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ABSTRACT 

Hyperbilirubinemia is frequently observed in the neonatal period due to the transient 

accumulation of unconjugated bilirubin (UCB) in serum, which in certain circumstances it 

may trigger neurological deficits. We have recently shown that exposure of immature 

hippocampal neurons to UCB, in conditions mimicking moderate to severe neonatal jaundice, 

impairs neuronal development, with reduced neurogenesis, neurite arborization, and 

synaptogenesis. This project aimed to appraise the molecular mechanisms by which UCB 

may induce mild or severe alterations in the establishment of the normal neuronal 

architecture and inter-neurons communication that may ultimately elicit the appearance of 

neurological disabilities. As a first step to address this question we evaluated the effect of 

UCB at the neuronal cytoskeletal dynamics focusing on: (i) axonal elongation, (ii) microtubule 

polymerization and stabilization, and (iii) axonal transport.  

We first observed that UCB exposure lead to a higher percentage of neurons with 

decreased axonal length. Since microtubules polymerization and stability have crucial roles 

in axogenesis, we further investigated the polymerization rate of microtubules and found that 

it was also impaired after UCB exposure. In addition, hippocampal neurons treated with UCB 

revealed a more stable microtubules array, which may be related to a decreased axonal 

outgrowth. As our former results demonstrated that UCB increases microtubules stability, we 

decided to assess the UCB effects on microtubule associated proteins, MAP2 and Tau1. 

Curiously, we observed that UCB increases MAP2 axonal entry while it also enhances MAP2 

and Tau1 expression along the axon, as well as their binding to microtubules. It is known that 

microtubule-bound Tau1 is able to interfere with the progress of motor proteins such as 

kinesin and dynein along the axon. Interestingly, in UCB-treated neurons we found a 

decreased expression of kinesin and a marked elevated expression of dynein, which may 

compromise the normal axonal transport. One of the cargoes transported via motor proteins 

are mitochondria. In this regard we demonstrated that UCB exposure induces mitochondria 

to aggregate and accumulate on the distal portion of the axon, suggesting a deficient axonal 

transport.  

These findings are new clues on the mechanisms of neurologic impairment induced 

by bilirubin in moderate to severe neonatal jaundice, showing cytoskeleton alterations similar 

to those often observed in neurological and neurodegenerative diseases.  

 

Keywords: Neonatal jaundice; hippocampal neurons; neuronal architecture; cytoskeleton; 

microtubule dynamics; axonal transport. 
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RESUMO 

A hiperbilirrubinémia, mais vulgarmente denominada de icterícia, é uma condição 

clínica frequentemente observada nos primeiros dias de vida de um recém-nascido 

provocada por uma acumulação transitória de bilirrubina não conjugada (BNC) na circulação 

sanguínea, devido a um reduzido tempo de vida dos eritrócitos e a uma ineficaz excreção 

hepática. A bilirrubina é um composto que se forma no sistema retículo-endotelial como 

produto da degradação da hemoglobina, é transportada na circulação ligada à albumina, 

sendo posteriormente absorvida pelo fígado onde é conjugada com o ácido glucurónico 

antes de ser excretada. Os recém-nascidos apresentam uma certa imaturidade da 

funcionalidade hepática pelo que alguns mecanismos de depuração da bilirrubina 

(conjugação e secreção) ficam comprometidos originando um aumento da sua concentração 

a nível sistémico. 

Em condições normais, a bilirrubina em circulação encontra-se maioritariamente 

ligada à albumina e apenas uma fracção extremamente pequena atravessa a barreira 

hemato-encefálica (BHE). No entanto, em situações de hiperbilirrubinémia moderada ou 

severa a fracção não ligada à albumina aumenta e maior quantidade acede ao cérebro. 

Pelas suas características de insolubilidade a BNC acaba por se depositar no sistema 

nervoso central, o que pode conduzir a sequelas neurológicas reversíveis ou irreversíveis e 

até mesmo à morte, quadros clínicos designados por encefalopatia bilirrubínica e 

kernicterus, respectivamente. Estas situações são exacerbadas em bebés prematuros que 

têm uma BHE mais permeável e uma actividade enzimática do fígado ainda mais reduzida, 

além de que apresentam menor tolerância à neurotoxicidade da BNC e ainda uma maior 

incidência de processos patofisiológicos que podem contribuir para o agravamento do dano 

cerebral.  

Os mecanismos de neurotoxicidade induzidos pela exposição à BNC não são de 

todo conhecidos; no entanto, o nosso grupo tem-se dedicado a dissecar muitos dos 

processos celulares e moleculares que possam ser alvo da acção neurotóxica da BNC nas 

células do sistema nervoso central. Os nossos estudos já demonstraram que a 

neurotoxicidade induzida pela acção da BNC é dependente do tipo celular, do estado de 

diferenciação das células, bem como do nível e do tempo de exposição. Recentemente 

demonstrámos que uma exposição precoce à BNC compromete o neurodesenvolvimento, 

reduzindo a neurogénese, a ramificação das neurites e a sinaptogénese. Estes dados 

sugerem que a BNC actua em processos como a diferenciação neuronal, comprometendo a 

funcionalidade e conectividade dos neurónios. 

O citosqueleto neuronal tem um papel crucial na morfogénese e polarização dos 

neurónios, que são células morfologicamente e funcionalmente peculiares. É uma estrutura 
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constituída sobretudo por microfilamentos e microtúbulos, elementos dinâmicos que 

interagem entre si e com outras estruturas celulares. Os componentes do citosqueleto 

incluem proteínas reguladoras e associadas aos microtúbulos (microtubule associated 

protein - MAP) que contribuem para a sua estabilização, proteínas ligas à actina e proteínas 

motoras, como a quinesina e a dineína.  

A formação do axónio marca o início do processo de polarização neuronal e requer 

uma maior estabilização dos microtúbulos, os quais apresentam nesta fase uma maior 

resistência à despolarização. No entanto, durante o crescimento axonal deve existir um 

certo nível de instabilidade dos microtúbulos, um processo designado por instabilidade 

dinâmica, para que segundo ciclos de polarização e de despolarização formem novas 

unidades necessárias para a construção da matriz do citosqueleto axonal. 

Duas das proteínas associadas aos microtúbulos são a MAP2 e a Tau1, que têm 

localizações constitutivas distintas, enquanto a MAP2 se encontra sobretudo no corpo 

celular e dendrites, a Tau1 situa-se mais no axónio, para além de que ambas têm a 

capacidade de interferir com a ligação das proteínas motoras aos microtúbulos. Outra classe 

importante de MAPs são as +TIPs (microtubule plus-end tracking protein) que são mais 

especializadas e reconhecem as extremidades dos microtúbulos polimerizadas de novo, 

como a EB3 (end-binding protein-3). O estado de fosforilação destas proteínas também 

altera a sua capacidade de ligação aos microtúbulos. Estas proteínas associadas aos 

microtúbulos são certamente fortes candidatas a reguladores da organização e 

funcionamento do citosqueleto neuronal. 

O presente projecto pretende dissecar alguns dos mecanismos moleculares pelos 

quais a hipebilirrubinémia pode induzir alterações moderadas ou severas no 

estabelecimento da arquitectura neuronal, bem como na comunicação inter-neuronal, que 

em última análise podem conduzir ao aparecimento de disfunções neurológicas. Para tal 

fomos avaliar o efeito da BNC na dinâmica do citosqueleto neuronal, focando: (i) o 

crescimento axonal, (ii) a polimerização e estabilização dos microtúbulos, e (iii) o transporte 

axonal. 

Utilizámos culturas primárias de neurónios de hipocampo como modelo de estudo. 

Estas células foram isoladas a partir de embriões de murganho com 16 dias de gestação 

(E16) e cultivadas sobre poli-D-lisina. Após 1 dia in vitro (DIV), as células foram incubadas 

durante 24 h com meio de cultura incluindo albumina sérica humana (100 µM), aqui 

designado por veículo, ou com BNC (50 µM e 100 µM). Estas concentrações de BNC 

pretendem mimetizar situações de hiperbilirrubinémia moderada e severa, respectivamente. 

As células foram analisadas aos 3 DIV. Para identificar as proteínas que nos propusémos a 

estudar (MAP2, Tau1, EB3, quinesina e dineína) utilizámos uma técnica de 

imunofluorescência que nos permitiu avaliar a expressão e localização da proteína ao longo 
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do axónio. Os axónios foram traçados manualmente e a intensidade de fluorescência 

relativa à expressão de cada proteína foi medida recorrendo ao software ImageJ v1.40. 

Inicialmente avaliámos a acção da BNC no crescimento axonal e observámos que a 

percentagem de neurónios com comprimento inferior a 100 µm aumentou (30%) 

relativamente às células tratadas apenas com o veículo (20%), resultando num tamanho 

médio axonal igualmente reduzido (~10%, p<0.05 e ~15%, p<0.01, para 50 e 100 µM de 

BNC, respectivamente). Estes dados apontam para um efeito nocivo da BNC na formação 

do axónio. Posto isto, resolvemos analisar qual o efeito da BNC ao nível da polimerização 

dos microtúbulos. A análise da fluorescência da EB3 ao longo do axónio demonstrou uma 

redução significativa na presença de EB3, sobretudo na zona apical do axónio, em células 

tratadas com BNC (~30% e ~25%, p<0.05 para 50 e 100 µM de BNC, respectivamente), o 

que pressupõe uma diminuída polimerização dos microtúbulos.  

Uma vez que o crescimento axonal necessita que os microtúbulos apresentem um 

certo grau de despolimerização, e tendo observado que a exposição à BNC induz uma 

redução quer na polimerização dos microtúbulos, quer no comprimento axonal, tornou-se 

pertinente investigar se a BNC estaria a actuar ao nível da estabilização destas estruturas. 

