, dilatation of endoplasmic reticulum, a 

decrease in cell volume (31). 

caspases are cysteine proteases that cleave their substrate proteins specifically behind an 

aspartate residue (32). They propagate and amplify the apoptotic program which leads to 

phenotypic change in apoptotic cells. They are inactive until they are cleaved and 

dimerize. There are two main groups of caspases: 1) initiator caspases, with long 

prodomain; protein-protein interaction of domains is required for complex formation and, 

2) executioner or effector caspases with short prodomain. Proteolytic cleavage of a set 

key of key proteins such as actin, lamin A and B etc., by activated caspases play a role in 
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the accomplishment of apoptotic morphology (32). Although the exact mechanism by 

which these proteins cleavage results in apoptotic morphology remains unknown, many 

target proteins of caspases participate in the formation and regulation of  the membrane-

associated cortical microfilament cytoskeleton which is an important determinant of the 

cell shape (32). Apoptosis is triggered in the cells by two pathways: 1) the extrinsic 

pathway on response to receptor ligation and the intrinsic pathway in response to cellular 

damage (Figure 5). 
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2.Extrinsic Apoptosis 

The extrinsic pathway is triggered by the ligation of the tumor necrosis factor (TNF)-

family death receptor at the cell surface (29). The binding of the FAS ligand leads to the 

trimerization of the receptor. Fas-associated death domain protein (FADD) is recruited to 

the FAS receptor or cluster of differentiation 95 (CD95) via the death domain. The death 

domain (DED) of FADD recruits pro-caspase 8 via its DED. The FASS-CASP8 complex 

brings multiple pro-caspase 8 molecules in close proximity. The induced proximity 

aggregation leads to cross-activation. Active caspase 8 (initiator caspase 8) in turns 

activates downstream effector caspases by direct proteolytic cleavage or indirectly by 

cleavage BH3-only protein Bid to produce truncated Bid (tBid) which translocate to the 

mitochondria to induce Bax activation and mitochondrial outer membrane 

permeabilization (MOMP) as discussed below (29). 
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3. Intrinsic Apoptosis 

Intrinsic apoptosis usually occurs in cells in response to cellular damage. It is activated in 

response to intracellular toxic stimuli such as DNA damage, oxidative stress, and 

hypoxia. This pathway centers on the regulation of MOMP by the Bcl-2 family proteins 

(29). This family protein comprises pro-apoptotic (tumor suppressor) proteins and anti-

apoptotic (protooncogenes) proteins. Once cleaved by active caspase 8, tBid translocate 

to the mitochondria and amplify the apoptotic signal. The Mitochondria contains pro-

apoptotic factors such as cytochrome c and apoptosis inducing factors (AIF). They are 

harmless and essential when sequestered in the mitochondria but activate the caspase 

cascade once released into the cytoplasm. MOMP is a critical step in intrinsic apoptotic 

cell death; its killing effect is twofold: it both initiated a proteolytic cascade of pro-

apoptotic enzymes and damages mitochondrial function (34). tBid leads to translocation 

of Bax to the mitochondria and its oligomerization with Bak to form a pore at the 

mitochondrial membrane. Cytochrome c gets released into the cytoplasm where it binds 

to Apaf1. The Apaf1-cytochrome c complex activate caspase 9 and together form the 

apoptosome. The apoptosome activates executioner caspases leading to a caspase cascade 

which induces apoptosis in cells 
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Figure 5: Apoptosis pathways. The extrinsic pathway induces apoptosis in response to a 

Fas ligand binding CD95 a member of the tumor necrosis factor receptor (TNFR) family. 

Ligand biding leads to receptor trimerization. Fas associated death domain protein 

(FADD) is recruited at the death domains of the receptor. FADD recruits pro-caspase 8 

and the FADD-caspase 8 complex bring multiple molecules of procaspase 8 together the 

induced proximity aggregation results in their cross-activation. Active caspase 8 (initiator 

caspase 8) cleaves executioner procaspase into their active form. This leads to a caspase 

cascade, which induced apoptosis within the cell. The Intrinsic pathway is activated in 

response to intra cellular toxic stimuli (DNA damage, oxidative stress). This leads to 

activation of pro-apoptotic bcl-2 proteins (bax or bad). These proteins form a pore in the 

mitochondria. Cytochrome c is released in the cytoplasm where it binds to apoptosis 

activation factor-1 (Apaf-1) and pro-caspase 9 to form the apoptosome (activated initiator 

caspase-9 complex). The apoptosome cleaves and activate executioner pro-caspases 

leading to apoptosis. 

