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Apresentação

O trabalho de mestrado aqui apresentado foi desenvolvido no Centro de

Estudos em Estresse Oxidativo, no Departamento de Bioquímica da Universidade

Federal do Rio Grande do Sul, sob orientação do Prof. Dr. Daniel Pens Gelain e

co-orientação da Profª. Drª. Maria Elisa Calcagnotto. Esta dissertação é apresentada

em três partes, onde cada parte é constituída pelos seguintes itens:

Parte I:

Resumo, Abstract (versão inglês do resumo), Lista de Abreviaturas, Introdução,

Objetivos.

Parte II:

Nesta parte serão apresentados metodologias e resultados na forma de um artigo

científico segundo as diretrizes do periódico Brain Behavior and Immunity.

Parte III:

Discussão, Conclusão e Perspectivas.

Referências:

As referências bibliográficas não cobertas pela parte II e presentes nas partes I e III

serão adicionadas em uma quarta parte.

Anexo I:

Resultados complementares ao trabalho de mestrado; manuscrito submetido ao

periódico científico Neurochemistry International

4



Índice

Parte I ………………………………………………………………………………………....8

Resumo………………………………………………………………………………...9

Abstract………………………………………………………………………………..10

Lista de Abreviaturas………………………………………………………………...11

Introdução…………………………………………………………………………….13

1. Doenças neurodegenerativas no Brasil e no Mundo…………………………..13

2. Sinucleinopatias e Sono…………………………………………………………..14

3. Relação Inflamação e Sono………………………………………………………16

4. Neuroinflamação e Neurodegeneração…………………………………………17

5. Neurodegeneração Induzida por LPS…………………………………………...18

Objetivos…………………………………………………………………………….20

Parte II………………………………………………………………………………………21

Hippocampal inflammation and disrupted REM sleep in a neurodegeneration

model induced by systemic LPS…………………………………………………………22

Abstract……………………………………………………………………………….23

Highlights……………………………………………………………………………..24

1. Introduction……………………………………………………………………….…25

2. Methods……………………………………………………………………………..27

2.1 Ethics statement……………………………………………………………….27

2.2 Animals………………………………………………………………………….28

2.3 Experimental Design…………………………………………………………..28

2.4 Enzyme-linked immunosorbent assay (ELISA).........................................29

2.5 Western Blot……………………………………………………………………29

2.6 Real Time-qPCR……………………………………………………………….30

5



2.7 Stereotaxic surgery…………………………………………………………….31

2.8 Electrophysiological recordings and analysis……………………………….32

2.9 Statistical Analysis……………………………………………………………..32

3. Results……………………………………………………………………………….32

3.1 Cytokine levels in serum remained unaltered……………………………....32

3.2 Systemic LPS exposure induced a neuroinflammatory state……………. 33

3.3 LPS leads to diminished levels of neuronal markers and synapse related

protein Synaptophysin……………………………………………………………………..34

3.4 Reduced REM sleep episode duration without changes in total sleep time

or frequency peak….……………………………………………………………..………..35

3.5 Systemic LPS induces reduction of hippocampal Theta power during REM

sleep………………………………………………………………………………………….35

4. Discussion…………………………………………………………………………...36

4.1 Chronic hippocampal inflammation induced by systemic LPS…………....36

4.2 Chronic neuroinflammation causes neuronal loss and synaptic

alterations………………………………….………………………………………………..38

4.3 Neuroinflammation disrupts REM sleep……………………………………..40

5. Conclusion…………………………………………………………………………..42

6. Conflicts of Interests..………………………..…………………………………….42

7. Funding Source…..………………………………………………………………...42

8. References………………………………………………………………………….44

9. Figures Legends……………………………………………………………………56

10.Figures……………………………………………………………………………….59

6



Parte III……………………………………………………………………………………...69

Discussão…………………………………………………………………………...70

1. LPS sistêmico induz neuroinflamação hipocampal…………………….70

2. Inflamação hipocampal leva a perda neuronal e alterações

sinápticas……………………………………………………………………72

3. Relação Inflamação-Neurodegeneração-Sono…………………………74

Conclusão…………………………………………………………………………...77

Perspectivas………………………………………………………………………...78

Referências………………………………………………………………………………...79

Anexo I……………………………………………………………………………………...83

7



Parte I

8



Resumo: Uma injeção intraperitoneal de LPS induz uma resposta inflamatória

aguda, que eventualmente leva a uma inflamação crônica no cérebro de ratos

Wistar. A longo prazo, este estado neuroinflamatório leva a progressiva

neurodegeneração no eixo dopaminérgico, deficiência cognitiva e degeneração

hipocampal acompanhada por mudanças na vascularização e metabolismo. Nós

investigamos se um estímulo inflamatório sistêmico agudo seria capaz de induzir

neuroinflamação e neurodegeneração hipocampal e alterações em parâmetros do

sono. Ratos Wistar com 50 dias de idade foram tratados com LPS (2mg/kg i.p.) ou

salina, 3 ou 5 meses após a injeção foram ou eutanasiados ou submetidos a

registros de vídeo-EEG durante o sono. Expressão elevada de citocinas

pró-inflamatórias (TNFa e IL1b) e RAGE, somado a níveis elevados do marcador

microglial Iba1, da proteína RAGE e atividade de NF-kB, indicam um estado

neuroinflamatório 3 meses após o tratamento. Em 5 meses, parâmetros

neuro-inflamatórios retornaram aos níveis de controle. Animais tratados

demonstraram sinais de neurodegeneração e alterações sinápticas caracterizados

por níveis reduzidos de NeuN, NEFL e Sinaptofisina 5 meses após a exposição ao

LPS. Apesar de não haver nenhuma diferença entre a percentagem de épocas de

sono REM, NREM e vigília, foi possível observar uma redução na duração dos

episódios de sono REM. Os picos de Theta e Delta se mantiveram inalterados nas

fases de sono REM e NREM, respectivamente, enquanto o poder de Theta durante

o sono REM reduziu significativamente 3 meses após o tratamento. Estes resultados

indicam que o LPS induz uma neuroinflamação hipocampal crônica capaz de levar a

alterações na qualidade do sono REM e neurodegeneração.

Palavras-chave: Neurodegeneração, Inflamação, Sono, LPS, Hipocampo, Doença

de Parkinson
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Abstract: Intraperitoneal injection of LPS can induce an acute inflammatory

response, which eventually leads to sustained brain inflammation in Wistar rats. At

length, this neuroinflammatory state leads to progressive neurodegeneration in the

dopaminergic axis, cognitive impairment, and hippocampal degeneration

accompanied by changes in hippocampal vascularization and metabolism. We

investigated whether an acute systemic inflammatory stimulus would induce

hippocampal neuroinflammation and neurodegeneration and alter sleep patterns.

Fifty-day-old male Wistar rats were treated with LPS (2mg/kg i.p.) or saline, and 3 or

5 months post-injection, they were either euthanized or subjected to video-EEG

recordings during sleep. Elevated expression of pro-inflammatory cytokines (TNFa

and IL1b) and RAGE, summed by raised levels of microglial marker Iba1, RAGE

protein, and NF-kB activity, indicate an environment of hippocampal inflammation 3

months post-injection. In 5 months, neuroinflammatory parameters reached control

levels. Treated animals displayed cues of neurodegeneration and synaptic alterations

such as diminished levels of NeuN, NEFL, and Synaptophysin 5 months after LPS

exposure. Although there were no significant differences between wakefulness (WK),

NREM and REM epochs between groups, REM sleep episode duration was reduced

3 months after treatment. Moreover, Theta power diminished significantly during REM

sleep 3 months after LPS exposure. Theta and Delta peaks at REM and NREM

sleep, respectively, remained unaltered. These results indicate LPS ability to induce

chronic hippocampal inflammation which ultimately leads to alterations in REM sleep

quality and neurodegeneration.

Keywords: Neurodegeneration, Inflammation, Sleep, LPS, Hippocampus,

Parkinson’s Disease
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Lista de Abreviaturas

5-HT - 5-hidroxitriptamina
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Introdução

1. Doenças neurodegenerativas no Brasil e no mundo

As Doenças Neurodegenerativas são responsáveis por um número cada vez

maior de óbitos ao redor do mundo, afetando uma grande parcela da população

mundial acima de 60 anos (Erkkinen et al, 2018). Além do evidente impacto social,

desordens neurodegenerativas representam também uma grande ameaça à saúde

pública e um enorme fardo econômico (Zahra et al, 2020). Em 2015, o custo

estimado do tratamento de demências ao redor do mundo foi de U$818 bilhões

(Prince et al, 2015).

Países em desenvolvimento no geral estão vivenciando transições

demográficas devido ao aumento da expectativa e qualidade de vida. Essa elevação

na idade média da população tem como consequência transições epidemiológicas,

incluindo o aumento dos casos de doenças neurodegenerativas progressivas (Burlá

et al, 2013). Análises epidemiológicas conduzidas recentemente pelo GBD (GBD

2016 Dementia Collaborators) mostraram a relevância destas doenças para o

sistema de saúde brasileiro. Os dados epidemiológicos são espantosos, com o Brasil

ocupando um preocupante segundo lugar na prevalência de doenças

neurodegenerativas padronizadas pela idade. A maior incidência de desordens

neurodegenerativas relacionadas a idade, associadas às cifras exuberantes em

torno do tratamento destas doenças, podem aumentar ainda mais a fragilidade do já

vulnerável Sistema Único de Saúde - SUS. Dados coletados por Loyola-Filho e

colaboradores demonstram que a porcentagem da população SUS-dependente é

maior entre os idosos (<60) (Loyola-Filho et al., 2004). Logo, o peso para economia
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e sistema de saúde brasileiros em um contexto de aumento da incidência de

doenças neurodegenerativas é preocupante.

Os impactos socioeconômicos das desordens neurodegenerativas trazem

consigo a necessidade de pesquisa básica focada em revelar os mecanismos por

trás dessas doenças, tanto para tratamento quanto para a descoberta de

biomarcadores precoces que permitam intervenções em estágios iniciais das

doenças, de forma a melhor a qualidade de vida daqueles afetados por estas

condições. Neste contexto, diversos preditores de neurodegeneração emergiram,

dentre eles destacam-se os distúrbios do sono. No presente trabalho, buscamos

identificar se alterações no sono também são percebidas em um modelo animal já

estabelecido de neurodegeneração (Qin et al, 2009), na busca por um modelo

translacional que nos ajude a compreender as doenças neurodegenerativas,

especialmente sinucleinopatias como a Doença de Parkinson (DP).

2. Sinucleinopatias e Distúrbios do Sono

Sinucleinopatias são doenças neurodegenerativas progressivas

caracterizadas pelo acúmulo e mal dobramento da proteína alfa-sinucleína

(Lotharius et al., 2002). A Doença de Parkinson (DP) e a Demência com Corpos de

Lewy (DCL) são caracterizadas por claros déficits locomotores (bradicinesia,

tremores e rigidez muscular em repouso) em seus estágios avançados. No estágio

prodromal diversos sintomas não-motores podem ser identificados e podem vir a ser

boas ferramentas de diagnóstico precoce (Claassen et al, 2010). Na DP, por

exemplo, os sintomas motores característicos do diagnóstico clínico desta doença só

se tornam evidentes quando o paciente já sofreu uma perda de cerca de 60% dos
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neurônios do eixo dopaminérgico enquanto sintomas não-motores como alterações

do sono e depressão precedem este quadro de déficits motores (Schapira et al,

2017). Estudos demonstraram que distúrbios do sono como a Desordem do Sono

REM (RBD) em sinucleinopatias como a DP, DCL e atrofia de sistemas múltiplos

(AMS) pode preceder outros aspectos destas doenças - e seu diagnóstico clínico -

por até meio século, com uma mediana de 23 anos entre os primeiros sintomas de

RBD e o diagnóstico da sinucleinopatia (Claassen et al, 2010).