As células foram postas em contacto com vimblastina, um potente destabilizador dos 

microtúbulos, durante 2 h imediatamente antes de serem fixadas para a análise de 

imunofluorescência. Como seria de esperar, as células expostas à vimblastina apresentaram 

um decréscimo no comprimento axonal de ~20% (p<0.001). Curiosamente, os neurónios 

tratados com BNC também evidenciaram redução no tamanho do axónio de ~10% (p<0.05) 

e de ~15% (p<0.01) para 50 e 100 µM de BNC, respectivamente. No entanto, quando 

incubadas em simultâneo com BNC e vimblastina, as células não apresentaram maior 

redução do comprimento axonal, demonstrando que a BNC estará a provocar uma maior 

estabilização dos microtúbulos de uma forma não reversível pelo efeito da vimblastina. 

Adicionalmente, fomos avaliar a expressão da MAP2 e da Tau1, bem como a sua 

capacidade de ligação aos microtúbulos. A exposição dos neurónios à BNC induziu uma 

maior entrada da MAP2 no compartimento axonal de uma forma dependente da 

concentração ( ~14, p<0.01, para 50 µM de BCN e ~ 16%,  p<0.001, para 100µM de BNC). 

A MAP2 ao longo do axónio apresenta-se também aumentada, sobretudo na região apical 

(~30%, p<0.05 e ~70%, p<0.001, para  50 e 100 µM de BNC, respectivamente), assim como 

a sua ligação aos microtúbulos nas zonas intermédias (~40%, p<0.001 para 100 µM de 

BNC) ou a nível mais distal do axónio (~25%, p<0.01 para 50 µM de BNC). 

A expressão de Tau1 aparece também alterada  pela acção da BNC, observando-se 

um aumento significativo com 50 µM de BNC (>60%, p<0.001), mas um decréscimo, 

igualmente significativo, com 100 µM de BNC ( (~20%, p<0.001). Curiosamente, quando 

avaliámos a ligação de Tau1 aos microtúbulos encontrámos um aumento induzido por 
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ambas as concentrações de BNC (~40%, p<0.01 e >80%, p<0.001 para 50 e 100 µM de 

BNC, respectivamente). Estes dados sugerem que a BNC parece interferir na integridade 

estrutural e funcional do citosqueleto. 

Estas alterações estruturais podem, sem dúvida, comprometer o transporte axonal. 

De facto, observámos igualmente que os neurónios expostos à acção da BNC 

apresentavam alteração do padrão de expressão das proteínas motoras, quinesina e 

dineína. A BNC provocou uma diminuição da expressão da quinesina de forma proporcional 

à sua concentração, atingindo valores significativos com 100 µM de BNC (~10%, p<0.05). 

Por outro lado, as duas situações de hiperbilirrubinémia por nós mimetizadas produzem 

efeitos contrários na expressão da dineína. Enquanto que a expressão de dineína foi 

significativamente diminuída por 50 µM de BNC (~10%, p<0.05), perante 100 µM de BNC a 

sua expressão foi bastante aumentada (~40%, p<0.001). Estes dados sugerem que uma 

exposição à BNC poderá comprometer o transporte axonal. 

As mitocôndrias são um dos exemplos de organelos celulares que é transportado por 

estas porteínas, as quais estão envolvidas em processos metabólicos fundamentais para a 

sobrevivência e funcionalidade celular. Após todas as observações acima descritas, 

quisémos perceber até que ponto todas as alterações induzidas pela BNC alteravam a 

distribuição axonal das mitocôndrias. De facto, observámos que a BNC induz a formação de 

aglomerados mitocondriais, localizados numa região intermédia-distal do axónio quando 

numa concentração de apenas 50 µM BNC (~25%, p<0.05) ou na porção distal do axónio 

quando numa concentração de 100 µM (>55%, p<0.05). Uma vez mais, estes dados 

apontam para um deficiente transporte axonal após exposição à BNC.  

Em conjunto, os nossos resultados esclarecem algumas das alterações induzidas na 

estrutura do citoesqueleto de neurónios imaturos quando expostos a situações de 

hiperbilirrubinémia moderada a severa, contribuindo para um melhor conhecimento das 

repercussões da encefalopatia por bilirrubina no período neonatal relativamente ao 

desenvolvimento de patologias neurológicas e/ou neurodegenerativas que podem emergir 

numa fase mais avançada da vida. 

 

 

Palavras-chave: Icterícia neonatal; neurónios de hipocampo; arquitectura neuronal; 

citosqueleto; dinâmica dos microtúbulos; transporte axonal. 
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1. INTRODUCTION 

1.1. HIPPOCAMPUS LOCALIZATION AND FUNCTION 

The limbic system consists of medial temporal lobe structures including hippocampal 

formation, amygdala, the parahippocampal gyrus and the cingulate gyrus (Fig.1). These 

cortical areas were named limbic because they form a border (limbus) around the inner 

structures of the diencephalon and midbrain. The hippocampal memory system includes the 

hippocampus, orbital and medial prefrontal cortex, ventral parts of the basal ganglia, the 

mediodorsal nucleus of the thalamus and also the amygdala 1. The anatomy and circuit of 

the hippocampus are extremely conserved across mammalian species 3,4. 

 

 

 

 

 

 

 

 

 

 

 

 

The hippocampus and parahippocampal gyrus play an important role on learning and 

memory process. Rodents and primates depend on these medial temporal structures to 

encode and consolidate memories of events and objects in time and space, while humans 

also use these same brain regions for the initial encoding and consolidation of short-term 

declarative memories 1. Lesions of hippocampus and in parahippocampal region in humans 

induce profound anterograde amnesia that is characterized by an inability to retain and 

consciously recollect memories of facts and events 3. In young monkeys, hippocampal injury 

result in deficient social interactions early in life, which become more severe during 

adulthood 4. Furthermore, there are evidences of hippocampal pathology in schizophrenia 

with morphological, molecular and functional aspects (for review see Harrison, 2004 5). 

 

Fig.1. Actual conception of the limbic system. The most notorious components are the cingulate gyrus, the

amygdala with important role in experience and expression of emotion, and the hippocampus which function is

mainly related with learning and memory processes. Adapted from Purves et al., 2004 1.  

Corpus callosum

Orbital and medial 
prefrontal cortex

Temporal lobe Parahippocampal gyrus

Cut edge of midbrain

Cingulate gyrus

Anterior nucleus of 
the thalamusMammillothalamic 

tract
Fornix

Mediodorsal nucleus 
of the thalamus

Anterior 
commissure

Ventral basal 
ganglia

Hypothalamus

Optic  chiasm

Amigdala
Mammilary 
body Hippocampus



Neuronal Cytoskeletal Dynamic Modification Induced By Unconjugated Bilirubin           INTRODUCTION 

 

 
2

1.2. HIPPOCAMPAL NEURONS  

Neurons are the basic information processing units of the central nervous system (CNS). 

Neurons are very specialized and polarized cells that can be categorized according to their 

size, shape, location, neurochemical characteristics and connectivity, which is determinant to 

its function in the brain. Morphologically it is possible to identify three main regions in a 

typical neuron: (1) the cell body with the nucleus and the major cytoplasmic organelles, (2) a 

variable number of dendrites that receive electrical signals and (3) a single axon that extends 

far from the cell body transmitting electrical signals. In addition to signal processing and 

propagation, the axonal and dendritic surfaces also play house-keeping roles such as 

receiving and releasing different molecules from and into their environment. In addition, the 

elaborated branching morphology of axons and dendrites enable neurons to form complex 

signaling networks 3,6-8. One of the earliest and best studied neuronal culture systems is the 

growth of hippocampal neurons from rat embryonic brain. This system has shown that 

neurons develop their characteristic morphology through a stereotypic sequence of events 

with distinct intermediate steps (Fig.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

After initially extending lamellipodia (stage 1), the cells elaborate several short, minor 

processes that are roughly equal in length and cannot be identified as axonal or dendritic 

(stage 2). After a period of 6 to 24 h the cell undergoes its initial polarization. At this time, one 

of the minor processes begins to grow rapidly, becoming many times longer than the others 

within just a few hours (stage 3) and acquires molecular, structural and functional 

Fig.2. Schematic representation of hippocampal neurons developmental stages. Hippocampal neurons in

vivo and in vitro develop in a characteristic sequence of stages that start with the formation of a lamellipodia

structure and mature until dendrites and single axon are formed. Adapted from Yoshimura et al., 2006 2. 
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characteristics to become the neuronal axon. A few days later, the remaining minor 

processes also begin to grow but at a significantly slower rate than the axon. These 

processes gradually acquire dendritic characteristics and become the neuronal dendrites 

(stage 4). Finally, the axons and dendrites of neighboring neurons develop extensive 

synaptic connections and establish a neuronal network (in stage 5) 2.  

 

1.3. CYTOSKELETAL FUNCTION AND DYNAMICS ON NEURONAL 

ARCHITECTURE 

The cytoskeleton of eukaryotic cells consists of an aggregate structure formed by three 

classes of cytoplasmic structural proteins: microtubules, microfilaments and intermediate 

filaments. All of these structural elements are dynamic, interacting with each other and with 

other cellular structures. The cytoskeleton is biochemically specialized for each particular cell 

type, function and developmental stage3. Cytoskeletal components also include cytoskeleton-

regulating proteins such as microtubule-associated proteins (MAPs), actin-binding proteins 

and ‘‘motor’’ proteins. In neurons, all these components play important roles in the 

establishment and maintenance of neuronal polarity, cell morphology and intracellular 

transport 9,10. In fact, distinct microtubule patterns of axons and dendrites result in the routing 

of different cytoplasmic organelles into each type of neurite thus contributing directly to the 

establishment of neuronal polarity 6,8,11. 

 

1.3.1. Microfilaments 

Microfilaments form twisted strands of actin subunits and in neuronal cells are short, 

ranging from 200 to 250 nm in length. They have important roles in cell contractility and in 

local trafficking of both cytoskeletal and membrane components3. Actin is a major component 

of the cellular cytoskeleton and one of the most abundant cellular proteins. It is precisely 

regulated during many essential cellular functions as migration, adhesion or division. Actin 

also forms the core of many cellular structures as filopodia or lamellipodia. In parallel to 

microtubules, actin dynamics also have a key regulatory role during axon formation process, 

once local actin instability may cause reduced obstruction of microtubule projection and 

consequently, of neurite outgrowth. Actin dynamics can also create changes in axonal 

transport and, therefore, actin dynamics and microtubule stabilization might together 

coordinate neuronal polarization 12,13. 