(Image: adapted from Dr. Lipinski, GPLS 790 course) 
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Methods and Materials 

Antibodies 

Rabbit monoclonal anti-cleaved caspase 3 antibodies were obtained from Cell signaling 

(Beverly, MA, USA) and goat anti-mouse IgG (heavy and light chain) conjugated to 

Alexa 488 was obtained from Invitrogen (Grand Island, NY). Mouse monoclonal anti-

vinculin antibody was obtained from Sigma (St. Louis, MO) and goat anti-rabbit IgG 

(heavy and light chain) .0.1% poly L-lysine (PLL), Bilirubin, horseradish peroxidase 

human serum albumin (HSA) were obtained from Sigma. 

Preparation of Cerebellar Granule Neurons (CGN) cells 

All the procedures involving animals that are used in the current studies are approved by 

the University of Maryland School of Medicine Institutional Animal Care and Use 

Committee and conform to NIH guidelines. Primary culture of rat CGN were prepared 

from Sprague-Dawley rat pups (Envigo) on postnatal day 5 as previously described (10). 

All pups in each litter were used, and cell cultures were a mix of male and female pups. 

The pups were decapitated, and cerebella rapidly dissected in ice cold PBS buffer, then 

trypsinized to prepare a single cell suspension. Viability of CGN was assessed with 

trypan blue and was routinely > 90 %. CGN were plated on prepared tissue culture dishes 

coated with PLL in Neurobasal media (Gibco, Rockville, MD) with the following 

additions: 2% B27 supplement (Gibco), 20 mM L-glutamine, 6 g/L glucose, 20 mM 

HEPES, pH 7.2, penicillin/streptomycin. This media is referred to as K5. 
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Bilirubin preparation  

All bilirubin containing solutions, media and cell cultures were prepared and kept in the 

dark to limit bilirubin photo-isomerization due to light. Immediately before each 

experiment, bilirubin was dissolved in 0.1 M NaOH stabilized with human serum 

albumin (HSA) and diluted with K5and added to the cell culture dishes to give final 

bilirubin concentrations of 5 and 10 µM in 100 µM HSA. Bilirubin containing media was 

added after the cells were grown overnight for 24 hours.  

Western Blot 

Cells were scraped from dishes and incubated with lysis buffer for 30 min, followed by a 

centrifugation of 13,000g for 15 min at 4 ֠C. Bicinchoninic acid (BCA) assays were 

performed to determine the protein concentration in each sample. Equal amount of 

proteins (5μg) of cell lysates were boiled for 5 min in sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS–PAGE) sample buffer. The samples were 

separated by SDS–PAGE (10% gel) and transferred to a polyvinylidene difluoride 

(PDVF) membrane. The membrane was blocked in Tris-buffered saline containing 5% 

non-fat dried milk and 0.1% Tween-20. The membrane was incubated with antibodies to 

cleaved caspase 3, then vinculin (as a loading control) overnight, washed, probed with 

horseradish peroxidase (HRP)-goat anti-rabbit IgG and HRP- goat anti-mouse IgG 

respectively, and reactive proteins were visualized by chemiluminescence. The relative 

intensities of the bands were quantified using transmittance densitometry using Image J 

software from the National Health Institute (NIH), and values were normalized for each 

immunoblot to the time 0 control to enable comparison across gels. 
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Figure 6: Experimental Design 

CGN were prepared, plated and incubated on PLL for 24 hours. Bilirubin (0, 5, 10 μM) in 

100 μM HSA was added to the cultures and incubated for a further 24 h. The cells were 

harvested and lysed either after 0 or 24 h following addition of HSA with or without 

bilirubin. 
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Results 

Physiological Bf concentrations induce apoptosis in CGN. 

Caspases are cysteine proteases that play an essential role in apoptosis. Apoptotic stimuli 

can result in the cleavage and activation of caspases that are key mediators of apoptosis, 

of which caspase 3 is generally known to be the most important. The activation of 

caspase 3 is the committed step in apoptosis. In order to investigate whether physiologic 

Bf concentrations trigger apoptosis, CGN were plated overnight. Bilirubin (0, 5, 10 μM) 

in 100 μM HSA was added to the cultures, incubated for an additional 24 h, and lysed 

(Figure 6). In the previous experiment, the Bf in these solutions was determined to be 7.6 

and 37.6 nm in 5 and 10 μM total bilirubin solution respectively, concentrations found in 

preterm infants. Activated caspase 3 from cell culture lysates was determined by 

immunoblot. Controls were treated with 100 µM HSA (negative control or baseline) or 1 

µM Staurosporine in 100 µM HSA (positive control). The cells treated with HSA 

(control) did not show an increase expression of cleaved caspase 3 after 24 h compared to 

time 0 (Figure. 7, 8). Bilirubin treatment increased the amount of cleaved caspase 3 as 

compared with the HSA control at 24 h (Figure. 7, 8).  
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Figure 7: Physiologic bilirubin concentrations upregulate active caspase 3 level. 