Além da degeneração de neurônios do eixo dopaminérgico, outras regiões

são acometidas por processos neurodegenerativos em sinucleinopatias. Os núcleos

pedunculopontino, locus ceruleus, pontino ceruleus alpha e raphe, centros

controladores do sono implicados em desordens do sono REM e NREM, também

parecem sofrer perda neuronal em alguns modelos animais da DP (Malhotra et al,

2018). Além disso, a presença de RBD e a severidade dessa desordem em

pacientes da DP está diretamente relacionada com um menor volume de regiões

subcorticais como o putâmen, o tálamo e o hipocampo (Kamps et al, 2019). A atrofia

hipocampal é comum em diversas doenças neurodegenerativas relacionadas a

idade e o volume reduzido desta estrutura está diretamente relacionado com uma

pior qualidade do sono, eficiência e cansaço diurno (Fjell et al., 2020). Soma-se a

isto o fato de que pacientes acometidos com RBD idiopática também apresentam

atrofia hipocampal (Campabadal et al., 2019)
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3. Relação Inflamação e Sono

Inflamação e sono possuem uma relação de regulação bidirecional

(Besedovsky et al., 2019). A relação sono-inflamação é de conhecimento popular; a

primeira indicação para uma pessoa acometida por um resfriado é o repouso, e da

mesma forma, sabe-se que não dormir horas o suficiente pode levar a um

enfraquecimento do nosso sistema imune. Nas últimas décadas, diversos cientistas

passaram a buscar esclarecer os mecanismos por trás desta relação. Ao sermos

acometidos por infecções - como o resfriado comum - nosso corpo sofre com os

desgastes energéticos da febre. De forma adaptativa, diversos comportamentos são

alterados coordenadamente - depressão, anorexia, inatividade e sonolência -

formando um conjunto que é conhecido como “comportamento de doença” (sickness

behavior) (Shattuck et al., 2015).

Citocinas pró-inflamatórias estão diretamente ligadas à regulação do sono.

IL1b e TNFa possuem sua regulação ligada ao ciclo circadiano e os momentos de

maior elevação nos níveis destas citocinas se relacionam com os momentos de

máximo sono (Irwin et al., 2017). Além disso, a administração de IL1b ou TNFa

promove o sono sem movimento rápido dos olhos (NREM) (Krueger et al., 2008),

ademais, níveis elevados destas citocinas suprimem o sono com movimento rápido

dos olhos (REM) (Besedovsky et al., 2019). A privação de sono causa como efeito

rebote um aumento no sono NREM, tal efeito ocorre concomitante ao aumento da

expressão e do conteúdo de IL1b e TNFa; o bloqueio destas citocinas impede este

efeito rebote (Irwin et al., 2017). A resposta a mediadores inflamatórios é dose

dependente, uma infecção que cause uma inflamação aguda pode gerar a disrupção

de ambos sono REM e NREM. Uma infecção induzida por rinovírus leva a uma
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redução do tempo total de sono em humanos sintomáticos (Drake et al., 2000). Da

mesma forma, sepse induzida por ligadura e punção cecal em ratos leva a disrupção

do sono REM e NREM (Baracchi et al., 2011).

4. Neuroinflamação e Neurodegeneração

O acúmulo e mal-dobramento da proteína alfa-sinucleína, leva a formação da

principal assinatura patofisiológica das sinucleinopatias: os corpos de Lewy. O mal

dobramento e acúmulo de alfa-sinucleína sinaliza para as células gliais disparando

uma resposta neuro-inflamatória (Gustot et al., 2015, Lee et al., 2010, Zhang et al.,

2005). A inflamação no cérebro, por sua vez, gera um ambiente propício ao mal

dobramento de proteínas devido ao aumento da produção de radicais livres (Lipton

et al., 2007). Qual estímulo precede o outro na patogênese das sinucleinopatias

ainda é um debate aberto, mas é um consenso que tanto o mal-dobramento proteico

contribui para a manutenção de um estado inflamatório crônico, como o estado

inflamatório contribui para a perpetuação do mal-dobramento proteico (Li et al.,

2020, Lema Tomé et al., 2013). Este ciclo de retroalimentação leva a manutenção de

um ambiente neurotóxico causando perda neuronal.

As características patofisiológicas da DP e DCL incluem além da formação

de corpos de Lewy e perda de neurônios dopaminérgicos, um perfil inflamatório com

aumento da ativação glial e infiltração de linfócitos (Glass et al, 2010). Estímulos

inflamatórios como patógenos ou padrões moleculares associados a dano são

capazes de levar a uma ativação de astrócitos e microglia com capacidades

neuroprotetoras (Escartin et al., 2021, Block et al., 2007). No entanto, a super

ativação das células gliais leva ao aumento de da produção de radicais livres,
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elevada atividade do inflamassoma e NF-kB e acúmulo de mediadores

pró-inflamatórios como as citocinas IL1b e TNFa levando a um ambiente neurotóxico

(Kwon et al., 2020, Ransohoff et al., 2016, Wyss-Coray et al., 2002).

5. Neurodegeneração Induzida por LPS

Qin e colaboradores caracterizaram o modelo de neurodegeneração induzida

por LPS (Qin et al. 2007). Uma única injeção sistêmica de uma alta dose de LPS

(5mg/kg i.p.) foi capaz de levar a neuroinflamação crônica e perda neuronal

progressiva no eixo dopaminérgico de camundongos C57BL/6J. No mesmo trabalho,

os autores observaram que a administração de LPS sistêmico foi capaz de elevar os

níveis de TNFa no soro por algumas horas, enquanto os níveis desta citocina no

cérebro se mantiveram elevados até 10 meses após o insulto inflamatório. Da

mesma forma, também é possível observar ativação microglial na substância negra

até 10 meses após a injeção. A elevação destes mediadores inflamatórios no eixo

dopaminérgico foi concomitante com uma perda de neurônios tirosina hidroxilase

(TH) positivos a partir de 7 meses após a exposição ao LPS. Recentemente,

Gasparotto e colaboradores observaram diminuição do imunoconteúdo de TH na

substância negra de ratos Wistar tratados com LPS (5mg/kg) em apenas 15 dias

após o tratamento com LPS (Gasparotto et al., 2018).

Zhao e colaboradores demonstraram que a exposição crônica ao LPS

(injeção diária por 7 dias, 0,750mg/kg) leva a ativação microglial, diminuição dos

níveis de citocinas anti-inflamatórias, aumento de mediadores pró-inflamatórios e

perda neuronal no hipocampo de camundongos C57BL/6J (Zhao et al., 2019).

Towner e colaboradores demonstraram pela utilização de imagem de ressonância
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magnética (fMRI) alterações no fluxo sanguíneo cerebral relativo, diminuição de

metabólitos do cérebro, disfunção da barreira hemato-encefálica e aumento de

radicais livres no hipocampo de ratos expostos a LPS, até 12 semanas após uma

injeção intraperitoneal (Towner et al, 2018).

Um insulto inflamatório sistêmico agudo leva a alterações na neurofisiologia

do cérebro. Tratamento com LPS é capaz de levar a alterações neuroquímicas no

hipocampo de ratos Wistar, caracterizadas por alterações nos níveis de Glu, DA,

DOPAC, 5-HT e AD (Náchón-García et al., 2018, Guo et al., 2016). Além disso, o

LPS também é capaz de modular a atividade de ondas cerebrais, especialmente

alterando parâmetros das oscilações Theta (Mamad et al., 2017). Endotoxemia

induzida por LPS também é capaz de diminuir o tempo total do sono REM

(Náchón-García et al., 2018).

Tendo em vista a neuroinflamação crônica e progressiva neurodegeneração

induzida por LPS, além de sua capacidade de modular a neurotransmissão, ondas

cerebrais e sono, buscamos investigar se uma única injeção de uma alta dose de

LPS (2mg/kg) seria capaz de levar a neurodegeneração e inflamação no hipocampo,

agregado a alterações em parâmetros do sono de ratos Wistar 3 e 5 meses após ao

tratamento.
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Objetivos do Trabalho

Considerando que o tratamento sistêmico com LPS leva i) a neuroinflamação

crônica, ii) a progressiva perda neuronal, iii) modulação de parâmetros

neuroquímicos relacionados à neurotransmissão e iv) a modulação de ondas

cerebrais e parâmetros do sono; e tendo em vista v) a necessidade de modelos da

DP que levem em conta sintomas do estágio prodromal da doença como as

alterações do sono, o presente trabalho possui como objetivo investigar alterações

no sono em um modelo de neuroinflamação e neurodegeneração induzida por

LPS sistêmico.

Com o propósito de atingir tal objetivo, iremos avaliar os efeitos da

administração sistêmica de LPS em ratos wistar machos de 50 dias de idade, 3 e 5

meses após o tratamento:

a) Avaliar marcadores inflamatórios sistêmicos;

b) Avaliar marcadores inflamatórios no hipocampo;

c) Avaliar marcadores de neurodegeneração e alterações sinápticas no

hipocampo;

d) Quantificar o tempo total de permanência em sono REM e sono NREM

(fase de sono de ondas lentas);

e) Analisar possíveis variações nos picos das frequências Theta (no sono

REM) e Delta (no sono NREM);

f) Analisar o poder das frequências Delta, Theta, Gamma (Low Gamma,

High Gamma e Gamma total) durante o sono REM e NREM.
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Abstract: Intraperitoneal injection of LPS can induce an acute inflammatory

response, which eventually leads to sustained brain inflammation in Wistar rats. At

length, this neuroinflammatory state leads to progressive neurodegeneration in the

dopaminergic axis, cognitive impairment, and hippocampal degeneration

accompanied by changes in hippocampal vascularization and metabolism. We

investigated whether an acute systemic inflammatory stimulus would induce

hippocampal neuroinflammation and neurodegeneration and alter sleep patterns.

Fifty-day-old male Wistar rats were treated with LPS (2mg/kg i.p.) or saline, and 3 or

5 months post-injection, they were either euthanized or subjected to video-EEG

recordings during sleep. Elevated expression of pro-inflammatory cytokines (TNFa

and IL1b) and RAGE, summed by raised levels of microglial marker Iba1, RAGE

protein, and NF-kB activity, indicate an environment of hippocampal inflammation 3

months post-injection. In 5 months, neuroinflammatory parameters reached control

levels. Treated animals displayed cues of neurodegeneration and synaptic alterations

such as diminished levels of NeuN, NEFL, and Synaptophysin 5 months after LPS

exposure. Although there were no significant differences between wakefulness (WK),

NREM and REM epochs between groups, REM sleep episode duration was reduced

3 months after treatment. Moreover, Theta power diminished significantly during REM

sleep 3 months after LPS exposure. Theta and Delta peaks at REM and NREM

sleep, respectively, remained unaltered. These results indicate LPS ability to induce

chronic hippocampal inflammation which ultimately leads to alterations in REM sleep

quality and neurodegeneration.

Keywords: Neurodegeneration, Inflammation, Sleep, LPS, Hippocampus,

Parkinson’s Disease
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Highlights

● Systemic LPS induces hippocampal neuroinflammation characterized by

elevated levels of Iba1, RAGE, and NF-kB activity;

● NF-kB activation leads to increased expression of pro-inflammatory cytokines

IL1b and TNFa within the hippocampus;

● Sustained neuroinflammation leads to diminished levels of neuronal markers

NeuN and NEFL as well as reduced levels of synaptic related protein

Synaptophysin;

● Temporal correlation between elevated levels of inflammatory mediators and

alterations in REM sleep parameters is observed in LPS treated animals.
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1. Introduction

Parkinson’s Disease (PD) is a progressive neurological disorder that causes

the loss of dopaminergic neurons of the basal ganglia, ultimately leading to severe

motor deficits (Lotharius et al., 2002). Although its pathogenesis is not yet fully

comprehended, it is believed that several factors play a role in this disease, such as

protein misfolding and accumulation (Stefanis et al. 2012), mitochondrial dysfunction

(Park et al., 2018), and neuroinflammation (Kwon et al., 2020). Summed to

movement disorders, it is notable the presence of non-motor features of the disease.

Insomnia, Excessive Daytime Sleepiness (EDS), and REM Sleep Behavior Disorder

(RBD) are a few non-motor symptoms that most PD patients have to coexist with

(Schapira et al., 2017). RBD, for instance, may precede motor deficits by several

decades (Claassen et al., 2010). Besides, PD patients presenting RBD demonstrate

a diminished volume of subcortical areas such as the hippocampus, hypothalamus,

and putamen (Kamps et al., 2019). Several authors have demonstrated the relevance

of sleep alterations to signalize risk population and disease progress (Bohnen et al.,

2019, Suzuki et al., 2017, Claassen et al., 2010). Animal models capable of

reproducing non-motor features of this disease will help understand the

neurodegenerative processes involved in PD.