 

1.3.2. Microtubules  

Microtubules are highly dynamic polar filaments composed of 13 protofilaments, each 

consisting of a linear array of α/β tubulin dimmers. They polymerize in an asymmetric 
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manner, resulting in a fast-growing (plus) end and a slow-growing (minus) end.  Interestingly, 

axons contain a parallel array of microtubules oriented with their plus ends distal to the cell 

body, while dendrites contain an antiparallel array of microtubules in which only half of the 

microtubules are oriented with their minus ends distal to the cell body 14,15. 

The axon formation is one of the initial steps in breaking cellular symmetry and in the 

establishment of neuronal polarity. Microtubule stabilization has an active function during the 

specification of axonal fate in early neuronal development, since axon formation correlates 

with increased microtubule stability, having the axonal microtubules a higher resistance to 

depolymerization. Indeed, it was recently shown that the presence of a microtubule stabilizer 

such as taxol near a growing neurite may promote its development into an axon 16.On the 

other hand, during axonal elongation microtubules suffer cycles of growth and collapse 

termed dynamic instability, in which, at their plus-end, microtubules frequently repeat 

transitions from catastrophe (from polymerization to depolymerization) to rescue (from 

depolymerization to polymerization) 17,18. In this case, the presence of endogenous 

microtubule destabilizing factors is crucial for the correct axonal outgrowth since it allows a 

certain degree of microtubule instability. Nevertheless, their concentration must be finely 

regulated since it was reported that a decrease of their expression may suppress neurite 

outgrowth, while their excess may induced neurite retraction by an excessive microtubule 

disassembly 18. 

Thus, the presence of destabilizing factors such as vinblastine, and nocodazole, which 

suppress the dynamic instability of microtubules ends, may reduce the rate of neurite 

elongation 16,18-20.  

 

1.3.3. Microtubule associated proteins  

The stabilization of microtubules is helped by classical microtubule associated proteins 

(MAPS) which can bind to microtubule frames to increase the polymerization rate and form 

cross-bridge structures between microtubules and also between microtubules and other 

cytoskeletal elements 21. In the nervous tissue, MAPS are constituted by two heterogeneous 

categories: Tau proteins and high molecular weight MAPS. The last ones are expressed 

early during neuronal differentiation and axon development and have been implicated in 

regulating neurite outgrowth 3. Microtubule-associated protein 2 (MAP2) is an abundant 

neuron-specific protein, mainly localized on cell soma and dendrites, that binds to 

microtubules through a domain near its carboxyl terminus 22,23. The multiple human MAP2 

isoforms are expressed from alternative splicing of a pre-mRNA transcribed from a single 

gene 22,24. It is likely that phosphorylation at distinct sites of the molecule differentially affects 

MAP2 function, modulating its interaction with microtubules and, as a consequence, its 

capability to stabilize them 25. 
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Tau also exists in different isoforms, which are generated from a single mRNA by 

alternative splicing with additional heterogeneity produced by phosphorylation and are 

expressed differentially through different regions of nervous system and developmental 

stage. For instance, low molecular weight Tau1 isoform (60 to 75 KDa) is mainly expressed 

in adult CNS, whereas an isoform of 100 KDa occurs in the peripheral nervous system. Tau 

binds to microtubules during assembly and disassembly cycles and promotes microtubule 

assembly and stabilization 3. In this regard, Tau as also been implicated in the outgrowth of 

neural processes and in the development of neural polarity. The phosphorylation events that 

occur on Tau´s structure can change its conformation leading to a decreased microtubule 

binding by reducing its affinity to the microtubules array, being considered the cause of 

neuronal dysfunction in neurodegenerative disorders 26,27. 

The neuronal MAP2 and Tau are candidate regulators of the organization of the 

neuronal cytoskeleton 28. Although in the embryonic brain, fetal Tau (the smallest isoform) 

and other MAPs are initially homogeneously distributed, Tau and MAP2 are characteristically 

distributed in situ, with Tau localized in the axon and MAP2 somatodendritically 

compartmentalized, as represented on Figure 3 29. Caceres and collaborators (1992) 

suggested that MAP2 and Tau have distinct functions in neuronal morphogenesis: the initial 

establishment of neurites depends upon MAP2, whereas further neurite elongation and cell 

polarization depends upon Tau and microtubule stabilization 30. Tau expression increases 

strongly during brain development, concomitantly with neurite outgrowth. Binding of Tau to 

the distal axon precedes microtubule assembly at this position indicating a function of Tau in 

organizing microtubules at the distal axonal shaft, and at the onset of axon formation. On the 

other hand, MAP2 interaction shifts from an actin-associated to a microtubule-associated 

pattern, suggesting that MAP2 potentially links the actin skeleton to the microtubule network 

which may be an important event for the initiation of process formation. Hence, it seems that 

both Tau and MAP2 are required for establishing neuronal polarity 31,32.  

A very specialized class of MAPs, the microtubule plus-end tracking proteins (+TIPs), 

has recently received a lot of attention in this context. +TIPs comprise structurally unrelated 

proteins including microtubule motors, motor-cargo adaptors and non-motor MAPs. +TIPs 

either preferentially recognize the structure of the freshly polymerized microtubule end or 

copolymerize with tubulin subunits providing an interface for the interaction of microtubules 

with the actin cytoskeleton. In this regard, they play an important role in intracellular transport 

and positioning of cellular structures 33. The kinetics of association and release may be 

regulated by post-translational modifications of the +TIP, for example, phosphorylation. 

Imaging studies of +TIPs fused to enhanced green fluorescent protein (EGFP) showed to be 

excellent tools for studying microtubule growth dynamics in living cells 34. One member of 

+TIPs proteins is endogenous end-binding protein (EB) 3 , that is expressed preferentially in 
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the CNS and, as a homologue of EB1, it can be associated with the plus ends microtubule 

cytoskeleton during assembly (Fig.3) 35. The excursion of the EGFP-EB3 at the plus end of 

the microtubule appears as a moving comet because of the gradual dissociation of EB3 

molecules from the microtubule as it continues to add more subunits and can be used as an 

excellent marker of microtubule polymerization rate 36. 

 

 

 

 

 

 

 

 

 

 

 

 

1.4. AXONAL TRANSPORT AND MOTOR PROTEINS   

Active transport of cytoplasmic material along microtubules is critical for cell organization 

and function. The basic components of the microtubule-dependent transport system are 

motor proteins and the polarized microtubule tracks along which they carry cargoes. 

Anterograde axonal transport moves materials from the cell body out to the synapse and is 

performed by kinesins, whereas retrograde axonal transport, generated by dyneins, moves 

materials such as organelles, vesicles, and perhaps neurotrophic signals, from the synapse 

to the cell body (Fig. 4). The importance of intracellular transport to neurons, suggested by 

the diversity of transported cargoes and the complexity and specialization of the transport 

system, implies that the disruption or malfunction of transport could lead to disease 37,38. 

Within the cell, the balance between oppositely directed transports determines the 

steady-state distribution of organelles and biomolecules. In the crowded cell environment, 

dynein and kinesin compete with non motile MAPs for binding to the microtubule surface. 

Since dynein travels towards the minus ends and the kinesin superfamily is mostly plus-end 

directed the polarity and organization of microtubules imparts transport directionality 39.  

 

Fig.3. Schematic representation of microtubule associated proteins localization. Microtubule associated

protein-2 (MAP2) is localized mainly in cell body and dendrites, while Tau1 is more localized on axonal

compartment and endogenous end-binding protein 3 (EB3) binds to plus-ends of newly polymerized

microtubules. 
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Interestingly, MAP2/Tau family of proteins can inhibit kinesin and dynein dependent 

transport along microtubules. Observations in vitro suggest that this inhibition of microtubule 

motor activity occurs by direct competition of MAP2/Tau proteins with dynein and kinesin for 

microtubule binding, with kinesin more sensitive to this regulation 40. This leads to a 

predominance of retrograde flow and net inhibition of anterograde flow, so that vesicles and 

organelles tend to accumulate in the cell body resulting in growth cone starvation and decay 

of cell processes. These organelle clusters first appear at distal endings of axons and may 

indicate an early stage of neurite degeneration 31,41. 

In a healthy neuron, Tau is distributed in a proximal-to-distal gradient. Near the cell body 

lower Tau concentration allow kinesin to efficiently bind to microtubules and initiate 

anterograde transport of cargo, whereas higher Tau concentration at the synapse facilitates 

cargo release. Most attractive is the fact that during a pathologic condition as Alzheimer’s 

disease, Tau accumulates in the cell body and its concentration gradient is disrupted leading 

to neurodegeneration 42. In addition, it is described that during tauopathies, including 

Alzheimer’s, Tau dissociates from axonal cytoskeleton causing the microtubule array to 

gradually disintegrate impairing axonal transport 27. 

 

1.4.1. Mitochondria function and mobility in neurons  

Mitochondria are cellular organelles that reside in the cytosol of most eukaryotic cells 

occupying a substantial portion of cytoplasmic volume. Their main function is the production 

of energy by oxidizing organic acids and fats with oxygen through oxidative phosphorylation, 

which may generate oxygen radicals (reactive oxygen species) as a toxic byproduct 43.  

Fig.4. Schematic representation of motor proteins movement in the axon. Kinesin promotes anterograde

transport while dynein promotes retrograde transport of organelles along the microtubule tracks. 
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In healthy cells mitochondria are really dynamic and plastic organelles experiencing 

morphological changes by constantly fusion and fission of each other. Mitochondrial fission 

allows for cellular redistribution of mitochondria in response to local changes in the demand 

for ATP, whereas mitochondrial fusion enables exchange of mitochondrial DNA and other 

essential components 44. 

