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RESUMO

A ingestdo de alcool por mulheres em idade reprodutiva associado a uma gravidez néo
planejada submete a gravida a um grande risco de consumir alcool durante os estagios iniciais
da gravidez, quando os sintomas ainda nao sao evidentes, o que pode resultar em uma variedade
de problemas morfologicos, cognitivos e comportamentais na crianga que vira a nascer, sendo
um grave problema de saude publica. Por isso, examinamos se apenas uma exposic¢ao ao etanol
durante os estagios iniciais da migracdo neuronal foi capaz de afetar a citoarquitetura do
neocortex e a massa encefalica da prole. A injecdo de etanol foi realizada intraperitonealmente
em trés doses (3g de etanol/kg peso corporal) com intervalos de 8 horas em fémeas gravidas de
ratos Wistar (180-230 g) doze dias apds o coito (E12) para modelar a exposi¢do ao alcool entre
as 5-6 semanas de gravidez em humanos. Para a visualiza¢do das células que migraram, foi
realizada a marcacdo com Bromodesoxiuridina (BrDU) 24 horas ap0s a primeira injecdo de
etanol. A exposicdo aguda causou a perturbacdo da migracdo celular produzindo ectopia,
heterotopia e despovoamento neuronal, 0 que pode caracterizar a Sindrome Alcodlica Fetal,
mas ndo teve impacto substancial no volume cerebral total. Em resumo, a exposi¢do aguda
restrita ao inicio da gestacdo teve efeitos sutis na massa encefélica da prole, mas trouxe
evidéncias histolégicas do comprometimento da migracdo neuronal, o que contribui para danos
cognitivos caracteristicos antes apenas descritos na exposi¢do pré-natal cronica ao etanol.

Palavras-chaves: neocortex, efeito de drogas, migracdo neuronal, sindrome alcodlica fetal, toxicidade
do etanol.



ABSTRACT

The consumption of alcohol by women of reproductive age associated with an unplanned
pregnancy puts the pregnant woman at a greater risk of consuming alcohol during the early
stages of pregnancy, when the symptoms are not yet evident, which can result in a variety of
morphological, cognitive, and behavioral problems in the unborn child, being a serious public
health problem. Therefore, we examined whether just one prenatal exposure to ethanol during
the early stages of neuronal migration was able to affect the cytoarchitecture of the neocortex
and the brain mass of the offspring. Ethanol injection was performed intraperitoneally in three
doses (3g ethanol/kg body weight) at 8-hour intervals in pregnant female Wistar rats (180-230
g) twelve days after conception (E12) to model the alcohol exposure between 5-6 weeks of
pregnancy in humans. To visualize the cells that migrated in this period, labeling with
Bromodeoxyuridine (BrDU) was performed 24 hours after the first ethanol injection. Acute
exposure caused the disruption of cell migration producing ectopia, heterotopia, and neuronal
depopulation, which may characterize Fetal Alcohol Syndrome, but had no substantial impact
on total brain volume. In summary, acute exposure restricted to early pregnancy had subtle
effects on the brain mass of the offspring, but brought histological evidence of impaired
neuronal migration, which contributes to cognitive impairments previously only described in
chronic prenatal exposure to ethanol.

Keywords: neocortex, drug effects, neuronal migration, fetal alcohol syndrome, ethanol
toxicity.
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1 INTRODUCAO GERAL

O consumo de drogas de abuso durante a gestagdo constitui um importante problema de
salde publica mundial que é evitavel. A gravidez € um periodo extremamente delicado, pois
existem interacOes estreitas entre o sistema materno e o sistema fetal através da placenta, que
resultam em uma interligacdo entre a méae e o feto, que fica vulneravel as exposicdes
medicamentosas, infeciosas, de produtos quimicos ou até mesmo a agentes fisicos que uma
mulher pode sofrer durante a gravidez (ALWAN e CHAMBERS, 2015).

O alcool, também denominado etanol, € uma droga psicoativa que é capaz de alterar o
comportamento, percep¢do e a consciéncia do usuario que o consome (STAFFORD,
FERNANDES e AGOBIANI, 2012; SALLING et al., 2018). O etanol age como depressor do
sistema nervoso, ao retardar o funcionamento do cérebro e das atividades neurais, resultando
em fala arrastada, movimentacao instavel, perturbacdo da percepc¢éo e diminuicdo de inibicdes
(SALLING et al., 2018). Apesar disso, o &lcool esta dentro do grupo de drogas licitas e é
amplamente consumido no mundo inteiro (BEYDOUN et al., 2014) por diversos fatores, como

celebracgdes culturais, eventos sociais, entre outros.

A ingestdo de alcool durante a gravidez pode resultar em uma variedade de problemas
morfolégicos, cognitivos e comportamentais. Dependendo do tempo de exposi¢do ao alcool e
do padrdo de consumo da mée, o alcool pode ter efeitos diferentes em uma crianca (FOLTRAN
et al., 2011). Ndo hé janela de seguranca para o uso de etanol durante a gestacdo, pois ele pode
causar sérios problemas para o feto ao longo da gravidez, incluindo antes da mulher saber que
esta gravida.

A exposicao fetal ao alcool durante o periodo de desenvolvimento do cérebro tem sido
associada a déficits no aprendizado, memdria e funcionamento executivo tanto em humanos
quanto em modelos animais (WARREN, 2011; MARQUARDT et al., 2014; WANG et al.,
2020). Estes déficits muito provavelmente resultam de Disturbios da Migracdo Neuronal
(DMN), que é um grupo de mas formagdes congénitas causadas pela migracdo anormal de
neurbnios no cérebro em desenvolvimento e no sistema nervoso (BUCHSBAUM e
CAPPELLO, 2019; SUBRAMANIAN, CALCAGNOTTO e PAREDES, 2020).

A migracdo neuronal, que ocorre durante o segundo més de gestacdo em humanos, é
controlada por uma variedade complexa de guias e sinais quimicos. Quando esses sinais estao

ausentes ou incorretos, 0s neurénios ndo védo para o lugar a que pertencem (RAKIC, 1990;
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HWANG, KU e HASHIMOTO-TORII, 2019), resultando em areas do cérebro estruturalmente
anormais ou ausentes nos hemisférios cerebrais, cerebelo, tronco cerebral ou hipocampo. As
anormalidades estruturais encontradas em DNMs incluem esquizencefalia, porencefalia,
lissencefalia, heterotopias, agenesia do corpo caloso e agenesia do cranio (SCHILLER et al.,
2020; SUBRAMANIAN, CALCAGNOTTO e PAREDES, 2020).

Estudos sobre os efeitos cronicos da exposicdo pré-natal ao etanol demonstraram que
houve dessincronizacdo do desenvolvimento cortical (BARTH, 1987; MILLER, 1993,
GUERRI, 1998; CAMARILLO e MIRANDA, 2007; SHENODA. 2017), e consequentemente,
danos ao estabelecimento de circuitos neuronais, que geram uma reorganizacdo do neocortex
caracterizada por grupos heterotopicos de neurénios (MILLER, 1993; FIUZA e MORAIS,
2017). Além da desestabilizacdo da matriz celular, dos componentes moleculares e da glia
(IKONOMIDOU e SERGIADIS, 2000; GUERRI et al., 2009; ARONNE et al., 2011) e dos
préprios neurbnios (GIL-MOHAPEL et al., 2010), prejuizos na expressdo génica
(CAMARILLO e MIRANDA, 2007; EHRHART et al., 2019) e apoptose das células neurais
(IKONOMIDOU e SERGIADIS, 2000).