Lipopolysaccharide (LPS) is a component of the cell membrane of

gram-negative bacteria. This molecule can initiate an inflammatory response by

activating Pattern Recognition Receptors (PRRs) such as the receptor for advanced

glycation end-products (RAGE) and toll-like receptor 4 (TLR4), thus releasing

proinflammatory cytokines such as Interleukin-1b (IL1b) and tumor necrosis factor-a

(TNFa) (Lu et al., 2008, Gasparotto et al., 2017). A single high-dose Intraperitoneal
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injection of LPS induces a process of endotoxemia similar to sepsis in Wistar rats

(Buras et al., 2005, Opal et al., 2010). An acute inflammatory stimulus by LPS

exposure ultimately leads to damage to the brain-blood-barrier (BBB), glial activation,

and a sustained neuroinflammatory state, which becomes neurotoxic (Qin et al.,

2007, Gasparotto et al., 2017, Towner et al., 2018, Zhao et al., 2019). LPS-induced

neuroinflammation leads to a reduction of Tyrosine Hydroxylase (TH) positive

neurons in the substantia nigra (Qin et al. 2007), induces alterations in vascularity, a

decrease in brain metabolites, and increased free radicals in the hippocampus

(Towner et al., 2018); chronic exposure to systemic LPS promotes cognitive

impairments and neuronal loss in the hippocampus of C57BL/6J mice (Zhao et al.,

2019)

Inflammation and sleep have mutual regulatory mechanisms (Irwin et al.,

2017). Cytokines, both pro-inflammatory and anti-inflammatory, influence sleep

homeostasis. IL1b and TNFa have been described as promoters of

Not-Rapid-Eye-Movement (NREM) sleep (Besedovsky, 2019). These cytokines

physiologically vary during the sleep-wake cycle, and cytokine peaks seem to be

influenced by circadian regulators (Besedovsky, 2011). Central administration of

pro-inflammatory cytokine IL1b leads to suppressed REM sleep (Ingiosi, 2014). While

these pro-inflammatory mediators’ physiological levels induce non-rapid eye

movement (NREM) sleep and reduce rapid eye movement (REM) sleep duration,

higher levels of cytokines may disrupt both brain states (Opp et al., 1991). Besides,

anti-inflammatory cytokines IL4, IL10, and IL13 attenuate NREM sleep (Kushikata et

al., 1998, Kushikata et al., 1999, Kubota et al., 2000). Acute inflammation alters brain

waves and sleep patterns. Sepsis-induced by cecal ligation and puncture (CLP) in

Wistar rats reduces REM sleep in the first 84h post-procedure (Baracchi et al., 2011).
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Meanwhile, LPS treated animals demonstrate a reduction of REM sleep in the first 4h

post insult (Nachón-García et al., 2018).

Considering the aforementioned capacity of a systemic injection of LPS in

inducing chronic neuroinflammation and neurodegeneration, the role of inflammatory

mediators in the regulation of sleep homeostasis, and the correlation between

neurodegeneration and sleep alterations, we investigated the effects of a high-dose

intraperitoneal injection (2 mg/kg) of LPS in inflammatory and neurodegenerative

markers within the hippocampus. Moreover, we assessed the time spent in each

brain state during sleep, REM, NREM sleep (Slow-Wave phase) and Wakefulness

(WK) and the duration of each episode. Hippocampal power of Delta, Theta, and

Gamma (Low Gamma, High Gamma and total Gamma) frequencies were quantified

during REM and NREM sleep. We also assessed peak Delta frequency during NREM

sleep and peak Theta frequency during REM sleep.

2. Methods

2.1 Ethics Statement

The research protocol was approved under project number 37193 by the

Ethical Committee for Animal Experimentation of the Universidade Federal do Rio

Grande do Sul, Brazil (CEUA-UFRGS). All experimental procedures were performed

according to the Brazilian Society for Neuroscience and Behavior recommendations

for animal care. All efforts have been made to minimize animal suffering.
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2.2 Animals

One hundred and forty Male Wistar rats (50 days-old) were obtained in the

Laboratory Animal Reproduction and Experimentation Center of the Universidade

Federal do Rio Grande do Sul, Brazil (CREAL-UFRGS). Animals were caged in

groups of 4 animals with free access (ad libitum) to water and food (Chow Nuvilab

CR-1 type; PR, Brazil). Animals were maintained at constant room temperature of 21

± 1 °C in a 12-h light-dark cycle.

2.3 Experimental Design

Thirty six animals were used to perform a dose curve with three different

concentrations of LPS (Sigma-Aldrich®, Cat. O111:B4). The dose of 2mg/kg was

selected with a survival rate of 53.3% (sup. fig. 1). Animals were then randomly

divided between LPS and Control. Treated animals received a single intraperitoneal

injection of LPS 2 mg/kg (n= 70). Control animals received an i.p. injection of saline

(n= 35). LPS treatment resulted in the loss of 37 animals. Stereotaxic surgery for

electrode implantation was performed in 38 animals. Eighteen of these animals were

discarded from analysis either because of complications during surgery or wrongful

electrode implantation. Animals selected for Western Blot and RT-qPCR were

euthanized by decapitation (n= 10 per group). Serum was collected and the

hippocampus was isolated. Animals that underwent Video-EEG recordings (n= 5 per
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group) were intracardially perfused for confirmation of electrode position through

histology (Fig. Sup. 1).

2.4 Enzyme-linked immunosorbent assay (ELISA)

Serum cytokines (IL1b, IL10, and IL6) were evaluated through indirect ELISA

(n= 8 per group). Samples were incubated overnight in 96 well-plates and then

washed three times with Tween-Tris buffered saline (TTBS, 100 mM Tris – HCl, pH

7.5, containing 0.9%NaCl, and 0.1% Tween-20). Subsequently, 200uL of primary

antibody (Table S1) was added and incubated for 24 h at 4°C. The plates were

washed three times with TTBS and incubated with the respective peroxidase-linked

secondary antibody (1:1000) for 2 h. After washing the plate three times with TTBS,

200μL of substrate solution (TMB spectrophotometric ELISA detection kit) were

added to each well and incubated for 15 min. The reaction was terminated with

50μL/well of 12M sulfuric acid stopping reagent, and the plate read at 450 nm in a

microplate. The results are expressed as percentage of control. TNFa levels were

measured using a commercial kit (KRC3011, Invitrogen) (n= 6 per group) following

the manufacturer's instructions.

2.5 Western Blot

Hippocampal samples were homogenized in the RIPA buffer (150 mM sodium

chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0).

Total protein was quantified by Bradford assay, and samples were normalized with a
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Laemmli buffer (250 mM Tris, 8% SDS, 40% glycerol, and 0.002% bromophenol blue,

pH 6.7). Samples were vigorously vortexed and boiled for ten minutes at 100°C.

Samples were loaded (20μg/μl) and separated in 10% polyacrylamide gel and then

electro-blotted to nitrocellulose membranes. Protein loading and electroblotting

efficiency were verified through Ponceau S staining. Membranes were washed in

Tris-buffered saline Tween-20 (Tris 100 mM, pH 7.5, 0.9% NaCl and 0.1% Tween-20)

and blocked in TBS-T with 5% BSA. Membranes were washed three times

post-blocked and then incubated overnight at 4°C with primary antibodies (all primary

antibodies were used at 1:1000 dilution) for NeuN, NEFL, Synaptophysin, PSD95,

Iba1, GFAP, S100b, RAGE, p65, p-p65 and 𝛃-actin (Table S1). Subsequently,

membranes were incubated with the corresponding species-specific secondary

antibody (all secondary antibodies were used at 1:2000 dilution) coupled to

peroxidase (Sigma-Aldrich - AP132P; AP124P) following chemiluminescence

detection utilizing the Westar Nova 2.0 kit (Cyanagen - XLS071,0250) and the GE®

ImageQuant LAS 4000 CCD camera to obtain images.

2.6 Real Time-qPCR

Samples were homogenized utilizing the TRIzol reagent (Thermo Fisher

Scientific) and RNA extractions were conducted following the manufacturer's

instructions. cDNA synthesis was performed using the High Capacity cDNA Reverse

Transcription kit from Applied Biosystems. Real-time polymerase chain reaction was

carried employing SYBR™ Green PCR Master Mix kit, 100 ng of cDNA and 100µM

of each primer: IL1b, TNFa, IFNg, RAGE, and the housekeeping genes GNB2L and

B2M (Table S2). Results were normalized to the housekeeping genes (ΔCt) and the
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most stable housekeeping gene was applied. Results were expressed using the

2-ΔΔCT method.

2.7 Stereotaxic Surgery

Three or five months after LPS injection electrode placement was performed

(n= 38), animals were anesthetized with ketamine/xylazine (100 mg/kg/10 mg/kg,

i.p.). Animals were fixed in a stereotaxic and bilateral intrahippocampal electrodes

were implanted (LL= ±2.5mm, AP=-3.6mm DV=-2.5mm). A subdural electrode placed

in the occipital area was used as a reference. An electrode was placed in the neck

muscle to assess electromyographic (EMG) activity. Electrodes were fixed with dental

cement. Animals were caged in new boxes (1 animal/box) and allowed to recover for

5 to 7 days after electrode implantation. After recordings animals were anesthetized

and intracardially perfused. Brains were fixed at 4% PFA and maintained at 30%

sucrose. 80um slices were acquired using a VTS-1000, Leica vibratome.

Hematoxylin and Eosin (HE) staining was performed to confirm the correct placement

of electrodes.

2.8 Electrophysiological Recordings and Analysis

All animals were acclimated to the recording site 2 to 3 days before the

recordings. Electrodes were then connected to a Video-EEG system (MAP-23,

Plexon inc. - sample rate of 1000 Hz; bandpass filter 0,1-500 Hz; preamp gain 1000

Hz). No significant differences between left and right hippocampal electrodes were

observed (Fig S2); therefore, analysis does not discriminate between sides. Five
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hours length recordings were performed during the daylight phase. 300 epochs of

10sec each were analyzed and classified as Non-Rapid-Eye-Movement Sleep

(NREM), Rapid-Eye-Movement Sleep (REM), or Wakefulness (WK). Recordings

were analyzed employing custom-written routines in MATLAB (Mathworks). EMG

Root mean square was assessed to define muscular atonia epochs. Power spectral

density (PSD) was estimated using pwelch and power was normalized by total

frequency power (1-100Hz). Data were clusterized through a k-means algorithm

(squared Euclidean distance for three groups) and visually inspected. Atonia epochs

were classified as REM or NREM accordingly to: Theta/Delta power > 1 = REM or

Theta/Delta power < 1 = NREM (Lopes-Aguiar et al., 2020). Movement epochs were

defined as Wakefulness (WK). Epochs in which Theta/Delta ≅ 1 or in the cluster

edges were disregarded to avoid misclassification. Unclassified epochs were

disregarded for analysis. Frequency bands were classified as Delta (1-4Hz), Theta

(5-10Hz), Low Gamma (25-55Hz), High Gamma (65-100Hz), and Gamma

(25-100Hz). Delta and Theta peak frequency were defined as the discrete frequency

with the highest magnitude within the range of the analyzed frequency. Time spent in

each brain state was estimated as a percentage of total epochs analyzed for every

animal. Episode duration was assessed as the average time (sec) necessary to

switch to another brain state. Animal immobility was confirmed through video

analysis.

2.9  Statistical Analysis

Statistical analysis was performed with the GraphPad Prism software version

7.0 (GraphPad Software Inc., San Diego, USA). Normality was assessed through the
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D'Agostino-Pearson test. Data were considered non-parametric and evaluated by

Kruskal-Wallis test followed by Dunn’s post-hoc test. Differences were considered

significant when p<0.05.

3. Results

3.1 Cytokine levels in serum remained unaltered

Levels of circulating cytokines were quantified in the serum of control and

LPS-treated animals by ELISA. There were no significant differences in levels of the

proinflammatory cytokines TNFa (n= 6 per group), IL6, IL1b, and anti-inflammatory

IL10 (n= 8 per group) (Fig 1). These results were expected, as cytokines clearance

half-lives may vary from 8h to 24h (Kuribayashi et al., 2018, Leelahavanichkul et al.,

2011). Furthermore, as previously reported by other authors, inflammatory

exacerbation of the Central Nervous System in LPS models is independent of

circulating cytokines (Murray et al., 2011) and serum TNFa levels do decay to control

levels within the first 24h post-injection while brain TNFa levels remained elevated

months after the inflammatory insult (Qin et al., 2007).

Therefore, inflammation-related gene expression and biochemical markers of

neuroinflammation were further analyzed in the hippocampus of Control and

LPS-treated animals to characterize the neuroinflammatory status.
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3.2 Systemic LPS exposure induced a neuroinflammatory state

Whereas hippocampal levels of GFAP and S100b (Fig 2B-C) - astrocyte

markers - were unaltered, Iba1 (Fig 2A) - microglial marker - levels were significantly

increased 3 months after LPS treatment. Elevated immunocontent of RAGE and

increased phosphorylation of p65 (NF-kB) were also observed 3 months

post-injection (n= 6 per group). Expression of pro-inflammatory cytokines TNFa and

IL1b was elevated in the hippocampus 3 months after LPS exposure (Fig. 3A-B).

RAGE expression remained elevated 3 and 5 months post-injection. INFg expression

remained unaltered (n= 7 per group).

These alterations suggest a neuroinflammatory environment with microglial

pro-inflammatory phenotype within the hippocampus of LPS treated rats 3 months

post-injection. Such a profile was not sustained 5 months post-injection.