 To maintain their mobility, mitochondria appear often associated to microtubules 

network and in neurons they can change between anterograde and retrograde movement, if 

they must go to the sites of action in axon or to the cell body for degradation and recycling, 

respectively 7,45. Although, in mature neurons only one third of axonal mitochondria are 

mobile, they accumulate in the vicinity of active growth cones and branches in developing 

neurons, nodes of Ranvier, myelination boundaries and synaptic terminals 46. This complex 

pattern of axonal mitochondria mobility suggests that they might be attached to two opposing 

motor proteins and docking mechanisms. Indeed, it is believed that the specific transport and 

delivery of mitochondria forward microtubule-based trafficking machinery is guaranteed via 

indirect linkage with adaptor molecules 47. 

Neuronal mitochondria play key roles in the: (a) promotion of microtubule polymerization, 

by reducing the Ca2+ concentration at the presumptive axon which leads to a rapid axonal 

growth and differentiation; (b) development and synaptic plasticity; (c) arbitration of cell 

survival and death by necrosis or apoptosis mechanisms; and (d) protein phosphorylation 

reactions that mediate synaptic signaling and related long-term changes in neuronal 

structure and function. Hence, it is obvious that mitochondria dysfunction, either due to 

mutations in mitochondrial genes or mitochondrial impairment, may be consider as a relevant 

issue in the pathogenesis of prominent neurological/psychiatric disorders, such as dementia 

or schizophrenia, and neurodegenerative diseases, such as  Alzheimer’s, Parkinson’s, 

Huntington’s and amyotrophic lateral sclerosis 48. 

 

1.5. NEONATAL HYPERBILIRUBINEMIA: FROM BILIRUBIN METABOLISM 

TO NEUROTOXICITY 

Neonatal hyperbilirubinemia is frequently observed in newborns within the first week 

following birth due to the transient accumulation of unconjugated bilirubin (UCB). In some 

cases, especially in infants who are premature and/or have associated hemolytic disorders, 

UCB levels can increase drastically. In this situation, high free bilirubin (non conjugated and 

not bound to albumin) levels cross the blood brain barrier (BBB) and precipitate in the CNS. 

This condition may cause reversible or irreversible alterations, bilirubin encephalopathy or 

kernicterus, respectively, which may contribute to increased morbidity and adverse 

neurologic sequelae 49.  
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The classical sequelae of excessive neonatal hyperbilirubinemia comprise a tetrad 

consisting of athetoid cerebral palsy, deafness or hearing loss, impairment of upward gaze, 

and enamel dysplasia of the primary teeth, and correspond to pathologic lesions in the 

globus pallidus and subthalamic nucleus, auditory and oculomotor brainstem nuclei. Other 

areas typically damaged by UCB are the cerebellum, particularly the Purkinje’s cells, and the 

hippocampus, which may be affected in a different locus than other disorders, for example 

hypoxia-ischemia and epilepsy 49,50. Recently it was described that moderate levels of UCB 

may cause minor neurologic dysfunction and be correlated with developmental delay, 

attention-deficit disorder, autism 51. It have been also connected with the emergence of 

neuropsychiatric disorders, including schizophrenia 52, as confirmed with an observed greater 

incidence of Gilbert’s syndrome, which indicates an exposure to moderate 

hyperbilirubinemia, in patients with schizophrenia, when compared to patients with other 

psychiatric disorders, or with the general healthy population 53-55.  

Since the transport of free bilirubin across the BBB is slow, neurotoxic effect of UCB 

depends directly of the amount of free bilirubin in the brain and the extent of exposure to 

UCB at different stages of neurodevelopment. In this regard, neurons undergoing 

differentiation are particularly susceptible to injury by UCB 56 while extremely low birth weight 

infants, with a peak of total serum bilirubin concentrations during the first 2 weeks of life, 

show increased death or neurodevelopmental impairment, hearing impairment, and low 

psychomotor developmental index 57. These data suggest that prematurity predisposes 

infants to UCB encephalopathy, considering that preterm newborns have raised susceptibility 

to UCB brain injury during moderate to severe neonatal jaundice 56,58-63. 

Accordingly, the relative imbalance of these processes determines the pattern and 

degree of neonatal hyperbilirubinemia. All this conveys to a clinical condition designated 

physiologic jaundice 61,64,65. Commonly, full-term newborns have a peak serum total bilirubin 

concentration of 5 to 6 mg per deciliter (86 to 103 μmol per liter). Overblown physiologic 

jaundice occurs at values upon this threshold (7 to 17 mg per deciliter [104 to 291 μmol per 

liter]) 60,61. One of the most common treatments used for hyperbilirubinemia is phototherapy, 

which prevents bilirubin levels from reaching values at which exchange transfusion is 

necessary. This therapy uses light energy directly in the skin, leading to the isomerization of 

the UCB molecule when exposed to light, resulting in water soluble molecules that may be 

excreted in the bile without suffering glucuronidation 65,66. 

 

1.5.1. Bilirubin metabolism  

Bilirubin is the final product of heme catabolism, formed in the reticuloendothelial system 

in which the heme oxygenase cleaves the porphyrin ring of heme, to form the water-soluble 

biliverdin, a green linear tetrapyrrolic pigment, which is then reduced by biliverdin reductase 
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to bilirubin, a yellow-orange pigment 67. The cleavage of the heme yields equimolar parts of 

biliverdin, iron, and carbon monoxide (CO), while iron is conserved for new heme synthesis, 

and most of the CO is excreted by the lungs 65,68. Although 75% to 90% of UCB is derived 

from the breakdown of hemoglobin from senescent or hemolyzed red blood cells, the other 

25% to 10% is produced from de breakdown of other proteins, like myoglobin, cytochromes, 

catalases and peroxidases 64,65. 

Due to its structure, in which internal hydrogen bonding masks the propionic acid side 

chains, UCB is poorly soluble in aqueous medium (<70 nM), and not readily excreted in the 

bile or urine. Normally, over 99.9% UCB is transported in the blood tightly bound to albumin, 

a carrier molecule with a single high affinity binding site for one UCB molecule, and it must 

be glucuronidated before being excreted in the bile. Subsequent to the uptake by the 

hepatocyte (which occurs via carrier mediated mechanisms), the pigment is transported by a 

protein carrier, the glutathione S-transferase. Once within the endoplasmic reticulum, UCB is 

conjugated with either one or two molecules of glucuronic acid, by the action of the enzyme 

bilirubin UDP-glucuronosyl transferase 65,67,68. 

While during intrauterine life the excretion of UCB is performed through the placenta 

from the fetus to the mother, at birth, this event is abruptly disrupted leading to an increase in 

the circulating UCB 61,64. In addition, during neonatal life, babies have an increased 

production of UCB due to higher volume of circulating red blood cells per kilogram and a 

shorter life span of the erythrocytes 65,69. Since, newborns also present decreased transport 

and hepatic uptake, decreased conjugation and decreased excretion of bilirubin 65, these 

situations will lead to a net accumulation of UCB. In preterm newborn, all these processes 

are even more exacerbated when compared to full-term infant. Indeed, premature babies 

have reduced liver enzymatic activity 64,70, have a more permeable BBB to UCB, lower 

tolerance to UCB neurotoxicity 71 and additionally show higher incidence of 

pathophysiological processes that may account to increased brain damage 72.  

Bilirubin bound to albumin probably does not cross the BBB as long as this is intact 66. 

However, conditions that alter the BBB permeability, such as infection, acidosis, hyperoxia, 

sepsis, prematurity, and hyperosmolarity, may increase UCB entry into the brain. Once in the 

brain, precipitation of free UCB may have toxic effects 60,61.  

 

1.5.2. Mechanisms involved in bilirubin neurotoxicity  

Although, the exact cellular mechanism(s) of bilirubin toxicity remain unclear, exposure 

of neurons to high levels of UCB has been shown to induce apoptosis and/or necrosis 

associated with mitochondria dysfunction, namely through mitochondrial membrane 

permeabilization and release of cytochrome c 73, Bax translocation to mitochondria, PARP 

degradation and caspase-3 activation 74 and disruption of the proton gradient required for 
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oxidative phosphorylation 62. We have also shown that UCB, at pathophysiologically 

concentrations, interacts directly with membranes affecting lipid polarity and fluidity, protein 

order, and redox status 74,75.  

In addition, our group also demonstrated that UCB induces an  immunologic response in 

brain cells, enhancing the release of TNF-α, IL-1β and IL-6 by neurons, astrocytes and 

microglia, this last with a higher magnitude of response 69, through the activation of MAP 

kinase and NF-B signal transduction pathways 76. Moreover, we observed that neurons are 

more vulnerable than astrocytes to UCB-induced cell death 69 and oxidative injury 77, while 

astrocytes were reported to be more susceptible to mitochondrial and glutamate uptake 

dysfunction 78. Other studies performed in neuronal and astroglial culture models point out 

that UCB induces greater cell death in more immature cells than in older cultures 58,79,80. 

These data suggest that UCB neurotoxicity depends on the cell type and cell maturation 

state, which is a relevant issue in the increased susceptibility of premature babies 81. 

A previous study of our group observed neuronal cytoskeletal disassembly using much 

higher UCB to human serum albumin ratio 78. Surprisingly, we also found that early exposure 

to UCB leads to impairment of neuronal development, with reduced neurogenesis, neurite 

arborization, and synaptogenesis 59. In agreement, others argued that UCB may affect 

learning and memory since even short-term exposure to UCB can inhibit long-term 

potentiation (LTP) of synaptic transmission 82 and impair neurotransmitter 

metabolism/release 83 in the hippocampus 84. These changes may be the basis of neuronal 

dysfunction and therefore justify the association between neonatal hyperbilirubinemia and 

the later development of mental illness, such as schizophrenia. This notion is further 

supported by a recent study using Gunn rats, an animal model of kernicterus, in which they 

demonstrated that these animals present a schizophrenia-like behavioral phenotype 85.  