Representative immunoblot of cleaved caspase 3 and vinculin as loading control. CGN 

were plated on PPL overnight, and treated with different bilirubin concentrations, HSA 

and staurosporine as indicated for 24 h. 
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Figure 8: Quantification of cleaved caspase 3 expression (n=2). The dots represent the 

relative densities of cleaved caspase 3 expression for each treatment modality. Red = 

experiment 1, and green = experiment 2. 
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Discussion 

Our focus on the cerebellum in this study is due to its vulnerability to bilirubin 

neurotoxicity and the observation of neuromotor phenotypes similar to KSD in children 

with cerebellar injury (15).The apoptosis of CGN explanted at 6-8th postnatal day, 

cultured and matured in vitro is widely accepted as a good model of apoptotic death of 

neurons during in vivo development and in response to stress and neurotoxic stimulants 

(35). The mechanisms involved in cell death in serum-deprived cells are not well 

understood but they are thought to be mediated by the activation of caspases in certain 

cells but not all.  

Bf at concentrations below 100 nM has been shown to protect the brain against oxidative 

damage (36). In our study, the concentrations of Bf in the bilirubin: HSA containing 

media were 7.6 and 37.6 nm in the 5 and 10μM total bilirubin solution respectively. 

These concentrations fall within the range of values in which bilirubin is thought to be 

neuroprotective (36). We show that low concentrations of Bf that are thought to be 

neuroprotective induce apoptosis in primary cultures of rat CGN in a caspase dependent 

manner. Previous studies have shown that apoptosis and necrosis may represent ends of a 

cell death spectrum where the magnitude of the insult determines whether the cells 

undergoes apoptosis or necrosis (13) (37). Low concentrations (<10 μM) and short 

exposures of bilirubin have been associated with apoptosis while moderate to higher 

concentrations of UCB (≥ 10μM) and longer exposures have been associated with 

morphologic nuclear changes associated with necrosis(15) (38) (39). These findings 

support the idea that the stimuli that lead to apoptosis are usually milder than those 

causing necrosis. 
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Neuronal death in bilirubin cytotoxity has been linked to the upregulation of intracellular 

calcium in neurons originating from endoplasmic reticulum (ER) stress, oxidative stress, 

impaired enzyme activity, excitotoxicity and neuroinflammation. These are due to the 

interaction of bilirubin with membranes (mitochondrial membrane, plasma membrane 

and ER membrane) (15). Our lab recently showed that Bf disrupts the function of lipid 

rafts thus inhibiting L1 mediated neurite outgrowth. Lipid rafts contain molecules that are 

necessary for neuronal development and play a role in the protein trafficking (12). Data 

from this study suggest that apoptosis might be an event that occurs in the cells following 

lipid raft disruption. This hypothesis will be tested by using methyl beta-cyclodextrin 

(MBCD), a cholesterol chelator previously demonstrated to disrupt lipid rafts and 

determine the effect on cleaved caspase 3.  In addition, cleaved caspase 3 is the final 

common pathway leading to apoptosis.  There are two distinct caspase-dependent 

apoptosis pathways: 1) the extrinsic pathway in response to death receptor ligation, and 

2) the intrinsic pathway in response to cellular damage (Figure 5).  We will look at the 

expression of proteins specific for each pathway to determine which pathway mediates 

apoptosis caused by Bf (Figure 9). Choline has also been shown to partially prevent the 

neurotoxic effects of bilirubin on lipid raft dependent functions of L1 (40). We will 

determine if choline prevents the increase in apoptosis induced by Bf, and which pathway 

is affected.  
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Figure 9: Hypothesized mechanism of Bf mediated apoptosis. We show that Bf increases 

apoptosis. We hypothesize that this increase is secondary to the effect of Bf on lipid rafts, 

increasing the content of FADD and hence stimulating apoptosis through this death 

pathway. 