Em relagdo aos efeitos da exposi¢cdo aguda ao etanol, ndo existem muitos relatos na
literatura (AVERSI-FERREIRA e NASCIMENTO, 2008). Estudos gerais e mais completos
sobre os efeitos agudos do etanol no cérebro no desenvolvimento sdo necessarios, considerando
aspectos moleculares e génicos; de fato, a maioria dos poucos estudos agudos estd focada em
aspectos histolégicos (FERREIRA et al., 2004; AVERSI-FERREIRA et al., 2006; AVERSI-
FERREIRA e NASCIMENTO, 2008).

Nossa hip6tese € que apenas um evento de exposicdo aguda ja seria suficiente para
causar resultados, como o disturbio da migracdo neuronal e reducdo da massa encefélica,

relatados nos estudos cronicos e encontrados na Sindrome Alc6olica Fetal.



2 REVISAO DA LITERATURA

2.1 A GENESE DO CORTEX CEREBRAL

O cortex cerebral de mamiferos é composto por uma diversidade de tipos celulares -
neurdnios excitatorios de projecdo, neurdnios inibitdrios, oligodendrdcitos e astrocitos -
distribuidos através de camadas e regides. Para que as funcdes normais do cérebro sejam
executadas é de extrema importancia que o processo da estratificacdo horizontal do cortex
durante o desenvolvimento ocorra sem prejuizos, pois problemas na formacéo destas camadas
podem resultar em distarbios anatébmicos e funcionais (THOMPSON, LEVITT, e
STANWOOD, 2009).

Os processos de geracdo, migracao e diferenciacdo do cortex ocorrem principalmente
no periodo pré-natal, mas em algumas areas do Sistema Nervoso Central (SNC), estes
fendmenos podem ocorrer apds 0 nascimento, como no cerebelo (FIUZA et al., 2017; RAHIMI-
BALAEI et al., 2018), no hipocampo (NOGUCHI et al., 2020) e na zona subventricular
(GUERRERO-CAZARES et al., 2020).

Por volta do nono dia embrionario (E9) em ratos, o tubo neural é composto por células
neuroepiteliais, que se dividem simetricamente para ampliar sua populacdo. A divisdo de cada
célula € sincronizada com o movimento basal-apical do nicleo em um processo conhecido
como migracéo intercinética (GOTZ e HUTTNER, 2005). Como as divises celulares de cada
célula ndo é sincronizada com as outras ao seu redor, o neuroepitélio aparenta ser
pseudoestratificado (KRIEGSTEIN e ALVAREZ-BUYLLA, 2009).

Até este momento, as células neuroepiteliais sdo o Unico tipo celular que compbem a
placa e o tubo neural, e serdo responsaveis por dar origem aos neurdnios e células da glia. A
neurogénese é o primeiro processo do desenvolvimento do SNC, em que por volta de
E9.5/E10.5, as células neuroepiteliais comecam a transformar-se em células gliais radiais
(MILLER, 1993; TAKAHASHI, NOWAKOWSKI e CAVINESS JR, 1996).

Estas células possuem propriedades neuroepiteliais residuais, como a polaridade apical-
basal e a migracéo intercinética em seu ciclo celular, além da ancoragem no ventriculo lateral.
Seu nucleo fica no lado apical voltado para o ventriculo, formando uma camada celular muito
densa chamada de Zona Ventricular (ZV) (GOTZ e HUTTNER, 2005; TAVERNA, GOTZ e
HUTTNER, 2014).
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As células gliais radiais dao origem a maior parte dos neurénios, mesmo que de forma
indireta, através da geracdo de progenitores chamados de Progenitores Basais (PB) que
possuem maior capacidade de proliferacdo (Figura 1), o que permite a posterior ampliacédo
exacerbada do numero de neurdnios no cortex (IMAYOSHI et al., 2013; KICHEVA et al.,
2014), pois eles passam por mais ciclos celulares em comparagdo com as células da glia,
aumentando o nimero de neurdnios que sdo gerados a partir de um determinado ndmero de
progenitores, permitindo que ocorra uma nova rodada de divisdo celular em camadas distantes
da superficie apical. O corpo celular dos PB esta localizado fora da ZV, e eles formam outra
camada celular, a Zona Subventricular (ZSV) (Figura 2) (IMAYOSHI et al., 2013; KICHEVA
etal., 2014).

Figura 1 - Relacdo simplificada entre as células neuroepiteliais (NE), células gliais radiais
(GR) e neurdnios (N).

Simétrica, divisao prolfiferativa

ica, i T i3 Nica

L
‘ Assimeé .n.q,d'nlﬁ T _‘ =
. /-\ Simétrica, divis3o neurogénica

/ :3 : o \:imétrica, divisao proliferativa
e = Assimétrica, divisio diferenciativa
il A/ i
Simétrica, divisio PB Assimétrica, divisao diferenciativa
neurogénica / \

Simétrica, divisao diferenciativa
; -
PB PB

Simétrica, divisio
neurogénica

Simétrica, divisio
neurogénica

Simétrica, divisio
neurogénica

Fonte: Adaptado de GOTZ e HUTTNER (2005).
Legenda: A) Linhagem sem progenitores;
B) Linhagem com progenitores basais (PB).
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Figura 2 - Trés formas de neurogénese durante o desenvolvimento cortical.

* Transformacio dirsta

~= Divisdo assimétrica

~e Divisdo simétrica

Vaso Sanguineo %

Fonte: Adaptado de KRIEGSTEIN e ALVAREZ-BUYLLA (2009).

Legenda: A) Células Gliais Radiais geram neurdnios diretamente através de divisao assimétrica;
B) Indiretamente através da geracdo de Progenitores Basais (PBs) e uma rodada de amplificacéo;
C) Indiretamente através dos PBs com duas rodadas de divisdo simétrica e amplificac&o.

Em ratos, esta sequéncia de acontecimentos ocorre entre E11 até E17, que é equivalente
ao segundo trimestre de gravidez em humanos (TAKAHASHI, NOWAKOWSKI e CAVINESS,
1996).

Durante o desenvolvimento, 0s neurdnios excitatorios sdo gerados na zona ventricular
paliativa voltada para o ventriculo lateral ou para a zona subventricular adjacente. Em seguida,
eles migram radialmente em direcdo a superficie pial do cérebro, passando por neurénios
predecessores gerados durante os estagios anteriores e interrompendo sua migragdo no topo da
placa cortical em desenvolvimento. Como 0s neur6nios excitatorios do neocortex cerebral s&o
gerados e migram sequencialmente durante o periodo de desenvolvimento, os neurbnios

nascidos no inicio estdo localizados nas camadas profundas e os neurdnios nas ultimas fases
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estdo localizados nas camadas superficiais, nascendo "de dentro para fora" (Figura 3)
(FERENT, 2020).