Taking in consideration all the above mentioned effects, it seems that hyperbilirubinemia 

may act during neurodevelopment altering neuronal differentiation, outgrowth, connectivity, 

and functionality. Since these events are crucially dependent on accurate cytoskeletal 

dynamics, it is reasonable to hypothesize that UCB may affect microtubule rearrangements 

and consequent neuronal function. Curiously, Okumus and collaborators (2008) found that 

serum levels of Tau are significantly higher in jaundiced term newborns that manifest 

auditory neuropathy and neurologic abnormalities than those without these abnormalities, 

suggesting that axonal injury by exposure to UCB may lead to Tau release into the 

extracellular space 86. 
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2. AIM 

The main goal of the present project is to shed some light on the effect of UCB on 

cytoskeletal dynamics. As a first step to address this question we sought to dissect the 

mechanisms that underlie the changes of axonal outgrowth induced by UCB, focusing on: (i) 

the expression and localization of cytoskeleton associated proteins, namely the microtubule 

EB3, as an indicator of microtubule dynamic formation in maturating neurons; (ii) the 

microtubule stability, by treating neurons with vinblastine, a microtubule destabilizing agent; 

(iii) the expression, localization and function of cytoskeleton stabilizing molecules, such as 

MAP2 or Tau-1, which specifically stabilizes the dendrites or the axon, respectively; (iv) the 

localization and function of motor proteins, including dynein and  kinesin, which are involved 

in the transport of cytoplasmic material along the axon; and on (v) the presence of viable 

mitochondria along the axon as an indicator of the functionality of axonal transport and of the 

energetic status of the cell. 
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3. MATERIAL AND METHODS 

3.1. MATERIAL 

For cell cultures neurobasal media, B27 supplement, Hanks' Balanced Salt Solution 

(HBSS), and Tripsin 2.5% were purchased from Gibco® (Grand Island, NY). Poly-D-lysine, 

Hoechst dye 33258, human serum albumin (HSA) and bovine serum albumin (BSA) (fraction 

V, fatty acid free) and UCB, that was purified according to McDonagh and Assisi method 87 

and was always handled under light protection to avoid photodegradation, was acquired from 

Sigma-Aldrich. Laminin was from Invitrogen™ (Carlsbad, CA, USA). Minimum essential 

medium (MEM) with Earle’s salts, HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic 

acid) buffer, sodium pyruvate, fetal bovine serum (FBS) and glutamine were purchased from 

Biochrom AG (Berlin, Germany). For protein quantification assays it was used the protein 

assay kit, BioRad, (Hercules, California, CA). Sodium dodecyl sulphate (SDS) was acquired 

to VWR-Prolabo. Acrylamide, bis-acrylamide and Tween 20 were from Merck (Darmstadt, 

Germany). Nitrocellulose membrane and Hyperfilm ECL were from Amersham Biosciences 

(Piscataway, NJ, USA. LumiGLO® was from Cell Signalling (Beverly, MA, USA). Primary 

specific monoclonal antibodies were mouse anti-Tau1, mouse and rabbit anti-Map2, mouse 

anti-Kinesin and anti-Dynein from Chemicon® and mouse anti-β-actin from Sigma-Aldrich 

(St. Louis, MO, USA). Secondary antibodies were Horseradish peroxidise-labeled goat anti-

mouse IgG from Santa Cruz Biotechnology® (Santa Cruz, CA, USA) and horse anti-mouse 

from Vector Laboratories (Burlingame, CA). MitoTracker® Red m7512 was from Molecular 

Probes.  

3.2. ANIMALS 

Animal care followed the recommendations of European Convention for the Protection of 

Vertebrate Animals Used for Experimental and other Scientific Purposes (Council Directive 

86/609/EEC) and National Law 1005/92 (rules for protection of experimental animals). All 

animal procedures were approved by the Institutional Animal Care and Use Committee. 

Every effort was made to minimize the number of animals used and their suffering.  

3.3. HIPPOCAMPAL NEURONAL CELL CULTURE 

Primary culture of hippocampal neurons was prepared from hippocampi of E16 mice as 

previously described 88. Shortly, pregnant mice were euthanized by asphyxiation with CO2. 

Fetuses were removed from uterus and decapitated; heads were placed in a Petri dish with 

HBSS solution. Brain was carefully removed from head, cerebral hemispheres were 

dissected and meninges were removed. Finally, hippocampi were dissected, placed in a 
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microcentrifuge tube with HBSS solution and dissociated with 2.5% trypsin at 37ºC, followed 

by mechanical dissociation with a Pasteur pipette. For immunocytochemical studies 

approximately 2 x 104 cells were plated on each 12 mm coverslip, while for western blot 

analysis cells were plated with a density of approximately 2 x 105 cells per petri dish of 

35mm. Both coverslips and petri dishes were coated with poly-D-lysine (100 µg/ml) and 

laminin (4 µg/ml) in plating medium (MEM with Earle’s salts supplemented with 10 mM 

HEPES, 1 mM sodium pyruvate, 0.5 mM glutamine, 12.5 µM glutamate, 10% FCS and 0.6% 

glucose). Three hours after, the media was replaced with neuronal growth medium 

(Neurobasal media with B27 supplement and 0.5 mM glutamine). At 1 day in vitro (DIV), cells 

were incubated with 50 or 100 µM UCB or with vehicle (culture medium plus 100 µM HSA to 

keep UCB in solution), for 24 h, at 37ºC. Following the UCB treatment, the incubation media 

was replaced by conditioned media from a parallel set of culture dishes with neurons at the 

same state of differentiation and cells were analyzed at 3 DIV (Fig.5).  

 

 

 

 

 

 

 

3.4. ANALYSIS OF AXONAL LENGTH 

Axon length measurements were performed on stage 3 neurons. For the purpose of this 

analysis, a neuron was defined as stage 3 if it had a single neurite (the axon) that was at 

least twice as long as all the other neurites. At 3 DIVs cells were fixed with PPS [(60 mM 

PIPES, pH 7.0; 25 mM HEPES, pH 7.0; 10 mM EGTA, pH 8.0; 2 mM MgCl2; 0.12 M sucrose; 

4% paraformaldehyde), (pH 7.3-7.4)] for 30 min at room temperature (RT). After rinsing in 

PBS, coverslips were blocked in 3% fatty acid free BSA in PBS for 30 min, permeabilized for 

10 min in 0.2% triton/PBS, rinsed, and reblocked in 3% BSA/PBS for 30 min. Incubations 

with primary and secondary antisera were done in the presence of 1% BSA/PBS, and 

coverslips mounted with glycerol-based mountant (2.5% 1,4-Diazabicyclo-[2.2.2]Octane, 150 

mM Tris (pH 8.0), 30% glycerol) to reduce photo bleaching. Images were captured on an 

Axiocam HR adapted to an Axiovert Microscope (Zeiss) using Openlab software 

(Improvision). The primary antibodies used were rabbit anti-MAP2 (1:1000, Chemicon) to 

Fig.5. Schematic representation of the experimental design with

primary hippocampal neurons. Cells were plated onto poly-D-lysine and

laminin-coated coverslips and incubated at 1 day in vitro (DIV) with 100 µM

HSA (vehicle) or UCB at 50 and 100 µM for 24 h at 37ºC. After UCB

incubation, media was replaced with conditioned neuronal growth media

without UCB and neurons were analyzed at 3 DIV. 
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identify dendrites and mouse anti-Tau1 (1:200, Chemicon) to identify the axon. Axons were 

manually traced and their length measured using ImageJ v1.40. 

3.5. EVALUATION OF MICROTUBULE FORMATION 

To assess the rate of microtubule formation, neurons were electroporated prior to 

seeding with a plasmid expressing EGFP-tagged EB3 under a β-actin promoter (pCAG-

EGFP-EB3) generated at Lorene M Lanier’s laboratory (5 µg of plasmid for 1 x 106 cells) 

using the Mouse Neuron Nucleofector kit (Amaxa). After treatment, cells were fixed at 3 DIV 

with PPS, 30 min at RT, and EB3 staining was detected using a fluorescent microscope. The 

location of the microtubule EB3-positive tips was measure as the fluorescence intensity 

present along the axon, using ImageJ v1.40, to express the rate of microtubule 

polymerization. 

3.6. APPRAISAL OF MICROTUBULE STABILITY 

To evaluate microtubule  stability, neurons already exposed to UCB were  treated with 

0.5 µM vinblastin, a microtubule destabilizer, for 2 h prior to cell fixation at 3 DIV. The ability 

of vinblastin to depolimerize the microtubules, indicating their less stabilization, was 

determined by the analysis of axonal length performed in fixed cultures stained with mouse 

anti-tubulin βIII (1:1000, Promega) as previously described. 

3.7. DETERMINATION AND QUANTIFICATION OF MAP2 AND TAU1 

EXPRESSION ALONG THE AXON AND THEIR BINDING TO 

MICROTUBULES 

For the localization of MAP2 and Tau1, cells were treated as previously described (3.4.) 

and fluorescence intensity measured along the axon, using ImageJ v1.40. To determine the 

amount of MAP2 and Tau1 that was bound to the microtubules, cells were subjected to a 

saponin extraction prior to fixation. In brief, cells were exposed to 0.02% (w/v) saponin in 

extraction buffer (80 mM PIPES/KOH, ph 6.8; 1 mM MgCl2; 1 mM EGTA; 30% (v/v) glycerol; 

1 mM GTP)] for 30 sec at RT, to remove soluble cytoplasmatic proteins, and then fixed and 

treated as abovementioned. 
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3.9. DETERMINATION OF MOTOR PROTEINS KINESIN AND DYNEIN 

EXPRESSION AND LOCATION  

In order to address kinesin and dynein expression and location, cells were treated as 

previously described (3.4) but immunostained with specific antibodies directed to these two 

proteins (1:100 for both, Chemicon) and fluorescence intensity was measured along the 

axon, using ImageJ v1.40. 