 

 

 

 

 

 



 

31 
 

References 

1.  Cayabyab R, Ramanathan R. High unbound bilirubin for age: a neurotoxin with 

major effects on the developing brain. Pediatr Res [Internet] 2019;85:183–90. 

Available from: http://dx.doi.org/10.1038/s41390-018-0224-4 

2.  Kumar RK. Neonatal jaundice. An update for family physicians. Aust. Fam. 

Physician. 1999; 

3.  Brits H, Adendorff J, Huisamen D, et al. The prevalence of neonatal jaundice and 

risk factors in healthy term neonates at National District Hospital in Bloemfontein. 

African J Prim Heal Care Fam Med 2018;10:1–6.  

4.  Yamamoto Y, Glazer A, Stocker R, McDonagh A, Ames B. Bilirubin is an 

antioxidant of possible physiological importance. Science (80- ) 2006;235:1043–6.  

5.  Shapiro SM. Bilirubin toxicity in the developing nervous system. Pediatr Neurol 

2003;29:410–21.  

6.  Qaisiya M, Coda Zabetta CD, Bellarosa C, Tiribelli C. Bilirubin mediated 

oxidative stress involves antioxidant response activation via Nrf2 pathway. Cell 

Signal [Internet] 2014;26:512–20. Available from: 

http://dx.doi.org/10.1016/j.cellsig.2013.11.029 

7.  Daood MJ, McDonagh AF, Watchko JF. Calculated free bilirubin levels and 

neurotoxicity. J Perinatol 2009;29:S14–9.  

8.  Brites D, Brito MA. Bilirubin Toxicity. Neonatal Jaun 2012;115–44.  

9.  Littner Y, Tang N, He M, Bearer CF. L1 Cell Adhesion Molecule Signaling Is 



 

32 
 

Inhibited by Ethanol In Vivo. Alcohol Clin Exp Res 2013;37:383–9.  

10.  Tang N, Farah B, He M, et al. Ethanol causes the redistribution of L1 cell adhesion 

molecule in lipid rafts. J Neurochem 2011;119:859–67.  

11.  Kimberly M.R. White1, Julia A. Sabatino1, Min He1, Natalie Davis1, Ningfeng 

Tang1 A, Bearer1 CF. TOLUENE DISRUPTION OF THE FUNCTIONS OF L1 

CELL ADHESION MOLECULE AT CONCENTRATIONS ASSOCIATED 

WITH OCCUPATIONAL EXPOSURES. 2016;80:145–50.  

12.  Korade Z, Anne K. Kenworthy. Lipid rafts, cholesterol, and the brain. 

Neuropharmacology 2008;55:1265–73.  

13.  Leist M, Nicotera P. Apoptosis, excitotoxicity, and neuropathology. Exp Cell Res 

1998;239:183–201.  

14.  Huang H, Guo M, Liu N, et al. Bilirubin neurotoxicity is associated with 

proteasome inhibition. Cell Death Dis 2017;8:1–12.  

15.  Watchko JF. N e u ro t o x i c i t y i n t h e P re t e r m N e o n a t e. 2016;43:297–

311.  

16.  Defreese JD, Wang TS-C, Renoe BW. Properties and Determination of Serum 

Bilirubin. CRC Crit Rev Clin Lab Sci [Internet] 1984 [cited 2019 May 5];19:267–

96. Available from: 

http://www.tandfonline.com/doi/full/10.3109/10408368409165765 

17.  Wang X, Chowdhury JR, Chowdhury NR. Bilirubin metabolism: Applied 

physiology. Curr Paediatr 2006;16:70–4.  



 

33 
 

18.  Bhutani V, Wong R. Bilirubin neurotoxicity in preterm infants: Risk and 

prevention. J Clin Neonatol 2013;2:61.  

19.  Mancuso C. Bilirubin and brain: A pharmacological approach. 

Neuropharmacology [Internet] 2017;118:113–23. Available from: 

http://dx.doi.org/10.1016/j.neuropharm.2017.03.013 

20.  Oh W, Tyson JE, Fanaroff AA, et al. Association between peak serum bilirubin 

and neurodevelopmental outcomes in extremely low birth weight infants. 

Pediatrics [Internet] 2003 [cited 2019 May 5];112:773–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/14523165 

21.  Brenda H. Morris, M.D., William Oh, M.D., Jon E. Tyson, M.D., M.P.H. DKS, 

M.D., Dale L. Phelps, M.D., T. Michael O’Shea, M.D., M.P.H., Georgia E. 