3.3 LPS leads to diminished levels of neuronal markers and synapse related

protein Synaptophysin

Whereas Qin and collaborators were capable of detecting increased

neurodegeneration of nigral dopaminergic neurons only 7 months after a single dose

of LPS (Qin et al., 2007), new investigations have shown diminished TH levels in the

substantia nigra as early as 15 days after treatment (Gasparotto et al., 2017).

Moreover, 7 consecutive high-dose daily injections of LPS were capable of altering

neuroinflammatory and neuronal markers in mice hippocampus within 7 days (Zhao

et al., 2019). Therefore, we evaluated protein levels related to neurodegeneration in

rats hippocampus through western blot analysis (Fig 4) (n= 6 per group).
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While levels of PSD95 (Fig 4C) showed no relevant changes, NeuN (Fig 4A),

NEFL (Fig 4B), and Synaptophysin (Fig 4D) levels demonstrated a significant

decrease 5 months after LPS treatment. Such findings suggest that a sustained

pro-inflammatory state within the hippocampus induced by a single high-dose i.p.

injection of LPS leads to neuronal loss and synaptic disruption in older ages (5

months) rather than younger ages (3 months).

3.4 Reduced REM sleep episode duration without changes in total sleep time

or frequency peak

Inflammation (Besedovsky et al., 2019) and neurodegeneration (Malhotra et

al., 2018) within the brain are strictly related to sleep pattern alterations. Herewith, we

wanted to address whether a sustained pro-inflammatory environment would induce

alterations in sleep patterns.

Therefore, LPS treated animals (n= 5 per group) were recorded during sleep

for 5 hours within the day light-phase (Fig 5A). There were no relevant changes in

time spent in WK, NREM and REM sleep either 3 months (Fig 5B) or 5 months (Fig

5C) post-injection. However, REM sleep episode duration was significantly decreased

(p= 0,0403) 3 months after LPS treatment (Fig 5D). WK, NREM and REM episode

duration remained unaltered 5 months post-injection.

Peak theta frequency during REM sleep (Fig 5B) and peak delta frequency

during NREM sleep (Fig 5C) were assessed. A clear delta peak of 2,212Hz ± 0,099

was observed for Control 3 months (n= 5), 2,112 ± 0,464 for Control 5 months (n= 5),

2,095Hz ± 0,237 for LPS 3 months (n= 5) and 2,242 ± 0,241 for LPS 5 months (n= 5).

No differences were observed between groups. A theta peak was observed at 6,615
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± 0,352 for Control 3 months (n= 5), 6,537 ± 0,384 for Control 5 months (n= 5), 7,06

± 0,468 for LPS 3 months (n= 5) and 6,752 ± 0,172 for LPS 5 months (n= 5). It was

not possible to detect any significant alteration.

3.5 Systemic LPS induces reduction of hippocampal power spectral density of

Theta oscillation during REM sleep

Inflammatory mediators affect brain wave activity. TNFa and IL1b central or

systemic injections increase delta wave activity during NREM (Krueger et al.,2008).

LPS treated 3–6 months old male Lister-Hooded rats demonstrate a reduction of

PSD of hippocampal Delta and Theta oscillation in the first 24h after an inflammatory

insult (Mamad et al., 2017). Therefore, we assessed if chronic hippocampal

neuroinflammation induced by LPS was capable of altering brain wave activity during

REM or NREM.

PSD of Delta, Low Gamma, High Gamma and total Gamma oscillations

showed no significant differences across brain states and treatments (Fig 6). In LPS

treated animals PSD of Theta oscillation was significantly reduced 3 months

(p=0,0277) after a systemic inflammatory insult and returned to control levels at 5

months (Fig 6D).

4. Discussion

In the present study, it was possible to observe a temporal correlation between

increased inflammatory parameters in the hippocampus and a reduction in REM

sleep PSD of theta oscillations and episode duration 3 months after an acute
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systemic inflammatory stimulus. 5 months after exposure was possible to observe a

reduction in neuronal markers and the synapse-related protein Synaptophysin levels.

These results indicate that a systemic injection of LPS can induce chronic

neuroinflammation, REM sleep alterations, and hippocampal degeneration.

4.1 Chronic hippocampal inflammation induced by systemic LPS

Systemic LPS leads to a sepsis-like state in animal models (Buras et al., 2005,

Opal et al., 2010). Systemic cytokine levels peak and decay within the first 24h after

LPS exposure (Qin et al., 2007, Gasparotto et al., 2017). However, this insult leads to

damage to the BBB, allowing infiltration of inflammatory mediators in the brain and

cerebrospinal fluid (Gasparotto et al., 2017). These molecules in the brain lead to

microglial activation and subsequent increase of pro-inflammatory cytokines in the

brain (Hoogland et al., 2015).

Besides, the pattern recognition receptor RAGE changes its site of expression

from vascular endothelial cells to neurons in response to LPS treatment (Gasparotto

et al., 2019), allowing the perpetuation of this inflammatory state through activation of

NF-kB and increasing the expression of RAGE itself (Somensi et al., 2017). RAGE is

a pattern recognition receptor which interacts with a wide range of different molecules

linked to infection and tissue damage (Fritz et al., 2011, Kierdorf et al., 2013). RAGE

expression is induced by pro-inflammatory cytokines such as TNFa (Tanaka et al.,

2000). In this work, systemic LPS treatment was capable of increasing

neuroinflammatory parameters 3 months after exposure. Increase in RAGE protein

and expression levels (Fig 2D, Fig 3C), summed to elevated phosphorylation of

NF-kB (Fig 2E) and high expression of TNFa and IL1b (Fig 3A-B), summed to
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elevated levels of Iba1 (Fig 2A), indicate that systemic LPS treatment triggers RAGE

signaling in the brain, leading to a inflammatory state with the presence of reactive

microglia.

Qin and collaborators have demonstrated increased microglial activation and

elevated levels TNFa in the substantia nigra of C57BL/6J mice 10 months after LPS

exposure (Qin et al., 2007). Towner and collaborators have reported a decrease in

the N-acetyl aspartate/choline (NAA/Cho) ratio in the hippocampus 3 months after

LPS injection in Wistar rats (Towner et al., 2018). Elevated levels of Cho and reduced

levels of NAA are linked to astrogliosis, inflammation, and early axonal degeneration

(Mader et al., 2008). The authors also observed a decrease in Creatine/Cho (Cr/Cho)

and Myo-inositol/Cho (Myo-ins/Cho) ratios (Towner et al., 2018), both indicators of

astrogliosis and inflammation (Kendall et al., 2014, Kim et al., 2005). Despite

inflammation being persistent for up to 3 months in the hippocampus, some results

suggest that it might not endure as long as neuroinflammation in the substantia nigra.

Hippocampal Myo-inositol/Cho ratio, BBB impairments, and relative cerebral blood

flow return to control levels after 3 months, and free radicals production normalize

past 1 week (Towner et al., 2018); as observed in our experiments, Iba1 levels,

NF-kB phosphorylation, and expression of IL1b and TNFa return to control levels 5

months after LPS exposure. Structure-specificity of the immune response and

differences in glial cell density might be responsible for the differences in

inflammation maintenance.
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4.2 Chronic neuroinflammation causes neuronal loss and synaptic alterations

Neuroinflammation, defined as a collective of alterations within the brain,

including glial activation and secretion of inflammatory mediators, is one of the

leading environmental features of neurodegenerative disorders responsible for the

generation of a neurotoxic environment (Ransohoff et al., 2016). Neuroinflammation

is a defense mechanism that protects the brain from damage and pathogens

(Wyss-Coray et al., 2002). However, chronic neuroinflammation, with persistent

microglial and astrocytic inflammatory phenotypes, inhibits regeneration (Russo et

al., 2016, Kempuraj et al., 2016) and promotes neuronal loss (Qin et al., 2007,

Gasparotto et al., 2018, Zhao et al., 2019).

Customarily, glial cells are classified in a dichotomic manner, either as a

neurotoxic pro-inflammatory phenotype (M1 for reactive microglia, A1 for reactive

astrocyte) or protective (M2 for regulatory microglia, A2 for regulatory astrocyte). It is

appealing to use such simplified classifications; however, they don’t reflect the reality.

Microglial and astrocytic phenotypes should be classified in a spectrum rather than in

a binary form (Kwon et al., 2020, Escartin et al., 2021). GFAP is widely used as a

marker of reactive astrocytes. Although, elevated levels of GFAP are not definitive

markers of a pro-inflammatory phenotype (Escartin et al., 2021). GFAP levels vary

between brain structures; for instance, GFAP positive cells’ density is higher in the

hippocampus (Haim et al., 2017). Iba1 is commonly used as a microglial activation

marker, although its expression is related to all microglia (Hopperton et al., 2018). In

both cases, proliferative markers should be used to confirm recruitment and

proliferation of glial cells (Kwon et al., 2020, Escartin et al., 2021). Therefore,

changes in these markers alone do not represent glial activation and cannot be linked
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to either a protective or neurotoxic state. Nevertheless, the increase of other

inflammatory parameters observed (NF-kB phosphorylation, increased expression of

IL1 and TNFa) provides evidence of a neurotoxic environment induced by LPS

treatment.

Microglia represent ~12% of the cells in the brain with a variety of different

densities across brain regions (0,5% - 16,6%); regions such as de basal ganglia and

the hippocampus have a high density of microglia (Block et al., 2007). Several stimuli

are capable of activating microglia triggering major alterations in cell morphology and

function (Nimmerjahn et al., 2005, Fetler et al., 2005). Activation of microglia serves

several purposes in neuronal protection - “environmental surveillance” (clearance of

neurotoxic molecules in the cytoplasm), neuronal survival through release of trophic

and anti-inflammatory mediators and innate immune response (Simard et al., 2006,

Town et al., 2005, Liao et al., 2005, Streit et al., 2002). Although, overactivation of

microglia becomes neurotoxic leading to increased production of free radicals,

elevated activity of NF-kB and the inflammasome, and a rise in levels of

pro-inflammatory cytokines (Kwon et al., 2020, Ransohoff et al., 2016, Wyss-Coray et

al., 2002).

4.3 Neuroinflammation disrupts REM sleep

REM sleep is characterized by a predominance of Theta waves in

hippocampal LFP recordings, muscular atony, rapid eye movement, and a clear peak

around 7Hz during its tonic phase (Jing et al., 2016). NREM is characterized by an

alternance between periods of spiking (UP state) and periods of hyperpolarization

with large “slow waves” (SW phase) with a predominance of Delta wave activity in
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hippocampal LFP recordings, muscular atony, absence of rapid eye movement, and

a clear peak around 2Hz (Levenstein et al., 2019, Jing et al., 2016). Changes in

inflammatory mediators levels, due to physiological variation triggered by circadian

clock proteins or induced by an inflammatory insult, modulate sleep homeostasis

(Besedovsky et al., 2019).

Inflammatory mediators affect brain wave activity. LPS treated 3–6 months old

male Lister-Hooded rats demonstrate a reduction of hippocampal Delta and Theta

frequency and Theta peaks in the hippocampus show a considerable reduction in the

first 24h after an inflammatory insult (Mamad et al., 2017). Meanwhile, sepsis through

CLP and endotoxemia by LPS disrupt REM sleep (Baracchi et al., 2011,

Nachón-García et al., 2018). TNFa and IL1b central or systemic injections increase

delta wave activity during NREM (Krueger et al.,2008). Moreover, IL1b and TNFa

elevated levels induce NREM sleep and disrupt REM sleep (Besedovsky et al.,

2019). When exposed to sleep deprivation, control mice present prolonged NREM

and REM sleep; moreover, IL-1R1 and TNFR1 KO mice cannot compensate for the

sleep loss through an increase in sleep time. Although, no changes in the time spent

in each brain state are observed (Baracchi et al., 2008). Also, IL-1R1 KO mice are

not responsive to CA1 theta-burst stimulation (Avital et al., 2003). In the present

study, we observed a temporal correlation between increased neuroinflammatory

parameters, reduced REM sleep epochs and hippocampal REM PSD of theta

oscillations. Meanwhile, there were no changes in Delta and Theta frequencies peak.

Our results suggest that pro-inflammatory cytokines cause REM sleep fragmentation

and modulate theta oscillation activity during REM sleep months after LPS exposure.

Coherence between hippocampal theta activity and amygdala theta activity

triggers gene expression related to plasticity, indicating a role for REM sleep in
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emotional memory consolidation (Hutchison et al., 2015). Synaptophysin is a

presynaptic protein, and reduction in its levels is directly related to alterations in

plasticity-related mechanisms such as loss of long-term potentiation (LTP) (Li et al.,

2012, Janz et al., 1999). LTP is a relevant mechanism of plasticity and memory

consolidation (Lynch et al., 2004). Previous studies have demonstrated cognitive and

memory impairments in LPS treated animals (Zhao et al., 2019, Joshi et al., 2015).