3.10. DETECTION OF VIABLE MITOCHONDRIA WITH MITOTRACKER® 

To evaluate mitochondria viability and localization, 3 DIV hippocampal neurons were 

incubated with MitoTracker® Red CMXRos (1:2000), which is a mitochondrion-selective dye 

that accumulates in active mitochondria, in growth medium for 30 min at 37ºC, always 

protected from light. Then cells were fixed with PPS for 30 minutes, at 37ºC. After rinsing 

with PBS, neurons were blocked with 3% BSA overnight at 4ºC. To identify axonal structure it 

was performed an immunofluorescence assay directed to Tau1 as described above. Nuclei 

were identified with Hoechst dye 33258 (1:1000), for 2 min at RT. The location of viable 

mitochondria was measure as the fluorescence intensity present along the axon, using 

ImageJ v1.40. 

3.11. STATISTICAL ANALYSIS 

Data are presented as means ± SEM, and statistical significance was determined by 

student’s T-test, considering P<0.05 as statistically significant. On each experiment between 

40 and 50 neurons were sampled per condition and each experiment was repeated at least 

three times.  
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4. RESULTS  

4.1. TREATMENT OF IMMATURE HIPPOCAMPAL NEURONS WITH 

UNCONJUGATED BILIRUBIN IMPAIRS AXONAL ELONGATION 

Hippocampal neurons develop in a characteristic manner and acquire their polarized 

morphology in five well-defined stages 89, which may be altered upon injury. To characterize 

the effect of UCB on axonal elongation, 3 DIV neurons treated with vehicle, UCB 50 µM and 

UCB 100 µM were immunostained with MAP2 and Tau1 to identify dendrites and axon, 

respectively, and axonal length was analyzed. UCB exposure led to a reduction in axonal 

length in a concentration dependent manner. As observed in Figure 6A, vehicle-treated 

neurons present an increased percentage of neurons with an axonal length above 100 µM 

(~30%) than the ones exposed to UCB (~20%). When the average length of the axons was 

calculated (Fig. 6B), we observed that UCB treatment significantly reduced axonal outgrowth 

(~10%, p<0.05, and ~15%, p<0.01, for UCB 50 and 100 µM, respectively). These data are in 

accordance with a previous study from our group 59 that describes a reduction on axonal 

length and arborization, suggesting a negative effect of UCB on the formation of the neuronal 

network. 

 

 

 

Fig.6. Bilirubin impairs axonal elongation. Embryonic hippocampal neurons were treated with vehicle,

UCB 50 µM or UCB 100 µM for 24 h at 1 DIV and fixed and stained for MAP2 and Tau1 at 3 DIV. Cells

were visualized by fluorescence, axons were manually traced and axonal length measured using ImageJ

v1.40 and the NeuronJ plugin v1.4.0. (A) The percentage of axons presenting different lengths; (B) Average

of axonal length for the different treatments. Results are at least from 3 independent experiments. *p<0.05

and **p<0.01 vs. vehicle. 
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4.2. EXPOSURE OF IMMATURE HIPPOCAMPAL NEURONS TO 

UNCONJUGATED BILIRUBIN REDUCES MICROTUBULES 

POLYMERIZATION AT THE APICAL PORTION OF THE AXON.   

Cytoskeletal dynamics plays an essential role on neuronal morphogenesis  8. Indeed, the 

axon formation requires the polymerization of microtubules and these cytoskeletal changes 

are regulated by microtubule-plus-end associated proteins as EB3, which recognize newly 

polymerized microtubules and provide an interface for interaction of microtubules array with 

actin cytoskeleton 33. To assess the effect of UCB on the rate of microtubule formation, 

immature hippocampal neurons were transfected prior to seeding with a plasmid expressing 

EGFP-tagged EB3, incubated with vehicle, UCB 50 µM and UCB 100 µM for 24 h at 1 DIV 

and fixed at 3 DIV. Analysis of EB3 fluorescence along the axon (Fig. 7) showed that UCB 

significantly reduces the presence of EB3, with a more marked effect at the apical portion of 

the axon (~30% and ~25%, p<0.05 for UCB 50 and 100 µM, respectively), pointing to a 

deficient polymerization of microtubules at this structural level.  

 

 

 

4.3. UNCONJUGATED BILIRUBIN INCREASES MICROTUBULES STABILITY 

OF IMMATURE HIPPOCAMPAL NEURONS CYTOSKELETON  

Although, neuronal polarization and axon formation correlates with increased 

microtubules stability 16, axonal elongation needs a certain degree of microtubule instability, 

dynamic instability, for the maintenance of a polymerization-depolymerization cycle 18. Thus, 

since we observed that both axonal outgrowth and microtubule polymerization are decreased 

Fig.7. Unconjugated bilirubin reduces microtubules polymerization rate in immature hippocampal

neurons. Embryonic hippocampal neurons expressing EGFP-tagged EB3 were treated with vehicle, UCB 50 µM

or UCB 100 µM for 24 h at 1 DIV and fixed at 3 DIV. Cells were visualized by fluorescence and EB3 fluorescence

measured using the NeuronJ plugin v1.4.0. (A) Representative image of a hippocampal neuron expressing EB3

(in white). Original magnification: 200x. (B) Graph bars represent the EB3 pixel intensity (mean ± SEM) along the

axon at 3 DIV. *p<0.05 vs. vehicle.  

Vehicle UCB50 UCB100
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upon UCB exposure, we next evaluated the ability of UCB to alter microtubule stability. For 

that purpose neurons were incubated with vehicle medium, UCB 50 µM and 100 µM, at 1 

DIV, a time-point where neurons are already polarized and axon is in an outgrowth stage, for 

24 h. Then, at 3 DIV, the cells were incubated with vinblastin (0.5 µM), a potent microtubule 

destabilize 90, 2h prior to fixation. Then axonal extension from cell body was determined in 

neurons labeled for tubulin βIII. As shown in Figure 8, exposure of hippocampal cells to 

vinblastin led to a significant reduction of axonal length (~20%, p<0.001) as expected. 

Interestingly, neurons incubated with UCB, although showing a decreased axonal extension 

(~10%, p<0.05 and ~15%, p<0.01 for UCB 50 and 100 µM, respectively) when compared to 

vehicle-treated cells, presented no significant reduction of axonal length when incubated with 

vinblastine. These results suggest that in the presence of UCB, vinblastine cannot destabilize 

microtubules in the same way done in vehicle-treated cells, which points to an increased 

microtubule stability induced by UCB. 

 

 

 

4.4. UNCONJUGATED BILIRUBIN INDUCES CHANGES IN THE AXONAL 

LOCALIZATION PATTERN OF MAP2 AND TAU1 ON IMMATURE 

HIPPOCAMPAL NEURONS 

The stabilization of microtubules is maintained by classical microtubule-associated 

proteins such as MAP2 and Tau1 21. Physiologically, MAP2 and Tau1 are differentially 

compartmentalized, with MAP2 localized at cell body and dendrites, whereas Tau1 is 

preferentially on the axon 89. Hence we decided to evaluate whether UCB may affect MAP2 

and Tau1 expression and localization. Primary hippocampal neurons were exposed to 

vehicle, UCB 50 µM and 100 µM, at 1 DIV for 24 h, fixed at 3 DIV and immunostained with 

Fig.8. Exposure to unconjugated bilirubin

increases microtubule stability in

maturating neurons. Embryonic hippocampal

neurons were treated with vehicle, UCB 50 µM

or UCB 100 µM for 24 h at 1 DIV and exposed

to vinblastine 0.5 µM at 3 DIV for 2 h prior to

fixation. Cells were immunostained for tubulin

βIII and visualized by fluorescence. Axons

were manually traced and axonal length

measured using ImageJ v1.40 and the

NeuronJ plugin v1.4.  *p<0.05 and **p<0.01

vs. vehicle. §§§p<0.001 vs. no vinblastine

treatment. 
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MAP2 and Tau1 antibodies. To address MAP2 and Tau1 microtubule binding, cytoplasmic 

fractions of these proteins were saponin extracted prior to fixation.  

 

4.4.1. Bilirubin increases MAP2 axonal entry and enhances 

axonal MAP2 binding to microtubules 

Exposure of immature neurons to UCB induced an increased axonal entry of MAP2 

(Fig.9A). This effect was analyzed by measuring the percentage of the axonal length that 

presented MAP2 fluorescence intensity above 50% (Fig.9B). These data point out that MAP2 

only reaches about 8% of the apical portion of the axon in vehicle treated cells, but upon 

UCB treatment MAP2 axonal entry is increased in a concentration-dependent manner 

reaching ~14 (p<0.01, UCB 50 µM) and ~ 16% (p<0.001, UCB 100 µM) of the axon. So, this 

effect may contribute to changes in microtubule organization and impairment of cytoskeleton 

function, since MAP2 has an important role on initially lamella-like structures formation during 

cell polarization 32,91. 

 

 

The evaluation of MAP2 expression throughout the axon revealed that it was 

significantly increased by UCB exposure in a concentration dependent way (Fig. 10). When 

the total amount of MAP2 staining was analyzed (Fig. 10A), UCB showed to increase MAP2 

expression mainly in the apical portion of the axon (~30%, p<0.05 and ~70%, p<0.001 for 

UCB 50 and 100 µM, respectively). After saponin extraction (Fig.10B), the remaining MAP2 

Fig.9. Exposure to unconjugated bilirubin induces MAP2 axonal entry.

Embryonic hippocampal neurons were treated with vehicle, UCB 50 µM or

UCB 100 µM for 24 h at 1 DIV and fixed at 3 DIV. (A) Representative 

images of hippocampal neurons immunostained with MAP2 (green) to 

identify the cell body and dendrites and Tau1 (red) to identify the axon.