Figura 3 - As glias radiais funcionam como fonte e suporte de neur6nios recém-nascidos no
cortex em desenvolvimento. A glia radial apical (aRG) estende um processo apical atingindo a
superficie ventricular, onde expGe seus cilios primarios, bem como um processo basal atingindo
a superficie cortical. A glia radial basal (b0RG) tem seus corpos celulares localizados em areas
mais basais da parede cortical. Os processos apicais e basais dessas células (azul) estabelecem
0 arcabougo em toda a parede cortical. As GRs sofrem diviséo celular, dando origem a uma
célula filha que pode ser outra GR (divisdo simétrica) ou um progenitor basal (divisdo
assimétrica, os progenitores intermediarios sdo representados em laranja). Essas células dao
origem a neuroblastos migratorios (verdes) que se movem ao longo dos processos basais da RG
para alcancar sua posicéo final dentro das camadas corticais. Os primeiros neurénios da camada
profunda sdo gerados, entdo os neurénios da camada superior nascem.

Upper layer neurons

‘ bRG )
8 —= Deeper layer neurons
A
\ | 0
Intermediate iy g
progenitors

aRG

Developemental stages

Fonte: FERENT (2020).

2.2 MIGRACAO NEURONAL

O Sistema Nervoso Central (SNC) se desenvolve a partir de diversos eventos celulares
e moleculares extremamente organizados, tais como a criagdo de padrdes neuronais, a

ocorréncia da migracdo de neurdnios e o crescimento axonal (LEE et al., 2020).
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A partir das regides proliferativas, as células migram para os seus sitios destino para que
sejam diferenciadas em neurdnios. Em vista disso, observa-se que a maioria dos neurénios no
sistema nervoso vertebrado em desenvolvimento tem sua origem em locais significativamente
diferentes daqueles onde residirdo no cérebro adulto ja formado (RAKIC, 1990; KANEKO et
al., 2017).

A migracdo de neurbnios comeca no periodo pré-natal e continua na infancia. Este
processo de desenvolvimento é crucial para a formacdo de uma rede neuronal adequada, e a
perturbacdo deste processo resulta em prejuizos cognitivos e comportamentais para o resto da
vida do individuo (BUCHSBAUM e CAPPELLO, 2019). Durante o desenvolvimento do
cérebro, os neurénios recém-gerados sofrem mudancas morfoldgicas seguidas pela migracédo
da camada germinativa através da intrincada rede da matriz extracelular para estabelecer

conexdes com outras células de uma forma altamente ordenada (RAKIC, 1972).

Ha dois modos principais de migracdo no cértex cerebral conhecidos (GUERRINI e
PARRINI, 2010).

2.2.1 Migracéo Radial

A migracdo radial direcionada a pia, em que 0s neur6nios excitatorios gerados nas zonas
proliferativas do primérdio migram radialmente em direcdo a superficie pial do cortex ao longo
do eixo radial. Esses neurénios usam os processos celulares que séo alongados das células gliais
radiais como a estrutura de sua migracdo (RAKIC, 1972; AYALA, SHU e TSAI, 2007). Ao
chegar a camada superficial, os neurdnios se desprendem dos processos gliais radiais para se
estabelecerem na placa cortical (Figura 4).
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Figura 4 - llustragdo esquematica da migragdo radial direcionada a pia de neurdnios
em ratos entre E9.5 e E18.5.
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FONTE: Adaptado de CARAMELLO (2019).

2.2.2 Migragéo Tangencial

J& o outro modo de migracdo neuronal, conhecido como migracdo tangencial, é
empregado por interneurdnios inibitdrios. Esses neurbnios migram tangencialmente a partir das
eminéncias ganglionares (GE) para o cortex cerebral (Figura 5) (MARIN e RUBENSTEIN,
2001; AYALA, SHU e TSAI, 2007).
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Figura 5- InteracOes entre interneurdnios e células radiais da glia durante o desenvolvimento
do cortex cerebral. Interneurdnios (verde) migram para a parede cerebral a partir da eminéncia
ganglionar (GE), interagem com células radiais da glia (vermelho) e podem exibir mudancas
na direcdo da migracao apos este contato.
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Fonte: YOKOTA et al. (2007).

2.2.3 Regulacédo da migragdo

Com essas informacgOes, entende-se, entdo que a migragdo neuronal implica no
movimento de um corpo celular a partir da zona proliferativa até o seu destino final no cérebro
ja maduro (RAKIC, 1972). Esses eventos de deslocamento sdo regulados de forma que a
densidade neuronal produzida é aproximadamente a mesma de uma area para outra, tanto no
cérebro humano quanto no cérebro de outras vérias espécies de mamiferos (TAKAHASHI,
NOWAKOWSKI e CAVINESS JR, 1996).

Diferentes populac@es de células estdo envolvidas na regulacdo da migracao neuronial,
como por exemplo neurénios de Cajal-Retzius, neurdnios da subplaca, neurdnios precursores
ou glia radial, além de implicar multiplos mecanismos moleculares, como controle do ciclo
celular, interacGes célula-célula - estas, geralmente mediadas por células de adeséo - liberagéo
de neurotransmissores, disponibilidade de fatores de crescimento, vias de transducgéo de sinal,
entre outros (GRESSENS, 2000; EDELMAN et al., 2003).
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2.2.4 Camadas corticais

As camadas corticais sdo formadas principalmente por quatro tipos neuroniais: as
células piramidais, as células granulares, células fusiformes e as células horizontais ou de Cajal
(Figura 6).

Figura 6 - llustracdo do formato tipico de neurdnios.

Fonte: Do autor (2022).
Legenda: A) Piramidal;
B) Granular;
C) Fusiforme;
D) Horizontal ou de Cajal.

Os diferentes tipos celulares organizam-se no cOrtex em seis camadas, que Sao

enumeradas de | a VI, da porcédo externa para a interna (Figura 7) (CAVINESS JR, 1975).

A camada I, a camada molecular, contém poucos corpos celulares de neurdnios e
consiste principalmente em axdnios paralelos (horizontais) a superficie do cortex. Os dendritos

apicais das células localizadas nas camadas mais profundas também se ramificam na camada |.

A camada Il, a camada granular externa, é composta por uma mistura de pequenos

neurdnios chamados células granulares e neurdnios ligeiramente maiores que sdo chamados de
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células piramidais. Os dendritos apicais destas células piramidais se estendem para a camada |

e seus axonios descem para dentro e através das camadas corticais mais profundas.

A camada I11, a camada piramidal externa, contém principalmente células piramidais de
tamanho pequeno a meédio, juntamente com alguns neurdnios de outros tipos. Em geral, as
células piramidais menores ficam localizadas na porcao externa ou superficial da camada Ill,
enquanto as células piramidais maiores estdo localizadas na porc¢éo interna ou mais profunda
dessa camada. Seus dendritos apicais ascendem para a camada | e seus axdnios também descem

para as camadas mais profundas.

A camada IV, a camada granular interna, consiste quase exclusivamente de neurénios
granulares lisos e espinhosos, ambos as vezes categorizados apenas como células granulares.
Esta camada € livre de células em forma de pirdmide. Pode ser dividido em porg¢des externa
(IVa) e interna (IVb) em muitas &reas neocorticais e em trés por¢des (IVa, 1Vb, I\Vc) no cortex

visual primario.

A camada V, a camada piramidal interna, consiste predominantemente de células
piramidais médias a grandes. Os dendritos apicais das células piramidais médias podem se
estender para cima em uma ou duas camadas, enquanto os das células piramidais grandes se

estendem para fora até a camada I. Alguns axdnios corticais também se originam na camada V.