REM and NREM fragmentation without alterations in total sleep have

implications in emotional memory fear consolidation (Lee et al., 2016). Moreover,

adult neurogenesis is also afflicted by LPS treatment (Perez-Domingues et al., 2019).

Although adult-born neuron inhibition does not affect REM sleep or theta power, their

sparse activity during REM sleep is highly relevant to fear memory consolidation

(Kumar et al., 2020). Furthermore, REM sleep fragmentation has implications in

psychiatric disorders such as depression and Post-traumatic stress disorder (PTSD)

(Lipinska et al., 2019, Pesonen et al., 2019). LPS-treated animals displayed a

reduction in REM sleep episode duration - without alterations in total sleep - 3

months post-injection. Further behavioral analysis might provide insights on the

effects of LPS-induced REM sleep disruption on brain plasticity and behavior.

Previous studies have demonstrated that hippocampal injury affects sleep

quality (Spanò et al., 2020); conversely, sleep deprivation caused by sleep apnea

impairs hippocampal function and adult neurogenesis (Navarro-Sanchis et al., 2017,

Mueller et al., 2008). Idiopathic RBD patients present hippocampal atrophy

(Campabadal et al., 2019). Depression is one of the significant non-motor features of

Parkinson’s Disease, afflicting around 50% of the patients (Reijnders et al., 2008).

Hippocampal atrophy is linked to the severity ​of Depressive Disorders’ clinical

features (Sheline et al., 2011). Sleep and depression, relevant prodromal features of
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Parkinson’s Disease, relate to hippocampal atrophy and degeneration. However,

many models of Parkison’s Disease tend to ignore the relevance of processes of

degeneration occurring in structures outside the dopaminergic axis (Tieu et al., 2011).

Therefore, it is necessary to address all dysfunctions caused across brain regions to

properly model this disease and tackle the many questions that have been puzzling

researchers since the first description of Parkison’s Disease.

5. Conclusion

LPS treatment induces a neuroinflammatory state in the hippocampus of 50

days old Wistar rats 3 months after exposure. Brain inflammation is characterized by

increased Iba1, RAGE, NF-kB activity, and elevated expression of the

proinflammatory cytokines IL1b and TNFa. These cytokines are strictly related to the

modulation of sleep patterns. High levels of these inflammatory mediators have a

temporal correlation with reduced duration REM sleep episodes and with reduced

PSD of Theta oscillation during REM sleep. That indicates a disruption of REM sleep

even months after systemic LPS exposure attributed to a chronic neuroinflammatory

state. Inflammatory and sleep parameters returned to control levels 5 months after

treatment.

Meanwhile, neurodegeneration and synaptic alterations were observed in the

hippocampus of treated animals. These features were characterized by reduced

levels of NEFL, NeuN, and Synaptophysin. These results highlight the possibility of

using alterations of sleep and inflammatory parameters to indicate risk populations
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for neurodegenerative disorders and the possibility of translation of such features to

animal models.
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9. Figure Legends

Figure 1: Systemic levels of cytokines remain unaltered. Levels of proinflammatory

cytokines IL1b (A), IL6 (B) and TNFa (D), and antiinflammatory IL10 were (C)

assessed through ELISA. There were no significant alterations in cytokine levels

either 3 or 5 months after systemic LPS exposure. Results are presented as a

percentage of control. Each symbol represents one animal (A, B,C: Control 3mo n=

8; Control 5mo n= 8; LPS 3mo n= 8; LPS 5mo n= 8) (D: Control 3mo n= 6; Control

5mo n= 6; LPS 3mo n= 6; LPS 5mo n= 6). Values represent median ± interquartile

range. Kruskal-Wallis test followed by Dunn’s post hoc test.

Figure 2: Elevated levels of inflammation related proteins in the hippocampus.

Microglial marker Iba1 (A), pattern recognition receptor RAGE (D) and p65 (NF-kB)

phosphorylation (E) elevated levels were observed 3 months after LPS injection.

There were no significant alterations of astrocyte markers GFAP (B) and S100b (C).

Each symbol represents one animal (Control 3mo n= 6; Control 5mo n= 6; LPS 3mo

n= 6; LPS 5mo n= 6). Values represent median ± interquartile range. Kruskal-Wallis

test followed by Dunn’s post hoc test. (* p<0,05, ** p<0,01, *** p<0,001).

Figure 3: Inflammation-related gene expression is altered in LPS treated animals.

Elevated expression of proinflammatory cytokines TNFa (A) and IL1b (B) was

elevated 3 (Control n= 7; LPS n= 7) months after LPS exposure. RAGE (C)

expression was elevated both 3 and 5 (Control n= 7; LPS n= 7) months

post-injection. There were no significant changes in INFg expression. Each symbol
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represents one animal. Values represent median ± interquartile range. Kruskal-Wallis

test followed by Dunn’s post hoc test (* p<0,05).

Figure 4: Altered neuronal and synaptic markers in the hippocampus of LPS treated

animals. LPS treatment leads to reduction of the levels of NeuN (A), NEFL (B) and

Synaptophysin (D) 5 months (Control n= 6; LPS n= 6) post-injection. PSD95 (C)

levels remained unaltered. No alterations were observed 3 months after LPS

exposure (Control n= 6; LPS n= 6). Each symbol represents one animal. Values

represent median ± interquartile range. Kruskal-Wallis test followed by Dunn’s post

hoc test (* p<0.05 ** p<0.005).

Figure 5: Sleep architecture analysis. Percentage of epochs in each brain state

remained unaltered 3 months (Control n= 5; LPS n= 5) (A) and (B) 5 months (Control

n= 5; LPS n= 5) post-injection. (E) REM sleep episode duration significantly

decreased 3 months after treatment; (C) WK and (D) NREM remained unaltered. No

differences were observed after 5 months post-injection. (F) represents peak Delta

frequency during NREM and (G) represents peak Theta frequency during REM sleep.

LPS treatment was not capable of altering peak delta and theta frequencies. Each

symbol represents one animal. Values represent median ± interquartile range.

Kruskal-Wallis test followed by Dunn’s post hoc test (* p=0,0403).

Figure 6: REM sleep theta power is reduced in LPS-treated animals 3 months

post-injection. Theta (A), Beta (B) and Gamma (C) power remained unaltered during

NREM, 3 (Control n= 5; LPS n= 5) and 5 (Control n= 5; LPS n= 5) months

post-injection. Delta (E) and Gamma (F) power remained unaltered during REM
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sleep, 3 and 5 months after LPS exposure. Theta power significantly decreased

during REM sleep 3 months after LPS treatment (D) and after 5 months returned to

control levels. Each symbol represents one animal. Values represent median ±

interquartile range. Kruskal-Wallis test followed by Dunn’s post hoc test (**

p=0,0277).

Supplementary Figure 1: (A) Experimental design. (B) Survival rate to different LPS

doses. (C) HE staining for electrode localization. (D) Baseline recordings of

hippocampal LFP (blue line) and neck EMG (redline) during Wakefulness (WK),

NREM and REM sleep.

Supplementary Figure 2: (A) and (C) average of power spectral decomposition

during REM sleep and NREM, 3 and 5 months after LPS injection respectively. (B)

and (D) normalized power of Theta, Delta, Low Gamma, High Gamma, total Gamma

during REM and NREM, 3 and 5 months after LPS exposure. Each graph represents

one animal. (E) Comparison between hippocampal electrodes placed in the left and

right hemispheres of 3 control animals. Bars represent median + range.

Kruskal-Wallis test followed by Dunn’s post hoc test.

Supplementary Table 1: Primary antibodies employed either in Western Blot or

ELISA experiments.

Supplementary Table 2: Primers used in RT-qPCR experiments.
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Discussão

Os resultados aqui apresentados demonstram uma relação temporal entre o

aumento de parâmetros pró-inflamatórios no hipocampo (níveis elevados do

marcador microglial Iba1, do receptor de padrões moleculares RAGE, atividade de

NF-kB e expressão aumentada de citocinas pró-inflamatórias (IL1b e TNFa) e uma

redução no poder de Theta durante o sono REM, acompanhada por intervalos mais

curtos desde estado do sono. Esta relação foi observada somente 3 meses após o

tratamento com LPS, após 5 meses parâmetros inflamatórios e de sono retornaram

aos níveis de controle, no entanto, foi possível observar a redução dos níveis de

marcadores neuronais (NEFL e NeuN) e sinápticos (Sinaptofisina). Estes resultados

indicam que uma injeção sistêmica de LPS pode induzir uma neuroinflamação

crônica, alterações no sono REM e degeneração hipocampal.

1. LPS sistêmico induz neuroinflamação hipocampal

A administração de LPS sistêmico é um modelo utilizado por diversos autores

para induzir um estado do tipo séptico em modelos animais através da endotoxemia

(Buras et al., 2005, Opal et al., 2010). Uma injeção intraperitoneal de LPS (5mg/kg)

leva ao aumento dos níveis da citocina pró-inflamatória TNFa no soro de

camundongos C57BL/6J nas primeiras horas após o estímulo inflamatório (Qin et al.,

2007, Gasparotto et al., 2017). Apesar de estes níveis no soro retornarem ao basal

dentro das primeiras 24h após o tratamento, este insulto leva a dano na barreira

hemato-encefálica permitindo a infiltração de mediadores inflamatórios no fluido

cerebroespinhal (Gasparotto et al., 2017, Towner et al., 2018). A presença destas
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moléculas no cérebro leva ativação microglial e por consequência o aumento da

expressão e conteúdo de citocinas pró-inflamatórias no Sistema Nervoso Central

colaborando para a manutenção de um estado inflamatório no cérebro (Hoggland et

al., 2015). Soma-se a isso o fato de o receptor de reconhecimento de padrões

moleculares RAGE mudar o seu sítio de expressão, de células vasculares

endoteliais para neurônios (Gasparotto et al., 2019), a ativação deste receptor por

mediadores inflamatórios permite a perpetuação deste estado de inflamação através

da ativação de NF-kB, culminando no aumento da expressão de citocinas e do

próprio RAGE.

Trabalhos anteriores demonstraram os efeitos da administração de LPS

sistêmico em diferentes estruturas cerebrais e ressaltam a diferença da resposta

neuro-inflamatória entre regiões distintas (Qin et al., 2007, Towner et al., 2018, Zhao

et al., 2019). Qin e colaboradores demonstraram um aumento nos marcadores

microgliais e níveis elevados da citocina pró-inflamatória TNFa na substância negra

de camundongos C57BL/6J 10 meses após o tratamento com LPS (Qin et al., 2007).

Towner e colaboradores investigaram a razão entre os metabólitos N-acetil aspartato

e colina (NAA/Cho), entre Creatina e Cho (Cr/Cho) e entre Myo-Inositol/Cho

(Myo-Ins/Cho) através de técnicas de imagem por MRI. Foi observada uma redução

nas razões NAA/Cho e Cr/Cho, tal redução é indicativa de astrogliose,

neuroinflamação e degeneração axonal (Kendall et al., 2014, Mader et al., 2008, Kim

et al., 2005). Apesar da inflamação hipocampal ser persistente por pelo menos 3

meses, alguns resultados indicam que a neuroinflamação nesta estrutura não se

mantém por tanto tempo quanto na substância negra. A razão de Myo-Ins/Cho

hipocampal, danos a barreira hemato-encefálica e o fluxo sanguíneo relativo

retornam a níveis de controle em 3 meses, enquanto a produção de radicais livres
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retorna a níveis basais em apenas uma semana (Towner et al., 2018). Os resultados

obtidos aqui suportam a ideia de que a inflamação hipocampal começa a decair 3

meses após o tratamento com LPS. Níveis de Iba1, fosforilação de NF-kB e

expressão de IL1b e TNFa retornam aos níveis de controle 5 meses após a injeção.

Estas diferenças na manutenção do estado inflamatório podem ser explicadas pela

resposta estrutura-específica e a diferença de densidade de células gliais entre as

diferentes regiões.

2. Inflamação hipocampal leva a perda neuronal e alterações sinápticas

Define-se neuroinflamação como um conjunto de alterações no cérebro,

incluindo ativação glial e secreção de mediadores inflamatórios. Tal condição é uma

das principais características ambientais de desordens neurodegenerativas

responsável pela geração de um ambiente neurotóxico (Ransohoff et al., 2016). A

neuroinflamação, em um primeiro momento, serve como um mecanismo de defesa

que protege o cérebro de danos teciduais e patógenos (Wyss-Coray et al., 2002). No

entanto, a neuroinflamação crônica, com persistentes fenótipos microgliais e

astrocitários inflamatórios, leva a inibição de processos regenerativos (Russo et al.,

2016, Kempuraj et al., 2016) e promove a perda neuronal (Qin et al., 2007,

Gasparotto et al., 2018, Zhao et al., 2019).