White arrows identify the portion of axon with MAP2 entry. Original 

magnification: 200x. (B) Graph bars represent the percentage of the axonal 

length that present MAP2 fluorescence intensity above >50%. **p<0.01; 

***p<0.001 vs. vehicle. 

A
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that was bound to the microtubules appeared to be more enhanced by UCB in the middle 

region (~40%, p<0.001 for UCB 100 µM) and in the most distal parts of the axon (~25%, 

p<0.01 for UCB 50 µM).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.2. Unconjugated bilirubin increases both axonal Tau1 

expression and Tau1 binding to microtubules  

Exposure of immature hippocampal neurons to UCB led to alterations on Tau1 

expression levels. Concerning total Tau1 expression (Fig. 11A), UCB 50 µM significantly 

increased Tau1 pixel intensity (>60%, p<0.001), whereas UCB 100 µM decreased it (~20%, 

p<0.001) mainly at the middle portion of the axon. Interestingly, when only the microtubule-

bound Tau1 was analyzed, we verified that both UCB concentrations increased Tau1 binding 

to microtubules, in a concentration-dependent manner all along the axonal length (~40%, 

p<0.01 and >80%, p<0.001 for UCB 50 µM and 100 µM, respectively). These data suggest 

that while in vehicle and mainly in 50 µM UCB-treated cells there is a great proportion of 

Tau1 protein that is soluble in the cytoplasm, while in 100 µM UCB-treated cells the amount 

of Tau-1 that is expressed appears to be almost exclusively bound to the microtubules.  

Fig.10. Treatment of immature

hippocampal neurons with

unconjugated bilirubin increases

axonal expression of MAP2 and

its binding to microtubules.

Embryonic hippocampal neurons

were treated with vehicle, UCB 50

µM or UCB 100 µM for 24 h at 1

DIV. At 3 DIVs, cells were either

fixed or extracted with saponin prior

to fixation in order to remove

cytoplasm soluble compounds and

therefore to reveal only cytoskeletal

bound proteins. Following

immunostaining for MAP2 axonal

fluorescence intensity was

measured using ImageJ v1.40.

Graph bars represent total (A) or

microtubule-bound (B) MAP2

expression along the axon.

*p<0.05; **p<0.01; ***p<0.001 vs.

vehicle. 
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These data suggest that UCB induces significant alterations on the expression pattern of 

these two proteins, affecting their location, expression levels and also their binding capability 

to the microtubules. Indeed, UCB appears to interfere with neuronal cytoskeleton integrity, 

which may lead to loss of neuronal functionality, potentially impairing axonal transport. 

 

4.5. TREATMENT OF IMMATURE HIPPOCAMPAL NEURONS WITH 

UNCONJUGATED BILIRUBIN INDUCES CHANGES ON AXONAL 

TRANSPORT-RELATED PROTEINS  

Intracellular transport of protein and organelles is essential for cell function and 

organization, acquiring particular importance in neurons where cargoes must move for long 

distances through the axon 92. Kinesin and dynein are motor proteins responsible for 

anterograde and retrograde transport, respectively. Most attractive is the fact that this normal 

performance can be affected by microtubule associated proteins as MAP2 and Tau1 42. 

Therefore, we next analyzed the expression and localization of kinesin and dynein in 

hippocampal neurons treated with vehicle, UCB 50 µM or 100 µM for 24 h at 1 DIV. As 

demonstrated in Figure 12, exposure to UCB changed the expression levels of both motor 

Fig.11. Unconjugated bilirubin

alters Tau1 axonal expression

and increases Tau1 binding to

microtubules on immature

hippocampal neurons.  

Embryonic hippocampal neurons

were treated with vehicle, UCB 50

µM or UCB 100 µM for 24 h at 1

DIV. At 3 DIVs, cells were either

fixed or extracted with saponin

prior to fixation to remove

cytoplasm soluble compounds

and to only reveal cytoskeletal

bound proteins. Following

immunostaining for Tau1 axonal

fluorescence intensity was

measured using ImageJ v1.40.

Graph bars represent total (A) or

microtubule-bound (B) Tau1

expression along the axon.

*p<0.05; **p<0.01; ***p<0.001 vs.

vehicle.

Vehicle UCB50 UCB100

Vehicle UCB50 UCB100
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proteins. Regarding kinesin, UCB reduced its expression all along the axon in a 

concentration dependent manner (Fig.12A), reaching significant values for the higher UCB 

concentration (~10%, p<0.05 for UCB 100 µM).On the other hand, when dynein expression 

was measured (Fig. 12B), the two concentrations of UCB used had contrary effects. Indeed, 

dynein expression was significantly decreased by UCB 50 µM (~10%, p<0.05), but highly 

enhanced by UCB 100 µM (~40%, p<0.001) along the axon.  

 

 

 

 

 

 

 

 

 

 

 

 
These data suggest that axonal transport may be disturbed by UCB since treated 

neurons present changes in the motor proteins expression pattern, which may impair the 

balance between anterograde and retrograde transport. 

 

4.6. UNCONJUGATED BILIRUBIN INCREASES MITOCHONDRIA 

AGGREGATION AT THE DISTAL PORTION OF THE AXON 

 Mitochondria are dynamic organelles that are essential for neuronal function and 

survival, and one of the  many  cargoes   transported by  motor   proteins   as  kinesin and 

dynein 43,93. Thus, we decided to next evaluate whether an exposure to UCB would also alter 

mitochondria localization and viability along the axon. Following treatment with vehicle or 

with UCB at 50 µM or 100 µM for 24 h at 1 DIV, at 3 DIV cells were exposed to 

MitoTracker®, a compound that integrates the membrane of viable mitochondria. Although 

Fig.12. Unconjugated bilirubin 

induces changes on axonal 

transport-related proteins. 

 Embryonic hippocampal neurons 

were treated with vehicle, UCB 

50 µM or UCB 100 µM for 24 h at 

1 DIV. At 3 DIVs, cells were 

fixed, immunostained for kinesin 

and dynein and axonal 

fluorescence intensity was 

measured using ImageJ v1.40. 

Graph bars represent kinesin (A) 

or dynein (B) expression along 

the axon *p<0.05;***p<0.001 vs. 

vehicle. 
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we were unable to find any relevant differences on mitochondria pixel intensity along the 

axon when UCB-treated cells were compared with vehicle ones (data not shown), we 

observed that mitochondria was forming aggregates in certain regions of the axons. 

Therefore, we decided to count the mitochondria clusters along the axon, defining a cluster 

as an aggregate of mitochondria presenting a diameter above 2 µm.  As shown in Figure 13, 

vehicle-treated neurons usually present an increased accumulation of mitochondria cluster in 

the apical part of the axon. Interestingly, incubation with UCB shifted the mitochondria 

aggregates to a more medial and distal part of the axon. Indeed, while for a lower 

concentration of UCB the mitochondria clusters are mostly augmented in the middle and in 

the distal regions of the axon (~25%, p<0.05), the higher concentration of UCB mainly 

increased mitochondria aggregates at the distal portion of the axon (>55%, p<0.05). These 

data point to an impaired distribution of mitochondria on the axonal compartment of 

hippocampal immature neurons following UCB exposure.  

 

 

 

 

 

 

 

 

 

 

0

1

2

3

4
Vehicle UCB 50 UCB 100

N
u

m
b

e
r o

f m
ito

ch
o

n
d

ri
a

 c
lu

st
e

r

Axonal extension from cell body

<25% 25-50%              50-75%               >75%

*
**

Fig.13. Bilirubin increases the aggregation of mitochondria at the median and distal

portion of the axon. Embryonic hippocampal neurons were treated with vehicle, UCB 50 µM or

UCB 100 µM for 24 h at 1 DIV. At 3 DIVs, cells were incubated with MitoTracker®, a compound

that integrates the membrane of viable mitochondria, and fixed. Graph bars represent the

number of mitochondria cluster (aggregates >2 µm) counting through the axon (average ±

SEM). *p<0.05 vs. vehicle.  
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5. DISCUSSION  

Hyperbilirubinemia, one of the most common conditions in the neonatal period, may 

under certain circumstances induce reversible neurological injury 49 and has more recently 

been associated with the onset of schizophrenia 52. In this context, we and others have 

already demonstrated in both in vitro and in vivo studies that UCB has numerous neurotoxic 

effects, acting in several cellular mechanisms 69,82 and compromising cellular viability 58,94. 

Interestingly, it was also reported that UCB is able to impair neuronal synaptic signaling 82-84, 

and more recently, we have shown that morphologically UCB reduces neurite arborization, 

dendritic spine density and synaptic formation in developing neurons 59. 

Since the elaboration of neural architecture is dependent on a functional cytoskeleton, in 

the present study we have further dissected the effects of UCB on neuronal cytoskeleton 

dynamics, namely at the axonal level. Here, we present evidence that exposure of immature 

hippocampal neurons to UCB induce modifications on neuronal cytoskeleton by (i) impairing 

axonal elongation and microtubule polymerization; (ii) increasing microtubule stability and 

therefore decreasing the dynamic instability needed for axonal elongation; (iii) changing 

microtubule associated proteins, MAP2 and Tau1, expression and localization patterns; (iv) 

damaging axonal transport by decreasing kinesin and increasing dynein expression along 

the axon and (v) inducing mitochondria to aggregate and accumulate on the distal portion of 

the axon.   

We have observed that UCB impairs axonal elongation of hippocampal neurons, with an 

effective reduction of the average axonal length and an increase of the number of shorter 

axons, suggesting that UCB acts on the axonal formation event. These data are in 

accordance with those described in our previously published work 59. Although cerebellar 

hypoplasia and reduction of the number of Purkinje cells have been identified in an animal 

model of kernicterus 95 and a recent work described a wide spectrum of magnetic resonance 

imaging (MRI) abnormalities in preterm and term infants with kernicterus 96, to our knowledge 

no data regarding the UCB effect on in vivo neurite outgrowth have been to now described. 

Interestingly, MRI studies suggested excessive elimination of dendrites and axons of 

prefrontal cortex of schizophrenics with significant volume loss of temporal cortex and frontal 

lobe 97,98.  

Microtubules array have crucial roles on cell morphology and polarization. Key events, as 

the separation of the lamellipodium from the cell soma to become a growth cone or axonal 

elongation, are dependent on both the presence and the dynamic properties of 

microtubules12. Our data demonstrate that UCB interferes with normal microtubule 

polymerization, observed by a reduction of EB3 expression. Since microtubule 

polymerization contributes to microtubules array establishment 99, our data suggest that 
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neonatal hyperbilirubinemia impairs microtubule architecture possibly leading to deficient 

axonal growth, which may have repercussion on neuronal network and communication. 