A camada VI, chamada camada multiforme, contém uma variedade de tipos de
neurdnios, incluindo alguns com corpos celulares piramidais e fusiformes. Os dendritos das
células maiores se estendem para a camada I, sendo que aqueles que surgem das células

menores geralmente ndo se estendem além da camada IV.



18

Figura 7 - Microfotografia do Cortex cerebral. Coloracdo nitrato de prata reduzido de Cajal.
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Fonte: PIEZZI e FORNES (2008).

2.3 DISTURBIOS NA MIGRACAO NEURONAL

Havendo problemas de migragdo de neurdnios no cortex cerebral, as camadas podem
ter sua ordem natural invertida, com despovoamento neuronial na camada cortical profunda
(REDECKER et al., 1998). Muitas doencas, como a epilepsia (CHEVASSUS et al., 1998;
EVSYUKOVA, PLESTANT e ANTON, 2013), estdo associadas a desordens na migracdo

neuronial.

Anormalidades genéticas ou fatores epigenéticos induzem distarbios em células gliais
ou interacdo neurénio-glial durante o periodo critico de desenvolvimento (KRAVITZ et al.,
2019), o que pode conduzir a varias anormalidades moleculares, estruturais e funcionais no
cérebro (SUPER, SORIANO e UYLINGS, 1998; LIU et al., 2011; TABATA e NAGATA,
2016).
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As desordens na migracao neuronial representam um grupo de malformagdes congénitas
que afetam a migracdo de milhdes de neurbnios ectodérmicos para a camada germinal, o que
produz mudancas na citoarquitetura, laminacéo e na fisiologia neural, particularmente no cortex
cerebral. Elas sdo determinadas geneticamente ou causadas por infec¢des, intoxicacdes ou
radiagdes (VELEZ-DOMINGUES, 1998; GUERRINI e PARRINI., 2010; VALIENTE e
MARIN, 2010; LIU et al., 2011).

Os problemas na migracdo neuronal podem ser provocados por desarranjos da glia
radial. A glia radial conduz os neurdnios para a posi¢ao que devem ocupar no adulto, a fim de
gerar circuitos normais pela formagdo das sinapses (MILLER, 1993; SUPER et al., 1998;
BEATTIE e HIPPENMEYER, 2017; BATOOL et al., 2019). Um atraso na migracdo pode
promover dessincronizacdo do desenvolvimento cortical, o que prejudica a formacdo de
circuitos normais nos neurdnios do adulto (MILLER, 1993; FALKNER et al., 2016).

Quaisquer distarbios desses dois modos de migracdo causam Disturbios de Migracao
Neuronal (DMN), e as consequentes malformacdes sdo detectaveis por imagens do cérebro em
pacientes com DNM (ROBERTS, 2018). Casos profundos de DNMs incluem lisencefalia,
heterotopia e displasia focal (GUERRINI e PARRINI, 2010).

2.4 TERATOGENICIDADE DO ALCOOL

Agentes teratdgenos sdo aqueles responsaveis por causarem anormalidades durante o
desenvolvimento pré-natal (FRIEDMAN, 2011). Os efeitos teratogénicos nao estdo restritos
apenas a alteracdes fisicas, mas também funcionais e comportamentais, que sé sdo evidenciadas
quando a crian¢a atinja a idade na qual estas fungdes e comportamentos se desenvolvem
(MATTSON, SCHOENFELD e RILEY, 2001; HOYME, et al., 2016). O etanol é um
teratdgeno capaz de induzir diversas anormalidades no desenvolvimento tanto em animais

quanto em humanos.

A gama de déficits decorrentes da teratogenicidade do alcool depende do momento e da
guantidade de alcool que a mae consumiu, causando uma variedade de distUrbios categorizados
na Sindrome Alcoolica Fetal (SAF) (WARREN, HEWITT, e THOMAS, 2011). Individuos com
SAF normalmente apresentam deficiéncias no neurodesenvolvimento e fenotipo facial distinto,
com labio superior fino e comprimento curto da fissura palpebral (CHUDLEY et al., 2005;
BLACKBURN, CARPENTER e EGERTON, 2010; FOLTRAN et al., 2011; SCHNEIDER,
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MOORE e ADKINS, 2011). Embora se trate de uma exposicao evitavel, a incidéncia da SAF
ainda permanece elevada (MAY et al., 2018), com custos econémicos para a crianga, familia e
sociedade em geral (POPOVA et al., 2017).

2.5 0 RATO COMO MODELO EXPERIMENTAL

As pesquisas de estudos neurais utilizam animais de laboratério (CLANCY et al., 2001;
CLANCY et al., 2007), que tem sido usado sucessivamente nos estudos de defeitos induzidos
pelo etanol na estrutura cortical (MILLER, 1993).

Em ratos, a migracéo para a formacdo do cortex comeca entre o décimo segundo (E12)
e décimo-terceiro (E13) dia de vida intrauterina (TAKAHASHI, NOWAKOWSKI e
CAVINESS JR, 1996; KANEKO et al., 2017). A exposicdo de fémeas gravidas ao etanol
afeta os embrides e conduz a alteragdes no citoesqueleto dos neuroblastos (MILLER, 1993),
causando danos na arquitetura cortical (FERREIRA et al., 2004).

A praticidade da utilizacdo desse animal é fundamental para trabalhos com o sistema
neural em desenvolvimento, pois permite acompanhar estas etapas no embrido a partir do dia
em que em a fémea foi fecundada. As etapas de migracdo dos neurdnios corticais no rato ja
foram caracterizadas morfologicamente por marcacdo com bromodesoxiuridina (BrDU)
(TAKAHASHI, NOWAKOWSKI e CAVINESS JR, 1996).
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3 JUSTIFICATIVA

O desenvolvimento do sistema nervoso é um periodo extremamente delicado durante a
gestacdo, e a perturbacdo deste processo pode gerar problemas fisicos e comportamentais na
crianca que vird a nascer. Devido ao etanol ser uma substancia licita amplamente consumida ao
redor do mundo, diversas mulheres em idade reprodutiva estdo entre estes consumidores, e
podem vir a expor seus filhos durante o desenvolvimento fetal sem nem ao menos detectar 0s

primeiros sintomas de gravidez.

A utilizacdo do rato Wistar como modelo experimental neste estudo € justificada devido
ao fato do seu desenvolvimento neuronal ter sido extensivamente descrito na literatura e ser
similar ao de humanos. Além disso, permite uma acuracia na marcacao dos dias gestacionais, e

uma maior confianga nos resultados apresentados.

Embora sejam conhecidos os efeitos da exposi¢do crénica ao alcool na formacdo do
néocortex em modelos animais em diferentes estagios da gestacao, poucos estudos observaram
os efeitos que apenas um evento de exposicdo pode gerar durante o evento da migracdo
neuronal. Portanto, é necessario saber a severidade dos efeitos que a exposi¢do aguda pode
causar no desenvolvimento do sistema neural, discutir as consequéncias desta exposicao e trazer
mais informac6es sobre um problema de saide publica totalmente evitavel, como a Sindrome
Alcobolica Fetal (SAF).
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4 OBJETIVOS

Esse estudo teve como objetivo avaliar os efeitos da exposic¢éo pré-natal aguda sobre a
massa do encéfalo e a arquitetura do neocortex em filhotes de ratos Wistar submetidos a inje¢éo

de etanol.