Costumeiramente, uma classificação dicotômica é utilizada para diferenciar os

diferentes estados das células gliais: fenótipo pró-inflamatório e neurotóxico (M1

para microglia reativa, A1 para astrócitos reativos) ou um fenótipo neuroprotetor e

anti-inflamatório (M2 para microglia regulatória, A2 para astrócitos regulatórios). O

uso de classificação simplificadas e diretas é extremamente atrativo; no entanto, não
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reflete a realidade. Astrócitos e microglia assumem diferentes fenótipos, sua

classificação se encaixa mais corretamente em um espectro do que forma binária

(Kown et al., 2020, Escartin et al., 2021). GFAP é um dos marcadores astrocitários

mais utilizados. No entanto, níveis elevado de GFAP não representam um marcador

definitivo de um fenótipo pró-inflamatório (Escartin et al., 2021). Os níveis desta

proteína variam nas diversas estruturas cerebrais; por exemplo, a densidade de

células GFAP positivas é maior no hipocampo (Haim et al., 2017). Iba1 é um

marcador de ativação microglial empregado por diversos pesquisadores. No entanto,

sua expressão é relativa a toda microglia, não só a ativada (Hopperton et al., 2018).

Em ambos os casos, marcadores proliferativos deveriam ser utilizados para

confirmar o recrutamento e proliferação de células gliais (Kwon et al., 2020, Escartin

et al., 2021). Desta forma, mudanças nos níveis destes marcadores por si só não

representa ativação glial e nem pode ser ligada a um estado neurotóxico ou

neuroprotetor. Todavia, o aumento de outros parâmetros inflamatórios observados

(atividade de NF-kB, aumento da expressão de IL1b e TNFa) fornecem evidências

de um ambiente neurotóxico induzido pelo tratamento com LPS.

Células da microglia representam cerca de 12% da população no cérebro,

com densidades variadas entre as regiões cerebrais (0,5% a 16,6%); regiões como

os gânglios da base e o hipocampo possuem uma alta densidade de microglia (Block

et al., 2007). Diversos estímulos são capazes de ativar a microglia desencadeando

grandes alterações na morfologia e funções celulares (Nimmerjahn et al., 2005,

Fetler et al., 2005). Ativação microglial serve um propósito neuroprotetor: “vigilância

ambiental” (limpeza de moléculas neurotóxicas no citoplasma), sobrevivência

neuronal através da liberação de fatores tróficos e anti-inflamatórios e resposta

imune inata (Simard et al., 2006, Town et al., 2005, Lial et al, 2005, Streit et al.,
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2002). No entanto, uma super ativação microglial se torna neurotóxica levando ao

aumento da produção de radicais livres, aumento da atividade de NF-kB e do

inflamassoma, e níveis elevados de citocinas pró-inflamatórias (Kwon et al., 2020,

Ransohoff et al., 2016, Wyss-Coray et al., 2002)

3. Relação Inflamação-Neurodegeneração-Sono

Diferentemente de humanos, os roedores possuem sono polifásico, e ainda

que seja de difícil classificação o início e término de cada ciclo do sono, as

características de sono REM e NREM são bem definidas (Phillips et al., 2010,

Simasko et al., 2009). O sono REM é caracterizado pela predominância de ondas

Theta (5-10 Hz) no registro de LFP hipocampal, com pico em 7 Hz na fase tônica e

atonia muscular (Jing et al., 2016). O sono NREM é caracterizado pela dominância

de ondas Delta (1-4 Hz) no LFP hipocampal, um pico em 2 Hz e atonia muscular

(Jing et al., 2016). No entanto, a inflamação é capaz de alterar tais parâmetros.

Animais submetidos a cirurgia de indução de sepse (ligadura e punção cecal) e

animais submetidos à endotoxemia por LPS demonstram redução no sono REM

(Baracchi et al., 2011, Nachón-García et al., 2018). Soma-se a isto, que a

administração das citocinas pró-inflamatórias IL1b e TNFa levam a indução do sono

NREM e redução do sono REM (Krueger et al., 2008). Insultos inflamatórios também

são capazes de modular a atividade cerebral fisiológica. Ratos Lister Hooded

tratados com LPS demonstram uma redução na frequência média de Theta e Delta,

e redução do pico de Theta no hipocampo (Mamad et al., 2017).

Os experimentos conduzidos neste estudo demonstraram uma redução no

poder de Theta durante o sono REM juntamente a uma diminuição da duração dos
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episódios deste tipo de sono. Não foi possível observar diferenças no pico de Delta

durante o sono NREM e nem no pico de Theta durante o sono REM. No mesmo

período foi possível observar uma elevação na expressão das citocinas

pró-inflamatórias IL1b e TNFa, indicando uma relação temporal entre o aumento dos

níveis de parâmetros inflamatórios e alterações no sono REM. As citocinas IL1b e

TNFa são capazes de induzir o sono NREM e perturbar o sono REM (Besedovsky et

al., 2019). Quando expostos a privação de sono, há uma elevação na produção

destas citocinas para que um mecanismo compensatório leve estes animais a dormir

mais, buscando a homeostase do sono; animais knockout para IL-1R1 e TNFR1 não

são capazes de evocar este efeito rebote (Baracchi et al., 2008). Além disso, animais

knockout para IL-1R1 não são responsivos à estimulação de Theta (Avital et al.,

2003). Nossos resultados sugerem um papel para citocinas pró-inflamatórias na

modulação do sono REM de animais tratados com LPS meses após a exposição.

A atividade de Theta hipocampal é de extrema relevância para mecanismos

associados à memória emocional. A coerência entre a atividade de Theta

hipocampal e da amígdala desencadeia expressão gênica relacionada à

plasticidade, indicando um papel do sono REM na consolidação da memória

emocional (Hutchison et al., 2015). A sinaptofisina, cujo os níveis foram reduzidos

em decorrência do tratamento com LPS, é uma proteína associadas a vesículas

pré-sinápticas, a redução dos seus níveis está associada a alterações em

mecanismos relacionados à plasticidade como a perda da potenciação de longo

termo (LTP) (Li et al., 2012, Janz et al., 1999). A LTP é um mecanismo importante na

plasticidade e consolidação da memória. (Lynch et al., 2004). Estudos anteriores

demonstraram déficits cognitivos e de memória em animais tratados com LPS (Zhao

et al., 2019, Joshi et al., 2014), além de alterações na neurogênese adulta, outro
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mecanismo relacionado à memória e plasticidade (Perez-Dominguez et al., 2019).

Investigações sobre mecanismos de plasticidade e testes comportamentais podem

revelar a que nível o tratamento com LPS pode prejudicar a consolidação da

memória.

Estudos anteriores demonstraram que lesões hipocampais afetam a

qualidade do sono (Spanò et al., 2020); tendo em vista a relação bidirecional entre

sono e neurodegeneração, estudos também já demonstraram que a privação de

sono causada por apnéia inibe a função hipocampal e a neurogênese adulta

(Navarro-Sanchis et al., 2017, Mueller et al., 2008). Além disto, pacientes de RBD

idiopático também apresentam atrofia hipocampal (Campabadal et al., 2019). A

depressão, outro sintoma não-motor característico da DP, afeta cerca de 50%

daqueles acometidos por esta desordem (Reijnders et al., 2008). A atrofia

hipocampal também está diretamente relacionada com a severidade das

características clínicas de desordens depressivas (Sheline et al., 2011). O sono e a

depressão, duas características de extrema relevância no contexto da DP, se

relacionam com a disfunção, atrofia e degeneração do hipocampo. No entanto,

modelos da DP tendem a ignorar a relevância dos processos degenerativos que

ocorrem em outras regiões do cérebro fora o eixo dopaminérgico por

compreenderem uso de substâncias que levam a uma perda neuronal aguda através

da administração intracranial em regiões específicas (Tieu et al., 2011). Por este

motivo, é necessária a utilização de modelos que propriamente mimetizam as

disfunções que ocorrem por todo o cérebro na DP, para que se possa responder

diversas perguntas que foram levantadas desde a primeira descrição da DP.

.
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Conclusão

Ratos Wistar de 50 dias tratados com LPS são acometidos por um estado

neuro-inflamatórios no hipocampo 3 meses após a exposição a esta endotoxina. A

neuro-inflamação foi caracterizada pelos níveis elevados de Iba1, RAGE, atividade

de NF-kB e níveis elevados de expressão das citocinas IL1b e TNFa. Estas citocinas

estão estritamente relacionadas com a modulação de parâmetros do sono. Elevados

níveis de citocinas pró-inflamatórios tem uma relação temporal com episódios mais

curtos de sono REM e diminuição do poder de Theta durante o sono REM. Estes

resultados indicam que o tratamento com LPS sistêmico leva a uma disrupção do

sono REM meses depois de um insulto inflamatório sistêmico através da

manutenção de um estado inflamatório crônico no cérebro. Parâmetros inflamatórios

e do sono retornaram a níveis de controle 5 meses após a exposição ao LPS.

A prolongada neuro-inflamação culminou em neurodegeneração e alterações

sinápticas no hipocampo dos animais tratados com LPS. Foi possível observar uma

redução nos níveis de NEFL, NeuN e Sinaptofisina. Tais resultados realçam a

possibilidade do uso de alterações neuro-inflamatórias e do sono para indicar

populações de risco para desordens neurodegenerativas e a possibilidade

translacional de modelos animais.

.
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Perspectivas

Nossos resultados demonstram uma clara modulação do sono REM por

mediadores inflamatórios em decorrência do tratamento sistêmico com LPS.

Diversos autores já demonstraram a importância do sono REM na consolidação de

memórias emocionais (Kumar et al., 2020, Lipinska et al., 2019, Pesonen et al.,

2019). Um dos questionamentos que estes resultados nos trazem é a que nível

estas alterações no sono REM estão afetando o comportamento e a consolidação da

memória destes animais. É de interesse do grupo avaliar comportamentos do tipo

depressivo e ansioso em animais tratados com LPS por meio de testes como o teste

de campo aberto, teste do nado forçado e teste de preferência por sacarose e o

teste de splash. Além disso, existe o interesse em realizar tarefas como o labirinto

aquático de Morris (memória espacial) e o teste de condicionamento de medo

contextual e sugerido (memória emocional).

Apesar da elevação de diversos parâmetros inflamatórios que indicam uma

ativação microglial e um estado neuro-inflamatório no hipocampo, um perfil

inflamatório mais completo seria possível através de análises de microscopia de

imunofluorescência para diversas proteínas ligadas a proliferação, recrutamento e

ativação glial como GFAP, S100b, Iba1, Nestina, Ki67 e PCNA (Escartin et al., 2021,

Kwon et al., 2020). Da mesma forma, análises de microscopia também poderiam

fornecer resultados interessantes sobre perda neuronal e degeneração axonal

através de marcadores como NeuN, NEFL e b-3-tubulina. A utilização de

marcadores associados a neurônios imaturos e jovens, como a doublecortina,

também permitiria avaliar possíveis disrupções na neurogênese adulta.
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Trabalhos anteriores já demonstraram a influência do RAGE para a

neuroinflamação e futura perda neuronal no modelo do LPS sistêmico (Gasparotto et

al., 2017, Gasparotto et al., 2018). Uma possível intervenção com um inibidor

farmacológico de RAGE, FPS-ZM1, poderia inibir a inflamação hipocampal levando a

normalização dos parâmetros do sono e evitando uma possível neurodegeneração.
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Anexo I

Artigo submetido ao periódico

“Neurochemistry International”

Hypoxia inducible factor-1𝞪 (HIF-1𝞪) inhibition impairs retinoic acid

induced differentiation in SH-SY5Y neuroblastoma cells, leading to reduced

neurite length and diminished gene expression related to cell differentiation.
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Abstract: Neuroblastoma is the most common extracranial solid tumor in childhood,

originated from cells of the neural crest during the development of the Sympathetic

Nervous System. Retinoids are vitamin-A derived differentiating agents utilized to

avoid disease resurgence in high-risk neuroblastoma treatment. Several studies

indicate that hypoxia - a common feature of the tumoral environment - is a key player
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in cell differentiation and proliferation. Hypoxia leads to the accumulation of the

hypoxia inducible factor-1𝞪 (HIF-1𝞪). This work aims to investigate the effects of the

selective inhibition of HIF-1𝞪 on the differentiation induced by retinoic acid in human

neuroblastoma cells from the SH-SY5Y lineage, with the purpose of clarifying its role

in cell differentiation. Our results indicated that HIF-1𝞪 inhibition impairs RA-induced

differentiation through reduction of neuron-like phenotype and diminished

immunocontent and expression of differentiation markers.