Accordingly, it was described that in the absence of normal microtubule polymerization, 

processes fail to form growth cones and to generate a thin neurite shaft 12. Curiously, when 

the images of neurons expressing EGFP-tagged EB3 are observed in detail it seems that 

UCB-treated neurons present a thicker apical axonal portion with less bundle microtubules 

(data not shown).  

Although microtubule stabilization has an active function in the specification of neuronal 

polarization and axonal fate in early neuronal development 16, during axonal elongation 

microtubule stability is tightly regulated by endogenous microtubule destabilizing factors 

which maintain a crucial polymerization-depolymerization cycle referred often as a 

microtubule dynamic instability 18. Our results show that exposure of polarized neurons to 

UCB stabilizes neuronal microtubules in a concentration dependent manner, preventing their 

depolarization upon vinblastine treatment, which is a potent destabilizing agent 100. Based on 

recent studies showing that neurite extension and growth cone motility are reduced with the 

loss of superior cervical ganglia 10 (SCG10), an endogenous destabilizing protein 18. It 

seems that UCB reduces axonal outgrowth by increasing axonal microtubule stability. 

However, others showed that downregulation of another destabilizing protein, SCG10-like 

protein (SCLIP), enhances axonal branching 101, which is also impaired upon UCB treatment 

as previously demonstrated 59. Curiously, some authors describe that microtubules stabilizing 

drugs such as paclitaxel have therapeutic potential for treating neurodegenerative 

tauopathies 102 or to induce axonal regeneration in CNS lesioning situations 16. On the other 

hand, that the use of this same drug was reported to be toxic to mature neurons in the 

hippocampus in vivo 103. This contradictory information reveals that microtubules dynamic 

mechanisms must be crucially regulated in a time-dependent manner along neuronal 

development either under normal conditions or following a neurological disease. Additional 

studies evaluating the expression of tyrosinated and acetylated tubulin, that reflect newly 

assembled and mature stable microtubules, respectively104, are underway in our laboratory to 

better define the UCB effect at this level. 

Microtubules associated proteins MAP2 and Tau1 have essential and distinct roles in the 

early stages of neuromorphogenesis, while the initial establishment of neurites depends 

upon MAP2, further neurite elongation depends upon Tau1 30. Indeed, antisense depletion of 

MAP2 was shown to inhibit neurite initiation 30, while Tau antisense suppression was 

reported to prevent axon initiation in cultured cerebellar macroneurons 105. Accordingly to the 

increased microtubule stability observed in neurons exposed to UCB, UCB also increased 

the expression of microtubule associated proteins, as well as their binding to microtubules. 

We showed that UCB increases MAP2 entry in the axonal compartment. Since MAP2 has a 
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preponderant role on neurite initiation, we can hypothesize that UCB retards the neuronal 

differentiation, affecting neuronal polarization and axonal formation, which is in accordance 

with our previous work arguing that UCB promotes alterations on neuritogenesis 59. Our data 

also show that UCB promotes increased MAP2 binding to microtubules, which has been 

reported to increase microtubule rigidity 106 and consequently to impair their dynamic action 

to answer to morphological and functional needs of the cell cytoskeleton. Fascinatingly, 

stimulation of MAP2 expression on hippocampal region has been related with ischemic 

injury107, structural changes induced by estradiol and progesterone 108, kainic acid-induced 

status epilepticus 109 and in motoneurons from rats with acute spinal cord injury 110. This 

points to a relevant role of MAP2 on the mechanisms developed on cellular stress situations. 

Furthermore, our data also demonstrate an increased expression of Tau1 induced by 

moderate hyperbilirubinemia, while a most severe condition leads to decreased Tau1 

expression. Intriguingly, when we look to Tau1 binding to microtubules, we find exactly the 

opposing effect. Here, both UCB concentrations increased Tau1 binding to microtubules in a 

concentration-dependent manner, suggesting that, despite the decreased Tau1 expression 

observed for UCB 100 µM, the existing protein is mostly bound to microtubules. Moreover, 

we may also hypothesize that the most severe condition of hyperbilirubinemia can potentiate 

Tau1 release to the extracellular space, and so, we are only able to detect the remaining 

Tau1 that is bound to the cytoskeleton. Interestingly, a recent study reported that jaundiced 

term newborns that manifested auditory neuropathy, neurologic abnormalities or 

electroencephalogram abnormalities have significantly higher serum Tau levels 86. Sustained 

loss of Tau from axonal microtubules over time renders them more sensitive to endogenous 

severing proteins, thus causing the microtubule array to gradually disintegrate. This condition 

is reported as the basis for neuronal degeneration in tauopathies such as Alzheimer’s 

disease 27. 

Recently, it was shown that levels of total-Tau and of phosphorylated-Tau in cerebral 

spinal fluid are strongly associated with future development of Alzheimer’s disease in 

patients with mild cognitive impairment 111,112. In a more mechanistic approach, it has been 

described that hyperphosphorylated Tau sequesters normal MAPs, disrupts microtubule 

dynamics, blocks intracellular trafficking of the neurons and facilitates tau aggregation 26. In 

addition, progressive morbidity with age is accompanied by increasing hyperphosphorylation 

of Tau 113. In this regard, it would be relevant evaluate the phosphorylation status of Tau1 as 

a future approach to address the eventual effect of UCB on Tau1 post-translation 

modifications.    

In vivo, the MAP2 and Tau projection domains appear to be involved in regulating 

microtubule spacing. Such control over microtubule spacing might facilitate efficient organelle 

transport 29. Tau has been described to interfere with normal function of motor proteins, 
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reducing the reattachment rates, affecting cargo travel distance, motive force, and cargo 

dispersal, obviously impairing axonal transport 114. In this regard, not only UCB increased 

Tau1 expression and binding to microtubules of hippocampal immature neurons, but also it 

was able to decrease kinesin expression and to increase dynein expression along the axon, 

suggesting an impairment of the anterograde axonal transport and an alteration in the 

retrograde axonal transport rate, respectively.  Accordingly with our findings, a recent study 

described a decrease of anterograde transport motor proteins, as kinesin superfamilly (KIF) 

(KIF1A, KIF1B, KIF2A, and KIF3A) in parallel with an increase of retrograde motor proteins 

(dynein, dynamitin, and dynactin1) during striatal neuroinflammation in an animal model of α-

synucleinopathy 115. Most attractive is the fact that this phenomenon was associated with 

changes in the proteins involved in synaptic transmission and precedes neuronal loss. 

Hence, these early events induced by UCB may be important indicators of future neuronal 

demise. 

In addition, it is known that Tau1 binding to microtubules can differently modulate kinesin 

and dynein motility. Whereas kinesin tend to detach at patches of microtubule bound Tau, 

dynein tends to reverse its direction42. This differential modulation also depends on Tau1 

isoforms and its phosphorylation status116,117. Furthermore, dynein is less sensitive to Tau1 

than kinesin, being able to attach to microtubules with higher levels of Tau1 on the contrary 

to kinesin 116. Dynein has other abilities to proceed with its movement when encounters a 

patch of Tau1 such as to reverse its course, switch to an alternative microtubule 118, or give 

larger steps to bypass the blockage induced by Tau1 119. This can justify the elevated 

amount of dynein found in our cells exposed to UCB. As dynein plays a critical role on the 

neuronal response to injury and is able to transport important information from axonal 

synapses back to the nucleus 120, it would be relevant to investigate the exact mechanism of 

UCB action, namely whether these motor proteins are still functional and if their axonal 

transport is impaired or reversed. Injury of axonal transport is often described in many 

neurodegenerative diseases (for review see De Vos et al., 2008). In this context, our results 

may suggest that the alterations induced by UCB exposure during neonatal period may 

impair vital neuronal functions that can be related with the development of 

neurodegenerative conditions in later life 92. 

Mitochondria are really dynamic and plastic organelles. To maintain their mobility, 

mitochondria seem often associated to the microtubule network. In neuronal axons they can 

change between anterograde and retrograde movement, if they must go to the synaptic 

bouton or to the cell body for degradation and recycling, respectively 7,45. Since UCB impairs 

axonal transport in immature hippocampal neurons, it would be expectable that mitochondria 

distribution will be also altered. Indeed, our data reveal that UCB increases mitochondria 

aggregation along the axon with a greater accumulation on the distal portion. A recent work 
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defends that mitochondria tend to fuse in response to stress, when exposed to different toxic 

agents 44 and mitochondrial morphological abnormalities in synaptic terminals and in distal 

regions of axons were identified in paraplegin-deficient mice before the first signs of 

degeneration 121. In fact, mitochondria damaging mechanisms are described in many 

neurodegenerative conditions and age-related diseases 43,92. 

Mitochondrial transport toward the axon is processed by two kinesin, namely, KIF1Ba 

and KIF5 93, while its retrograde transport is only carried by dynein 122. Given the higher 

levels of dynein induced by UCB, it would be expectable that mitochondria did not 

accumulate in the axon, but near to the cell body. Hence, we can speculate that the dynein 

present on the axon may not be functional, or cannot properly bind to clustered mitochondria. 

Further studies should evaluate the mitochondria movement along the axon using time lapse 

imaging to find some new insights about mitochondria viability and transport. 

Collectively, our results demonstrate that exposure of immature hippocampal neurons to 

UCB induce modifications on neuronal cytoskeleton by impairing axonal elongation and 

microtubule polymerization, by increasing microtubule stability and by changing expression 

and localization patterns of the microtubule associated proteins MAP2 and Tau1, UCB also 

potentially acts on axonal transport by decreasing kinesin and increasing dynein expression 

along the axon. Moreover, UCB induce mitochondria aggregation and accumulation on the 

distal portion of the axon. Finally, because most of these events were described in several 

neurological and neurodegenerative diseases, the present work provide a basis for the 

gating mechanisms underlying the casual relationship between early brain damage by 

moderate and severe levels of jaundice and learning and memory deficits or 

neuropathological states later in life. 
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