McDavid RN, Rebecca L. Perritt, M.S., Krisa P. Van Meurs, M.D., Betty R. Vohr, 

M.D. CG, et al. Aggressive vs. Conservative Phototherapy for Infants with 

Extremely Low Birth Weight. 2008;46:220–31.  

22.  Fredericks CM. Disorders of the Cerebellum and Its Connections. Pathophysiol 

Mot Syst Princ Clin Present [Internet] 1996;445–66. Available from: 

http://www.lavoisier.fr/livre/notice.asp?id=OSOD2XMOO62OUD 

23.  Watchko JF, Painter MJ, Panigrahy A. Are the neuromotor disabilities of bilirubin-

induced neurologic dysfunction disorders related to the cerebellum and its 

connections? Semin Fetal Neonatal Med 2015;20:47–51.  

24.  Ahdab-Barmada M, Moossy J. The Neuropathology of Kernicterus in the 

Premature Neonate: Diagnostic Problems. J Neuropathol Exp Neurol [Internet] 



 

34 
 

1984 [cited 2019 May 12];43:45–56. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/6693927 

25.  D’Angelo E, Casali S. Seeking a unified framework for cerebellar function and 

dysfunction: from circuit operations to cognition. Front Neural Circuits 2013;6:1–

23.  

26.  Volpe JJ. Cerebellum of the Premature Infant: Rapidly Developing, vulnerable, 

Clinically Important. Cerebellum, The 2009;24:1085–104.  

27.  Fonnum F, Lock EA. Cerebellum as a target for toxic substances. Toxicol Lett 

[Internet] 2000 [cited 2019 May 13];112–113:9–16. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10720707 

28.  Bortolussi G, Baj G, Vodret S, Viviani G, Bittolo T, Muro AF. Age-dependent 

pattern of cerebellar susceptibility to bilirubin neurotoxicity in vivo in mice. Dis 

Model Mech 2014;7:1057–68.  

29.  Agapite J, Steller H. Neuronal cell death. Mol Cell Approaches to Neural Dev 

2009;98:813–80.  

30.  Buss RR, Gould TW, Ma J, et al. Neuromuscular Development in the Absence of 

Programmed Cell Death: Phenotypic Alteration of Motoneurons and Muscle. J 

Neurosci [Internet] 2006 [cited 2019 May 13];26:13413–27. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17192424 

31.  Martin SJ. Caspases: Executioners of Apoptosis. Pathobiol Hum Dis A Dyn 

Encycl Dis Mech 2014;16:145–52.  



 

35 
 

32.  Saraste A. Morphologic and biochemical hallmarks of apoptosis. Cardiovasc Res 

2002;45:528–37.  

33.  Schwab BL, Guerini D, Didszun C, et al. Cleavage of plasma membrane calcium 

pumps by caspases: a link between apoptosis and necrosis. Cell Death Differ 

[Internet] 2002 [cited 2019 May 13];9:818–31. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12107825 

34.  Dewson G, Kluck RM. Mechanisms by which Bak and Bax permeabilise 

mitochondria during apoptosis. J Cell Sci 2009;122:2801–8.  

35.  Contestabile A. Cerebellar granule cells as a model to study mechanisms of 

neuronal apoptosis or survival in vivo and in vitro. The Cerebellum [Internet] 2002 

[cited 2019 Apr 28];1:41–55. Available from: 

http://link.springer.com/10.1080/147342202753203087 

36.  Dore S, Snyder SH. Neuroprotective Action of Bilirubin against Oxidative Stress 

in Primary. Ann New York Acad Sci :167–72.  

37.  Watchko JF. Bilirubin Induced Apoptosis In Vitro: Insights for Kernicterus: 

Commentary on the article by Hankø et al. on page 179. Pediatr Res 2004;57:177–

8.  

38.  Hankø E, Hansen TWR, Almaas R, Lindstad J, Rootwelt T. Bilirubin induces 

apoptosis and necrosis in human NT2-N neurons. Pediatr Res 2005;57:179–84.  

39.  Dani C, Pratesi S, Ilari A, et al. Neurotoxicity of Unconjugated Bilirubin in Mature 

and Immature Rat Organotypic Hippocampal Slice Cultures. Neonatology 



 

36 
 

2019;217–25.  

40.  Tang N, Bamford P, Jones J, et al. Choline partially prevents the impact of ethanol 

on the lipid raft dependent functions of L1 cell adhesion molecule. Alcohol Clin 

Exp Res 2014;38:2722–30.  

 