Keywords: Hypoxia, differentiation, neuroblastoma, cancer, HIF-1, SH-SY5Y

1. Introduction

Neuroblastoma (NB) is a heterogeneous pediatric solid tumor with various

forms, which range from extremely aggressive metastatic cancer - with cure rates as

low as <50% - to low-risk disease - with chances of a good prognosis greater than

90% (1). NB arises from the neural crest (NC) during the formation of the sympathetic
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nervous system (SNS) (2). Despite its low incidence, NB is responsible for 10% of

child cancer deaths (3) and is the most common extracranial solid tumor in childhood

(1). High-risk NB treatment includes high-dose myeloablative chemotherapy followed

by stem cell rescue, radiation, surgery, and retinoid treatment to avoid cancer

resurgence (23, 24).

Hypoxia and hypoxia inducible factors’ (HIFs) elevated expression is a

common feature of the tumoral environment (25, 26). The hypoxia inducible factor-1

(HIF-1) is a cell-sensor to oxygen concentrations, targeting gene expression related

to cell fate. HIF-1 is a heterodimer composed of its 𝞪 and β subunits. 𝞪 subunit’s

stability, cellular location, and expression are directly related to oxygen levels. In

contrast, the β subunit, also known as aryl hydrocarbon receptor nuclear translocator

(ARNT), is constitutively expressed and is not oxygen-sensible (6). Once the β

subunit dimerizes with HIF-1𝞪, HIF-1 binds to hypoxia responsive elements (HRE)

and promotes gene expression related to angiogenesis, erythropoiesis, metabolism,

and cell proliferation and survival. In normoxic conditions, the 𝞪 subunit is degraded

in a process of von-Hippel-Lindau protein (pVHL) mediated ubiquitin-proteasome

pathway, which is inhibited by hypoxia (27). The interaction between HIF-1𝞪 and

pVHL is triggered by the post-translational hydroxylation of HIF-1𝞪 by prolyl

hydroxylase (PHD) (12). HIF-PHD hydroxylases HIF-1𝞪 in oxygen-dependent

degradation domains (ODD). These post-translational modifications to HIF-1𝞪 allow

for pVHL binding - an E3 ubiquitin ligase - leading to ubiquitination and further

proteasomal degradation (28).

Besides its fine oxygen-dependent regulation, few other factors seem to

stabilize HIF-1𝞪. Proinflammatory stimuli may lead to a PI3K/Akt/mTOR-mediated

increase in HIF1A expression (7). Hypoxia-mimetic agents such as deferoxamine
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(DFO) (8) and CoCl2 (10) are capable of stabilizing HIF-1𝞪 through the inhibition of

PHD. HIF-1𝞪 activity is sensible to changes within cell energetic metabolism. Citric

acid cycle dysfunction and accumulation of its intermediaries lead to inhibition of

HIF-1𝞪 hydroxylases and therefore results in HIF-1𝞪 stabilization bypassing the

oxygen-dependent regulation (13, 32, 33). Studies have shown that retinoic acid

administration in different cell types leads to HIF-1𝞪 accumulation (10, 11) and that

RA signaling might be dependent on HIF-1𝞪 (5, 10, 11). RA treatment in SH-SY5Y

leads to changes in cell energetic metabolism, in turn leading to increased oxidative

stress (30, 34, 36). Elevated levels of oxygen-reactive species activate mitochondrial

HIF-1𝞪 (35), which may explain the rise in HIF-1𝞪 levels after retinoic acid treatment.

Neuroblastoma cells can be induced to differentiate in a neuron-like

phenotype. SH-SY5Y neuroblastoma cells express proliferative markers such as the

immature neuronal marker nesting and the proliferating cell nuclear antigen (PCNA).

When treated with retinoic acid (RA), these cells exhibit a neuron-like phenotype with

extensive projections, cell-cycle arrest, and the expression of neuronal markers such

as enolase 2 (ENO2), synaptophysin (SYP) and the microtubule-associated protein

tau (MAPT/TAU) (15). SH-SY5Y are known for a catecholaminergic phenotype upon

differentiation, expressing dopaminergic markers such as tyrosine hydroxylase (TH),

dopamine transporter (DAT) and exhibit moderate levels of dopamine-β-hydroxylase

(DßH) activity (16, 17). RA-treated SH-SY5Y cultures lack the expression of glial

markers such as the glial fibrillary protein (GFAP) (15). While SH-SY5Y

neuroblastoma cells exposed to the hypoxia mimetic agent deferoxamine (DFO)

express a neuron-like tyrosine hydroxylase (TH) expressing phenotype (8), NB1691

neuroblastoma cells exposed to intermittent hypoxia expressed increased NC

markers and decreased SNS markers, even though there was an increase in TH.
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Under RA treatment and hypoxia exposure NB1691 cells demonstrated diminished

responsiveness to differentiation induced by RA (14). In the same study, the authors

demonstrated that HIF-1𝞪 inhibition under intermittent hypoxia conditions leads to an

increase in a neuron-like phenotype in NB1691 cells. These findings contrast to the

work of Cimmino et al (5), who have demonstrated a diminished neuron-like

phenotype in HIF-1𝞪 silenced neuroblastoma cells - SH-SY5Y, SKNBE2c, SKANS -

exposed to RA under normoxic conditions.

The purpose of our study was to determine HIF-1𝞪’s role in retinoic acid

induced differentiation in SH-SY5Y cell cultures under normoxic conditions. For such,

we silenced HIF-1𝞪 expression through small interference RNA (siRNA) and exposed

the cell cultures to a 7 days RA-induced differentiation protocol. Our results indicate

that HIF-1𝞪 inhibition impairs RA-induced differentiation through reduction of

neuron-like phenotype and diminished immunocontent and expression of

differentiation markers.

2. Methods

2.1 Cell Culture and Differentiation

Human neuroblastoma SH-SY5Y were obtained from the ECACC (European

Collection of Cell Culture) and were grown in DMEM/F12 (Sigma-Aldrich - D8900)

containing 10% fetal bovine serum (FBS) at 37°C in 5% CO2 and 95% air in a

humidified atmosphere. Differentiation cells were plated at 10³ cells/cm² confluency

and treated with retinoic acid at 10µM concentration in DMEM/F12 1% FBS for 7

days with retinoic acid pulses at days 1, 4 and 7.

2.2 siRNA knockdown
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HIF-1𝞪 small interference RNA Silencer ® Select at 5nM (Ambion - 4392420,

ID: n336610) and siRNA scramble (Ambion - AM4635) as control at 30 nM were

transfected using the reverse transfection protocol with siPORT™ NeoFX™

Transfection Agent (Ambion®, Applied Biosystems Inc.) and Opti-MEM following

manufacturer’s instructions. Cells were transfected in DMEM/F12 medium with 10%

FBS without antibiotics. Knockdown efficiency was evaluated through RT-qPCR and

Western Blot. Cells were transfected 24 hours prior to retinoic acid treatment (day 0).

2. 3 Treatment Timeline

Experiments were performed on a 9-day timespan beginning on day 0 through

day 9 (Fig. 1 A). On day 0, cells were trypsinized and transfected with siRNA (siRNA

scramble or siRNA HIF1𝞪) at a confluence of 10³ cells/cm². After 24 hours (day 1),

either (i) transfection cells were either collected for RT-qPCR or western blot in order

to validate transfection efficiency or (ii) RA treatment was initiated. Retinoic acid

pulses were administered within 72 hours intervals (days 1, 4 and 7). Cells were

either collected for RT-qPCR or fixed for immunofluorescence microscopy 24 hours

after the last pulse (day 8).

2.4 Western Blot

For western blot analysis cells were lysed in 4X Laemmli buffer (250 mM Tris,

8% SDS, 40% glycerol and 0.002% bromophenol blue, pH 6.7), and then vigorously

vortexed and boiled for ten minutes at 100°C. Samples were loaded and separated in

10% polyacrylamide gel and then electro-blotted to nitrocellulose membranes.

Protein loading and electroblotting efficiency were verified through Ponceau S

staining. Membranes were washed in Tris-buffered saline Tween-20 (Tris 100 mM,

pH 7.5, 0.9% NaCl and 0.1% Tween-20) and blocked in TBS-T with 5% BSA.

Membranes were washed three times post-blocked and then incubated overnight at
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4°C with primary antibodies (all primary antibodies were used at 1:1000 dilution) for

HIF-1𝞪 (Cell Signaling - 141795) and 𝛃-actin (Sigma-Aldrich - A1978). Subsequently,

membranes were incubated with the corresponding species-specific secondary

antibody ( all secondary antibodies were used at 1:2000 dilution) coupled to

peroxidase (Sigma-Aldrich - AP132P; AP124P) following chemiluminescence

detection utilizing the Westar Nova 2.0 kit (Cyanagen - XLS071,0250) and the GE®

ImageQuant LAS 4000 CCD camera to obtain images.

2.5 Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 10 minutes at room temperature

followed by a 10 minute permeabilization utilizing ice-cold 0.1% Triton-PBS. In order

to block nonspecific binding, cells were incubated with 1% albumin, 22.52 mg/mL

glycine in T-PBS (PBS + Tween 20 0,1%) for 1 hour at room temperature. Cells were

then incubated overnight with primary antibodies for glial fibrillary protein (GFAP)

(Sigma-Aldrich - G6171) and Neurofilament-L (NEFL) (Cell Signaling - 2837) (all

primary antibodies were used at 1:500 dilution), followed by a 1-hour incubation with

its specie-specific corresponding secondary antibody coupled with Alexa Fluor®

staining (488 nm or 555 nm) from Cell Signaling Technology® at room temperature

(all secondary antibodies were used at 1:500 dilution). Cells were then incubated for

5 minutes with DAPI for nucleic acid staining (1:1000; D9542 - Sigma-Aldrich®).

Following each step, cells were washed 3 times for 5 min in ice-cold PBS. Images

were obtained through a Microscopy EVOS® FL Auto Imaging System

(AMAFD1000 - Thermo Fisher Scientific®). Immunocontent was measured as

fluorescence intensity and was quantified utilizing the software ImageJ measuring the

pixels of images with 100 μm of magnification. Total number of neurites per cell and
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the average size of neurites were obtained with NeuronJ, an ImageJ plugin with 400

μm magnification.

2.6 Real Time-qPCR

Cells were collected utilizing the TRIzol reagent (Thermo Fisher Scientific) and

RNA extractions were conducted following the manufacturer's instructions. cDNA

synthesis was performed using the High Capacity cDNA Reverse Transcription kit

from Applied Biosystems. Real time polymerase chain reaction was carried

employing SYBR™ Green PCR Master Mix kit, 100 ng of cDNA and 100µM of each

primer: ENO2, SYP, TAU, HIF1A and the housekeeping genes GNB2L and B2M

(Table 1). Results were normalized in relation to the housekeeping genes (ΔCt) and

for each case, the most stable housekeeping gene was applied. Results were

expressed using the 2-ΔΔCT method.

Table 1: Sequences of the primers employed in RT-qPCR experiments.

2.7 Cohort selection and gene expression analysis

The TARGET RNA-seq dataset and clinical data from Neuroblastoma patients

were downloaded from the UCSC Xena browser (https://xenabrowser.net/). The gene

expression values were added 1 and then log2-transformed before analysis. The

most relevant genes for this study were selected according to their respective
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Ensembl number. Only samples clinically classified as stage IV were selected for

future analysis. HIF1A median gene expression sets the baseline for classification of

the cohort between HIF1A high (expression above median) and low (below median)

expression.

2.8 Statistical Analysis

Statistical analysis was performed with the GraphPad Prism software version

7.0 (GraphPad Software Inc., San Diego, USA). Data were evaluated by one-way

ANOVA followed by Tukey’s Multiple Comparison post-hoc test or unpaired Student’s

t-test when suitable. Differences were considered significant when p<0.05.

3. Results

3.1 siRNA transfection effectively inhibits HIF1𝞪 expression and diminishes its

immunocontent

Cells were maintained in DMEM/F12 10% FBS and, on day 0, cells were

trypsinized for reverse transfection. Cells were seeded at a confluence of 10³/cm².