23
Postnatal effects of the ethanol on the encephalon mass and neocortex architecture in
Wistar rat offspring submitted to acute prenatal injection and in vitro ethanol effects on

Wistar rat and human erythrocytes.
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Abstract

Background: A population of proliferative cells forms the ventricular and subventricular
shells, where the neuroblasts begins its migration to generate the six typical shells of the adult

neocortex. In rats, this migration begins by the 12" day of pregnancy (E12).

Methods: In this work, we studied the effects of the acute exposition to ethanol on E12 on the
morphology of the neural tissue. Ethanol was injected intraperitoneally (3 doses of 3 g of
ethanol/kg body weight, at 8 hours intervals) in pregnant females of Wistar rats (180-230 g)

with their embryos on Ez».

Results: Under these conditions, the acute treatment with ethanol perturbed the cell migration,

producing ectopia, heterotopia, and neuronal depopulation.

Conclusions: Acute ethanol treatment of rats on the twelfth day of intrauterine life determines

a degree of severity on the neural system that is very similar to the chronic treatment.

Keywords: drug effects, acute exposure, neocortex, development, erythrocytes, in vitro
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Background

The chronic effects of ethanol on the brain in development have been associated, inter alia, to
damages in cortical migration and generation of neurons [1-3] causing heterotopy and ectopia [4],
neuronal depopulation and neuroapoptosis [5,6] as well as disruption in callosal projection neurons [7],
glial alterations [8,9], disruption on the second messengers and protein phosphorylation [10], alterations
of the genetic expression [11-13], alterations of the growth factors [14] and neurotoxicity of
homocysteine [15] as well as alterations in substantia nigra [16], in the neural crest [17], in the
hypothalamic-pituitary-adrenal axis [18], in the cholinergic development [19,20] along with decreases

in Purkinje cell density [21] and hippocampus neurons [22,23].

Different regions of the encephalon are not uniformly vulnerable to ethanol and other
drug effects during development [17,24], mainly because of the absence or inefficiency of a
protective fetal blood-brain barrier [25,26].

Furthermore, the deleterious effects of ethanol on the organism in general and
specifically on the development of the encephalon are scarcely understood [27,28] and the
modus of action behind the ethanol effects on biological structures is uncertain, putatively
because ethanol effects are ubiquitous on cells constituent as well as receptors, growth cones,
nucleic acids, membranes what could affect the migration routes, synaptogenesis and the
structure of tissues and organs as cited above.

Most studies about the effects of ethanol on the neural system are focused on chronic effects,
and just a few study acute effects from a single day of exposure to this drug on prenatal development
[29]. The acute assays can be made on a specific day in the gestation while prioritizing crucial periods
as gastrulation, migration of cells, for instance, neural and glial migration or synaptogenesis period,
hypothetically destroying the basis of the cortical structure and consequently decreasing the cerebral

mass [30].

In this way, ethanol effects in the birth of neurons in the neocortex that occurs from gestational day 11

to 13 in rats [31,32] could be studied, because that is a crucial time to the construction of neocortex



26

layers and corresponds to first trimester-equivalent gestational days in humans [33,34] for the cerebral
mass. Thus, the first purpose of this work was to acutely inject ethanol (single day) in the development
neocortex when the neuronal migration is starting (neuron birthday) and to measure the evolution of the

brain mass in some days after birth, using rats as a model.

On the other hand, ethanol is a known chaotropic that acts by denaturing proteins [35,36]
and modifying the membrane bilayer [28]. It has been verified that chronic ethanol exposure in
rats changes membrane fluidity [37] and increases the osmotic fragility of erythrocytes [38],
producing hemolysis [39,40].

In vitro effects on erythrocytes indicate that ethanol destabilises the membranes [28,41,42] generating

pores [43] and modifying erythrocyte shapes [42]. Nevertheless, membrane stability is amply dependent

on the environment that cells live in [44] and the entropy of the aqueous solution-lipids system [45].

Indeed, before the ethanol acts on internal cellular structures, it must pass the
extracellular environment and penetrate the cells by going through the plasma membrane and
disrupting it [41,42]. Thus, it is reasonable to think, hypothetically, that the membrane rupture
should generate apoptosis and migration errors in the cells because the membrane stability is
essential to maintain cell integrity.

Water and saline solutions containing ethanol were tested separately to verify the
direction and under what physiological conditions the effect of these solutions on plasma
membranes would occur by the ethanol concentration injected in the rats in this experiment. To
reach these objectives, the main model used was the erythrocytes because of their particular
constitution, i.e. a cytoplasm without nucleus and organelles surrounded by a plasma
membrane, such that the plasma membrane is most of the membrane in this structure. Rat and
human erythrocytes were used.

In summary, the effects of the ethanol on the neocortex histology and the brain mass were

verified. Then, the acute injection of ethanol (single day) on the offspring”s neurons (E12) in Wistar rats

was studied and effects in offspring were observed on the eighth postnatal day (Ps). Additionally,
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measures of the brain and corporal masses were made after birth until the 50" postnatal day to verify
the effect of ethanol on brain mass. Then, in vitro tests were performed to verify the stability of
erythrocyte membranes under aqueous and saline ethanol solutions. Finally, the results and other data

from the literature were used to understand the general effect of ethanol on brain tissues.

Methods

Immunohistochemistry and encephalon/body masses

Female Wistar rats (180-230 g) were housed from 3:00 pm to 6:00 am the next day with male
rats. The presence of a vaginal plug and sperm in the vagina confirmed successful mating and indicated
the first day of gestation (Eo). Eighteen pregnant female rats were housed in cages at 22 £ 0.4°C ona 12
h light/dark cycle, with free access to food and water. On the 11" day of pregnancy (E1.), 12 rats received
three intraperitoneal (i.p.) injections of a 20% ethanol solution (3 g of ethanol/kg of body weight), at 8
h intervals. Ethanol was administered intraperitoneally because this route ensured that all rats received
an equal volume and amount of drug and there was almost 100% absorption. In addition, at Ei2, Six
control pregnant rats received saline injections of 0.9% at the same intervals as the ethanol-treated rats.
Proliferating cells were labelled as described elsewhere [32]. All rats received a single i.p. injection of
BrdU (5 mg/mL in 0.9% NacCl, containing 70 mM NaOH) at a dose of 60 mg/kg 2 h after the last

injection of ethanol or saline solution.

On the eighth day of postnatal life (Ps), 18 litters were chosen randomly and anesthetised with
sodium pentobarbital (50 mg-kg?, i.p.) and perfused with saline followed by 70% ethanol. The brains
were removed and processed as described elsewhere (Miller 1993). Briefly, the brains were embedded
in paraffin, sectioned sagittally (7 um thick sections) and mounted on gelatine-coated slides. The
sections were deparaffinised, hydrated in a graded ethanol series and treated with 1 molar (M) NaOH
followed by 1 M sodium borate buffer (20 min each), before washing with phosphate buffer. After
blocking non-specific sites with serum, the sections were incubated for 2 h with a monoclonal anti-BrdU

antibody (diluted 1:500; Sigma, St. Louis, MO, USA) followed by incubation for 1 h with a goat anti-
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rat secondary antibody (diluted 1:200; Vector, Burlingame, CA, USA) and then treated with an avidin-
biotin complex (Vector) and incubated with 3,3'-diaminobenzidine (Sigma). Sections were cover slipped
with Entellan. Some sections were not incubated with monoclonal antibodies to verify the possible

background. Finally, the slides were contrasted with safranin.