After 24 hours from transfection (day 1), cells were collected for western blot or

RT-qPCR to assess transfection efficiency. mRNA levels (Fig. 1E) and HIF-1𝞪

immunocontent (Fig. 1F) decreased when cells were transfected with 5 nM HIF-1𝞪

siRNA select (sHIF) in comparison to 30 nM scrambled siRNA transfected cells

(sSCR) without any morphological alterations (Fig. 1B-D) that could indicate changes

in cell viability. The incubation time used for all experiments was 24 hours since it

showed greater effectiveness of inhibition when compared to other incubation times

(data not shown).
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Figure 1. Cell silencing and differentiation protocol (A): Protocols were performed on

a 9-day time span, from day 0 to day 7. On day 0 cells were trypsinized and seeded

for reverse transfection. On day 1, either cells were collected for RT-qPCR and

western blot or retinoic acid (RA) treatment was initiated on the concentration of 10

µM. On days 4 and 7, cells received RA pulses. On day 8, cells were either fixed for
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immunofluorescence microscopy or collected for RT-qPCR. HIF-1𝞪 siRNA

transfection leads to a decrease in protein and mRNA levels without morphological

alterations that could indicate changes in cell viability. (B) Phase microscopy showing

cell morphology in growth conditions prior to plating and siRNA transfection. Phase

microscopy showing cell morphology after siRNA transfection of both HIF-1𝞪 siRNA

(sHIF) (C) and scramble siRNA (sSCR) (D). In (E) HIF-1𝞪 mRNA levels and (F)

HIF-1𝞪 protein levels after transfection. (unpaired Student's t test *p<0.01,

**p<0.005).

3.2 HIF-1𝞪 silencing impairs cell differentiation leading to changes in cell

morphology

Transfected cells were treated with 10µM retinoic acid for 7 days. RA pulses

were administered on days 1, 4 and 7 (Fig. 1A). Undifferentiated (undiff.) cells

demonstrated a triangle shaped morphology (Fig. 2A) with low average neurite length

(Fig. 2E) and low total neurites/cell (Fig. 2D). sSCR cells treated with retinoic acid

(sSCR + RA) demonstrated extensive neurites (Fig. 2B) with a greater neurite length

average and total neurite/cell (Fig. 2D-E). HIF-1𝞪 silencing (sHIF + RA) was capable

of reducing the neuron-like phenotype induced by retinoic acid (Fig. 2C),

demonstrating significantly shorter neurites (Fig. 2D) but was not capable of

diminishing the total amount count per cell (Fig. 2E). These results suggest that

HIF1-1𝞪 silencing attenuates neurite elongation rather than neurite outgrowth.

3.3 Downregulation of TAU, ENO2 and SYP in response to HIF-1𝞪 inhibition

In order to assess whether HIF-1𝞪 inhibition was capable of altering the expression of

differentiation markers related to the retinoic acid treatment, we performed RT-qPCR

for TAU, ENO2 and SYP. As we can see in Fig. 2F-H, the expression of differentiation

markers was reduced in sHIF + RA cells when compared to sSCR + RA cells (TAU:
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p=0.0148 ; ENO2: p=0.0390 ; SYP: p=0.0295). However, this difference wasn’t as

marked as the difference between the undifferentiated proliferative cells (undiff.) and

sSCR + RA cells (TAU: p=0.0001 ; ENO2: p=0.0096 ; SYP: p=0.0049). These results

indicate that HIF-1𝞪 has a role in promoting gene expression related to cell

differentiation.
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Figure 2: HIF-1𝞪 inhibition affects cell differentiation. (A) Phase microscopy of

undifferentiated cells demonstrating a triangular shaped phenotype. (B) sSCR + RA

demonstrate extensive projections. (C) sHIF + RA demonstrate shorter projections.

Total neurite/cell and neurite average length were quantified utilizing the software

NeuronJ (D-E) (n=5). Cells were collected for RNA extraction and further cDNA

synthesis in order to analyze neuronal markers expression through RT-qPCR (n=4).

RA treatment leads to an increase in levels of F) ENO2, G) SYP, H) TAU in sSCR +

RA when compared to undifferentiated cells and sHIF + RA cells. HIF-1𝞪 silencing

was able to reduce differentiation related gene expression. (one-way ANOVA

followed by Tukey’s Multiple Comparison post-hoc test *p<0.05, ***p<0.001).

3.4 Inhibition of HIF-1𝞪 leads to diminished immunocontent of NEFL without

changes in GFAP levels

Cells were prepared for immunofluorescence staining in order to analyze the

immunocontent of NEFL as a differentiation marker and GFAP as proliferative

marker. As we can observe in fig. 3A-C, there were morphological changes between

undiff., sSCR + RA and sHIF + RA cells. The undiff. group showed a high

proliferative phenotype with a strong GFAP signal, no projections, and larger cell

body area (fig. 3A). sSCR + RA cells demonstrated a highly differentiated phenotype

with extensive projections and strong reactivity to NEFL antibody (fig. 3B). sHIF + RA

showed reduced NEFL immunocontent and shorter projections (3C). sSCR + RA

cells demonstrated a greater NEFL immunocontent when compared to both undiff.

and sHIF + RA (Fig. 3D). GFAP signal showed no significant difference between all

groups (fig. 3E). These results indicate that HIF-1𝞪 is essential for the development

of morphological features and immunocontent of differentiation markers of a

neuron-like phenotype.
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Figure 3: HIF-1𝞪 inhibition led to diminished levels of NEFL and a lower average

neurite length. Cells were stained for immunofluorescence with anti-NEFL antibody

(red) (n=5) as a neuronal marker and anti-GFAP antibody (green) (n=5) as a

proliferative marker. (A) shows the undifferentiated (undiff.) cell morphology, (B)

shows sSCR + RA cells, (C) correspond to sHIF + RA cells. (D) and (E) show the

fluorescence intensity of GFAP and NEFL respectively. sSCR + RA cells
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demonstrated greater levels of NEFL immunocontent in comparison to

Undifferentiated and sHIF + RA cells (one-way ANOVA followed by Tukey’s Multiple

Comparison post-hoc test *p<0.05, ***p<0.005).

3.5 NEFL and SYP expression is related to HIF1A expression in

neuroblastoma patients

Hypoxia and the overexpression of hypoxia inducible factors is a common

feature of aggressive tumors. In order to analyze the relation between HIF1A

expression and differentiation related genes in high-risk neuroblastoma patients, we

looked into gene expression data from the TARGET database. First, we classified

patients into High Expression HIF1A and Low Expression HIF1A, and then assessed

whether HIF1A expression is related to the worst disease outcome (Fig. 4 A-C).

We further analyzed the expression of differentiation related genes (SYP,

NEFL, ENO2, MAPT) in high-risk neuroblastoma patients. The elevated expression

of HIF1A was related to an increased mean expression of both SYP and NEFL ( Fig.

4 D-E), whereas there was no change in ENO2 and MAPT mean expression (Fig.

F-G). These findings reinforce the results found in this study, indicating a relationship

between HIF-1𝞪 and differentiation markers.
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Figure 4: HIF1A expression was analyzed in a cohort of 75 High-Risk

Neuroblastoma patients (A) in order to assess its relation to disease outcome (B) and

age at diagnosis (C). HIF1A median expression sets the baseline for cohort

classification between HIF1A Low Expression and HIF1A High Expression. We

evaluated the normalized gene expression of differentiation markers NEFL (A), SYP

(B), ENO2 (C) and MAPT (D) in HIF1A High expression and HIF1A Low expression
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patients. NEFL and SYP mean expression were elevated in HIF1A High-expression

patients.

4. Discussion

HIF-1𝞪 role in neuroblastoma cells differentiation treatment is ambiguous.

Whereas in hypoxic conditions HIF-1𝞪 may be responsible for RA resistance (14), it

might be required for differentiation towards a neuron-like phenotype under normoxic

conditions, as seen in previous findings by Cimmino and collaborators (5). In this

study, we evaluated the role of HIF-1𝞪 in RA-induced differentiation in neuroblastoma

cells of the lineage SH-SY5Y under normoxic conditions. Our results demonstrate

that HIF-1𝞪 inhibition could impair the differentiation properties of RA leading to a

reduced expression of differentiation markers and altered morphological features.

By RT-qPCR we demonstrated that differentiation markers such as SYP, TAU

and ENO2 were downregulated in sHIF + RA cells, even though differentiation

marker presence was still higher than in undifferentiated cells. Interestingly, SYP and

TAU mean expression were elevated in HIF1A Low Expression neuroblastoma

patients. Our results complement the findings of Cimmino et al (3), who have shown

that the inhibition of HIF-1𝞪 leads to a reduced expression of differentiation markers

TUJ-1 and NEFL in retinoic acid-treated SH-SY5Y cells with lower neurite outgrowth

and neurite average length. Even though we weren't able to see a significant

difference in total neurite/cell between sSCR + RA and sHIF + RA cells, it is possible

to observe an upward tendency in the number of neurites/cell in the sSCR + RA

group. Previous studies have linked hypoxia and neuronal differentiation (19, 20).

HIF-1𝞪 and PHD regulate the Rho-associated protein kinase (ROCK), as inhibition of
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ROCK is linked to neurite outgrowth and elongation (21, 22). HIF-1𝞪 activation

through CoCl2 administration in mesenchymal stem cells lead to inhibition of ROCK

concomitant with morphological changes and increased neuronal markers (21). This

relationship between HIF-1𝞪 and Rho/ROCK might explain the diminished neurite

length on HIF-1𝞪 silenced cells.

By immunofluorescence microscopy we were able to show that the inhibition

of HIF-1𝞪 was able to partially impair the differentiation induced by retinoic acid,

showing morphological alterations such as a reduced average length of neurites

combined with a lower NEFL signal. We could not observe a significant difference in

GFAP levels in sSCR + RA cells. Cimmino et al (3) proposed that HIF-1𝞪 inhibition

leads to an enhanced glial transdifferentiation in SH-SY5Y due to an enhanced GFAP

immunoconent in a 25-day treatment. In a shorter treatment of 7 days we did not

observe the same alterations in GFAP levels.

Retinoic acid role in cell proliferation and differentiation is linked to HIF-1𝞪,

with different responses in different cell types and conditions. Zhang et al (10) have

demonstrated an increase in HIF-1𝞪 protein in response to retinoic acid treatment in

myeloid leukemic cells. HIF-1𝞪 conditional induction significantly increased cell

differentiation, whereas HIF-1𝞪 inhibition with short hairpin RNA significantly

decreased cell differentiation. In neural stem and progenitor cells of the adult

hippocampus, retinoic acid has a role in maintaining cell proliferation through

regulation of S-phase reentry (11). Retinoic acid is known for its differentiating effect

on neuroblastoma cells (15, 16, 17, 18). Oxygen levels may influence retinoic

acid-HIF-1𝞪 relation in neuroblastoma cells differentiation. Besides retinoic acid

induction of HIF-1𝞪, the response to the inhibition of this factor varies. Bhaskara et al

(14) have shown that in an intermittent hypoxia (IH) model retinoic acid reduces the
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differentiation towards a neuron-like phenotype. Futhermore, the authors

demonstrated that HIF-1𝞪 inhibition in IH is capable of inducing neuron-like

characteristics. In the current study we have demonstrated that HIF-1𝞪 inhibition in

normoxic conditions attenuates the retinoic acid differentiation in neuroblastoma cells

accompanied by reducing neurite average length, NEFL immunocontent, and SYP,

TAU, ENO2 expression. The findings of Cimmino et al (5) corroborate our results,

showing a reduction in cell differentiation towards a neuron-like phenotype. However,

Cimmino et al (5) assert that morphological alterations such as the appearance of flat

cells forming ganglion-like structures concurrent with an enhanced GFAP signal

indicate that HIF-1𝞪 inhibition followed by RA treatment leads to enhanced glial

transdifferentiation.

Markers such as NEFL, TAU, SYP, ENO2 are commonly used by several

authors to determine neuroblastoma cell differentiation in vitro (5, 29, 30). While

these markers in vitro may suggest success in retinoic acid treatment, they may have

different relevance for neuroblastoma patients. Immunohistochemistry of

neuroblastoma tumors demonstrates that (i) synaptophysin is constitutively

expressed by neuroblastoma tumoral cells, (ii) NEFL is a common but with inefficient

mutation in neuroblastoma tumors and (iii) neuron-specific enolase (ENO2) is a

non-favorable marker. Analyzing a cohort of 75 high-risk neuroblastoma, we

observed that an elevation in the mean expression of HIF1A results in a higher mean

expression of both NEFL and SYP (Fig. 4 D-E). Further studies are needed to explain

HIF-1𝞪’s role in retinoid therapies and whether these alterations in NEFL and SYP

levels in HIF1A High Expression patients are beneficial.
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5. Conclusion

In conclusion, we show that, HIF-1𝞪 inhibition partially inhibits retinoic

acid-induced differentiation in SH-SY5Y cells. HIF-1𝞪 silencing was able to

significantly change the morphology of retinoic acid treated neuroblastoma cells as

well as to reduce the expression of differentiation markers. These findings suggest

that HIF-1𝞪 is involved in retinoic acid-induced differentiation regulation and may

provide grounds for further studies about this transcription factor role in cell

differentiation. The tumoral microenvironment presents fluctuations in oxygen levels

within the tumor; hence, HIF-1𝞪 has a vital role as oxygen sensor in cancer cells.

Understanding how HIF-1𝞪 influences cell proliferation and differentiation may

provide basis for better comprehension of its influence in retinoid therapies for the

treatment of neuroblastoma.
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