The presence of anomalous neuron clusters in the neocortex areas was indicative of heterotopia,

and the presence of unusual neurons in the neocortex layers was indicative of ectopia.

The lobes were identified via anatomical region and type of neurons for each layer according to
Caviness Jr [46]. The number of cells immunohistochemically labelled in cortices was obtained from a
trinocular microscope Olympus BX40-F4, coupled to an Oly-200 (Olympus American) camera and IBM
computer via an Olympus U-SPT coupling accessory. The images were processed with the use of the
HL image ++97 software. Six areas of 15,000 um? from each lobe for each encephalon were captured

and analysed.

The same proceedings used in the immunohistochemistry assays were done with eight female
rats prior to mating, ethanol and BrdU injections. The encephalon and body masses of offspring were
obtained on postnatal days 1, 8, 17, 26, 33, 45 and 50 after the perfusion (as the perfusion described
before). Between four to six weight measures were obtained from each litter, depending on the number
of individuals born to the nest. An effort was made to cut the head between the atlas vertebrae and the
occipital using a fine scissor and the encephalon was removed carefully. All materials were weighed on

an analytical balance (Mettler Toledo mod. AG245).

Osmotic fragility

Blood samples (3 mL) were collected, with a syringe containing heparin, from the antecubital
vein of male human volunteers (14) after overnight (8-12 h) fasting and from 2 adult Wistar rats (198

and 230g) via the left ventricle.
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The stability of erythrocytes was tested in solutions with different compositions: 1) ethanol from
0.1 to 20 g-dL* in 0.9% NaCl, 2) NaCl from 0.1 to 0.9 g-dL* and 3) ethanol from 0 to 19.8 g-dL™ in
deionised water to humans and ethanol from 3.9 to 74.1 g-L* in 0.9% NaCl. The general conditions of
the assays were adapted from the literature [47]. To each unit of a duplicate set of Eppendorf flasks, 1
mL of the testing solution and 10 pL of blood were added. After homogenisation and incubation at 37°C,
the flasks were centrifuged for 10 minutes at 2000 rpm, and the supernatant fractions were analysed by

visible spectrophotometry at 540 nm with a Micronal B442 spectrophotometer.

Aliguots of 10 pL of blood were added to concentrations of 1.56, 3.9, 7.8, 5.6 and 11.7 mg-dL
! ethanol (equivalent to 2, 5, 10, 15 and 20% of ethanol) solutions prepared in 0.9% NaCl. After
homogenisation and incubation at 37°C for 10 minutes, the mixtures were added to histological slides
and labelled with May-Griinwald-Giemsa stain and Sudan black. The slides were analysed in a trinocular
microscope Olympus BX40-F4, coupled to an Oly-200 (Olympus American) camera and IBM computer
via an Olympus U-SPT coupling accessory. The images were processed with the use of the HL image

++97 software.

Statistics

For the cell count, the normality test of data was performed first. Data submitted and approved
by Kolmogorov-Smirnov/Liliefor and Shapiro-Wilk W tests were considered normal. After the
acceptance, the normality was applied to a T-test to comparing means between the control and treated
groups to each lobe and afterwards to both complete groups. Differences were considered significant at

p < 0.001.

Data from encephalon and body weight were submitted to curve fit to verify the type of
regression that had a better fit for the data. Logarithmic and linear regressions were used in the
regressions. Logarithmic regression was used to compare the brain and body weight for both treated and

control rats, and linear regressions were used to compare control and treated brain and body weights.
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The comparison between the relationship between brain and body weight for both treated and control

groups was performed using linear regression. For all cases, the ANOVA was calculated for p < 0.05.

For both experiments’ cell counts and encephalon-body weights, the statistical analyses and

graphical plots were performed via the StatPlus program (AnalystSoft Inc. v.7.3.3).

Data obtained for ethanol/saline concentrations and only saline concentration were adjusted to
a sigmoidal curve according to the Boltzmann equation and the Dsowas obtained by 50% of erythrocyte

lysis.

Results

Immunohistochemistry of acute ethanol effects on the neocortex

In quantitative terms, the number of cells was lower in rats treated with ethanol than to controls
to each lobe and total count in all lobes (frontal, parietal, temporal and occipital) considering absolute

numeric data and after statistical analysis of means comparison with a t-test to p < 0.001 (Fig 1).
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Fig 1. Box graphic of the number of cells counted in the neocortex (15,000 pm?). The asterisk (*) indicates a
significant difference between control and treated groups for each lobe, and two asterisks (**) indicate a significant

difference between all controls and treatments by comparing means (T-test) to p < 0.001.

In qualitative terms, significant alterations of neocortical tissue in ethanol-treated rats relative
to control ones were observed. The characteristic pyramidal neurons were used as a marker to define
brain layers in Wistar rats (Fig 2A). The BrdU stained nuclei; however, many times, the content of the
nucleus may leak during the proceedings, and the cytoplasm shape is visualised in black or shades of

grey. On the other hand, the safranin stains permit a pale visualisation of the cytoplasm.
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Fig 2. Photomicrographs of the neocortex (prefrontal lobe) of Wistar rats with cells labelled with BrDU. A
Photomicrography of the histology of layers in the parietal lobe of a control (Bar = 200 um); B Photomicrography
of layers | and Il of a frontal lobe of a treated animal indicating (white arrows) the unusual large cells (ectopia)
with pyramidal shape in layer | (Bar = 20 um); C Photomicrograph of the tangential route from the ventricular
zone to the olfactory bulb generating a heterotopic group of cells (*) under fissure between the frontal lobe and
olfactory bulb (X) (Bar = 240 pm); D Photomicrograph of superficial layers of the temporal lobe of a treated

animal indicating (arrowheads) anomalous group of cells (heterotopy) in layer I close to the pia mater (Bar = 200

pum).

The main alterations observed in ethanol-treated animals were ectopic neurons with pyramidal
shapes found in layer I (molecular layer) (Fig 2B) and heterotopic groups into the molecular (Figs 2C,

2D, 3A) and external granular (layer I1) layers (Fig 3C).
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Fig 3. Photomicrographs of the neocortex of treated Wistar rats with cells labelled with BrDU. A
Photomicrography of the histology of superficial layers in the parietal lobe with a large heterotopic group of cells
presenting pyknotic nuclei (arrowheads) (Bar = 90 um); B Photomicrography of layers of a frontal indicating

(arrowheads) a group of cells in line seeming to follow a pathway to the pia mater (Bar = 70 um); C
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Photomicrography of superficial layers I, Il and part of 111 of the parietal lobes indicating an anomalous group of
cells (heterotopy) in layer Il; the normal nuclei expected to this layer are shown by head arrows (Bar = 25 um); 4
Photomicrography of layers of an occipital lobe showing (white line) a few populations of cells in deep layers (V

and VI) relative to other more superficial ones (Bar = 50 pm).

Cell depopulation in deep layers, manly V and VI (pyramidal internal and fusiform
layers, respectively) was observed qualitatively (Fig 3D) and quantitatively (Fig 1). Apoptotic
cells characterised by pyknotic nuclei were observed in heterotopic clusters (Fig 3A) and a
putative radial pathway to the pia mater was found by the observation of a line of nuclei (Fig

3B).

Acute ethanol effects on encephalon mass

The relation of the encephalon weight to body weight demonstrated a statistical difference
according to the ANOVA from the 1 day forward until the 50" post-natal day to p < 0.05 (Fig 4). The
statistical logarithmic regression was calculated to compare the brain and body weight for both treated
(R?=0.95504) and control (R?=0.9407) rats. The linear regressions were calculated to compare control
and treated brain weights (R?= 0.7166) and body weights (R?= 0.8212), as well as the comparison
between the relation between brain and body weights for both treated and control groups (R?= 0.0052),

at p <0.05 (Fig 4).

The ANOVA shows the acceptance of Ho for the comparisons between the brain and body
weight for both treated and control groups as well as the control and treated brain and body weights;
however, for the comparison between the relation between brain and body weight for both treated and

control groups, the Ho was rejected at p < 0.05.
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Fig 4. Graph showing the acute ethanol effects on encephalon mass. A Showing the logarithmic regression to
compare the brain and body weight for both treated (R? = 0.95504) and B control (R? = 0.9407) rats; C Showing
the linear regressions to compare control and treated brains weight (R? = 0.7166) and D body weights (R? =
0.8212); E Also the comparison between the relation between brain and body weights for both treated and control
groups was performed using linear regression (R2= 0.0052) in all cases, to p<0.05; F Box plot indicating the brain

mass difference between the control and treated rats.

Ethanol effects on osmotic fragility (membrane stability) of human

erythrocytes

The stability of erythrocyte membranes was verified under different concentrations of NaCl
from 0.1 t0 0.9 g-dL* (Fig 5A) with Dso equal to 0.46 g-dL™* (+ 0.05). It was performed by two motifs,
at least, 1) to verify the device accuracy and 2) to represent an osmotic parameter to study the ethanol
osmotic effects on membranes of erythrocytes. Crescent ethanol concentrations from 0 to 19.8 g-dL™*
were used to verify the membrane stability in erythrocytes (Fig 5B), demonstrating membrane rupture

for all analysed concentrations.
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Fig 5. Data from the crescent concentration of NaCl and ethanol on human erythrocyte membranes. A Data
from the crescent concentration of NaCl on human erythrocyte membranes; observe that the membrane stability
of erythrocytes starts at Dso (0.46 £ 0.05 g-dL™?); B Data from the crescent concentration of ethanol on erythrocyte

membrane stability; observe that for these concentrations membrane stability for erythrocytes is not present.

The membrane stability of Wistar rats and human erythrocytes was tested under the effect of
association among crescent ethanol concentrations (0.1 to 20.0 g-dL™* in humans and 3.9 to 74.1 g-dL*
in Wistar rats) diluted in a constant concentration of NaCl (0.9%) with a Dso equal to 11.05 + 0.25 g dL
! for humans (Fig 6A) and a Dso equal to 11.31 + 0.04 g-dL™* for Wistar rats (not shown graphically).
According to these data, the 0.9% NacCl in solution with ethanol stabilises erythrocyte membranes until
11.05 g-dL™* for humans and 11.31 g-dL* for Wistar rats. The average concentration of the ethanol in
the blood of Wistar rats for the histological study was approximately 24.4 g-dL?; therefore, into the
destruction of erythrocytes by ethanol in rats, in considering the rats’ average mass of 205 mg and the

blood volume of approximately 13 mL [48].
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Fig 6. Ethanol effects on membrane stability of human erythrocytes. A Plotted data of the crescent ethanol

concentration effect on the erythrocyte’s membrane keeping a constant concentration of the NaCl (0.9%)
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generating a sigmoidal curve adjusted to the Boltzmann equation. The pre-transition region must contain most of
the erythrocytes intact and the post-transition region must contain most of the destroyed erythrocytes. The
calculated Dso (a point that represents 50% of erythrocytes intact) was 11.05 + 0.25 g-dL. B Photomicrography
of erythrocytes labelled by May-Griinwald-Giemsa obtained from samples that generate pre-transition curve (2%
or 1.56-g-dL) indicating the intact or normal shape of erythrocytes (the thin black arrow indicates an example of
intact erythrocyte) (Bar = 35 um). C Photomicrography of erythrocytes labelled by Sudan black obtained from
samples that generate pre-transition curve (2% or 1.56 g-dL?) indicating the intact or normal shape of erythrocytes
in detail (the thin black arrow indicates an example of intact erythrocyte) (Bar = 10 um). D Photomicrography of
erythrocytes labelled by May-Griinwald-Giemsa obtained from samples that generate post-transition curve (20%
or 15.6 g-dL™) indicating small (black arrows) and destroyed (white arrows) erythrocytes (Bar = 38 um). E
Photomicrography of in detail erythrocytes labelled by Sudan black obtained from samples that generate post-
transition curve (20% or 15.6 g-dL™?) indicating small (black arrows) and destroyed (white arrows) erythrocytes

(Bar = 10 pum).

To verify the shape of the erythrocytes, histological assays were performed using May-
Grinwald-Giemsa (Figs 6B, 6D) and Sudan black (Figs 6C, 6E) stains. Most erythrocytes shown in Fig
6B and with more detail in Fig 6C at a concentration of 2% ethanol (1.56 g-dL™) presented intact
membranes. Meanwhile, at a concentration higher than 11.05 g-dL, specifically 20% ethanol (15.6
g-dL?) in Fig 6D and with more detail in Fig 6E, the erythrocyte membranes ruptured and/or the

erythrocytes presented small sizes in comparison with the erythrocytes in Figs 6B and 6C.

Discussion
Immunohistochemistry of acute ethanol effects on the neocortex

and loss of the cerebral mass

In the development neocortex, post-mitotic neurons migrate from ventricular pseudostratified
epithelium from days Ea: to Ei3 [32] to generate, in order, the deepest to superficial layers in the adult

neocortex [31,32,47]. This migration phenomenon obeys spatial and temporal patterns dependent on the
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formation and differentiation of the radial glia stimulated via chemical signs [49,50] for which molecular

mechanisms are scarcely known [51-53].

The horizontal and vertical layers of organization in the adult neocortex are essential to its
normal function and histological/molecular alterations during the development can affect the learning,

attention, behavior, motor abilities [11,54] and memory [55,56] in animals and humans.

Chronic ethanol effects are associated with the desynchronization of cortical development and
consequently the establishment of neuronal circuits generating a heocortex reorganization characterized
by heterotopic groups of neurons [7] as well as destabilization of the matrix, molecules and other
components in glia [53] and neurons [58,59], including processes such as gene expressions [11,60] and

apoptosis [53,61-63].

General and more complete studies about acute effects of ethanol on the brain in development
are necessary, considering molecular and genic aspects; indeed, most of the few acute studies are

focused on histological aspects [64-67].

The acute studies indicated similar effects in the neocortex of Wistar rats in relation those
verified to chronic ones, mainly in the presence of heterotopic groups of cells and depopulation in deep
layers [66] and apoptosis in primate brains [67]. In rats, however, episodic prenatal exposure to ethanol

in macaques has recently been shown to affect neurogenesis [68].

The literature refers mainly to chronic ethanol treatment problems, with some exceptions, as in
the studies of the lobes for acute effects of ethanol specifically in Ps with pregnant rats exposed in Ei»

[65-67].

These causes of the brain disorders could be caused by several factors, such as disorganization
of the cytoskeleton [49,69], problems in the expression of molecular clues (GGF, RF60, laminin,
proteoglycans) or even some metabolic alterations, generating heterotopia, which is one of the most

important derangements of the migration in the neural system [70-74].
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The presence of evident heterotopic groups forming cell mass of a nodular type, determined by
chronic exposure to ethanol [72], was also verified in this work as the deviation of the migratory route
of neurons, i.e. putatively because the cells lost the ability to locate in the correct space-time place,

perhaps they did not obtain the necessary connections to avoid apoptosis.

The neuroblast, when it leaves the germinal lamina to start its migration, has already specified
its type, location and shape [50] and ethanol could disrupt these organizations. Indeed, in this work, the

presence of ectopic neurons was observed in all rats acutely treated with/exposed to ethanol.

When neurons lose chemical contact with glial fibres, they continue migrating following the
radial pathway until the pia mater where they undergo apoptosis [74,75]. This certainly justifies the
neuronal depopulation mainly in the deep layers observed in animals treated with ethanol (Fig 4). In this
sense, putatively, the ethanol inhibits the chemical relation between glia and neuroblasts necessary for

correct neuron localisation in the correct cortex layer.

As ethanol is chaotropic, it can affect the chemical environment of the cell matrix or the
receptors and disrupt cellular components, in addition promoting changes in some or several of the basic

activities of cells such as gene expression [60,76]

Molecular, cellular and histological changes in the neural system in initial development may
affect general functions such as learning, inhibition, attention, regular behaviour and motor skills
[54,77,78] in the adult brain, and ethanol promotes these kinds of disturbances both in chronic and acute

exposure, as shown in this work in the last case.

Accordingly, histophysiology modifications from ethanol administration may be responsible for
problems such as memory loss reported in adults who had Foetal Alcohol Syndrome (FAS) [29,56,79];

however, this kind of analysis were not performed here.

Indeed, our data, i.e. the effects of the acute exposure to ethanol, are in agreement with reports
of chronic effects studies [4,7], including migration problems in the cortex, with the layers having their

natural order reversed and neuronal depopulation in the deep cortical layer, inter alia.
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Hypothetically, the deep neuronal depopulation can be justified by the fact that the cells that
form these layers are the first to initiate the migration [48,50,57,74] and, therefore, were subjected to a
higher concentration of ethanol on the twelfth day of intrauterine life when the neurons started their

migrations.

Another explanation is linked to horizontal or Cajal-Retzius cells that are responsible for the
way the direction and stimulation of neuronal migration guides the astrocytes fibres, until their
anchorage in the pia mater [50]. Therefore, the disorganisation of the structure of the cytoskeleton of
those cells by ethanol’s chaotropic effects [53] could alter, at least secondarily, the time of fibre

formations or fibre competence and, consequently, compromise neuron migration.

In summary, most works in the literature report the chronic effects of ethanol with few studies
about the acute effects on specific days of embryonic or foetal development [27]. However, this work
shows the severity of acute ethanol intoxication at the beginning of neuronal migration in rats, around

the twelfth day of rat intrauterine life.

It seems that the earlier the biological structure of the tissue is affected, the larger the
consequences are [29], since the complex structures derived from the movement of cells during the
development and differentiation into many cell subtypes depend directly on the initial basic structure of

the tissue or organ, mainly the matrix integrity.

As the chronic studies about the ethanol effects are performed in rats [9,48,75,80], and the
consequences are projected for humans, the same might be done here, i.e. the acute effects of the ethanol
on the cortex are valid for humans, since the toxic concentrations of ethanol in rats and humans are
equivalent, and the neuronal densities existing between different regions of the same brain and between

brains of different species are also equal for all mammals.

Brain mass alterations
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Neural apoptosis is a normal way for cerebral depopulation after birth in animals [51,81]. The
measures of the brain mass diminish across time; however, the corporal mass increases simultaneously
[82]. Thus, the relative measure of brain mass/body mass was performed to verify the ethanol effects on
the brain mass, because when the numbers of neurons decrease, the brain mass must also decrease.
However, the brain mass is not only dependent on neurons, the glia can divide and substitute for the

dead neurons [83].

The chronic studies about ethanol effects, including the FAS, indicates a cerebral mass decrease
[30] relative to controls; however, this was not verified here except for the relation brain/body mass for
both control and treated groups with linear regression, with R? indicating no correlation and ANOVA
indicating the Ho rejection. Some correlation was expected for this last case and a deeper study in trying
to fit the curve for other parameters as logarithmic, exponential, square, or cubic regressions also
indicate a null correlation. The expected regression for other parameters indicated a good precision in
the data obtention, i.e., the body and brain growth for both control and treated groups. Thus, some
alterations seem to occur with a decrease of the brain mass of the treated according to the box graph

(Fig 4), following the information from the FAS, but weakly.

Disruption of the erythrocyte membrane by ethanol

The literature cites the disruption of the cytoskeleton as well as DNA and protein disarrangement
to explain the ethanol injuries in the brain [36]; however, logically, the ethanol first acts on the

environment or cell matrix and the membranes.

In this work, the study of erythrocyte fragility was to verify ethanol effects on the membranes.
The concentration used for brain histology was 20% (24.4 gxdL™), which was in the zone of the ethanol
destruction of erythrocytes. Accordingly, it is plausible to think that membrane destruction of the
neurons and glia could generate the histological problems in the migrated and dead cells. A study using
neurons and glia under the effect of the ethanol in comparison with histological data could be performed

to clarify this hypothesis.
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Other important information from the experimentation is that NaCl can act as a protector of
erythrocyte membranes. It behaves in a proportion relative to the concentration of solutions, i.e. a
doubling of ethanol concentration by the number of particles is equivalent to half the NaCl
concentration, because this salt ionises into Na* and CI" in an aqueous solution. Therefore, the
concentration of particles in the system cannot explain the membrane destruction by ethanol, and the

interactions among the molecules in the environment must be considered.

Indeed, the bipolarity of the ethanol should generate a disruption of the cell membranes [35]. If
one considers that the ethanol hydrocarbon could dissolve the membrane, at least, partially, the general
membrane structure should be disarranged, and all cell metabolism could suffer these effects, with the
addition that the polar head of the ethanol can link with the membrane lipid heads, but it could have a
lesser effect on the membrane stability that is generated by the molecular Van der Waals interactions.
Despite the Van der Waals force being a weak one, in proximity, it becomes very strong because this
interaction is proportional to the inverse of the distance raised to the power of 14. As the arrangement
of the cell membranes is linked to the solvent properties, ethanol, because of its chaotropic effects, could

change the solvent features and interfere with the VVan der Waals forces.

Accordingly, the ethanol effects occur, on all cell membranes by the alteration of the cell
environment (cell matrix) and disruption of the membrane stability, according to the interaction force
proportions. In this way, partial disruption of the blood-brain barrier could occur as verified before

[25,26] in neurons.

Conclusions

According to this work, the ethanol injection in the rats shows marked brain tissue destruction
and decrease of brain mass, relative to the control, and ethanol’s effects on erythrocytes indicated that

membrane destruction could be one of the causes of brain cell disruption in neural migration.

On the other hand, the chaotropic ethanol properties could destroy the matrix clues for neuron

migration and glia organisation, thus altering the cell environment and membrane stability.
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The histology data linked to theoretical concepts indicate that neuron migration involves cellular
structures such as the cytoskeleton, cell membranes and biomolecules of the extracellular matrix, which
are together responsible for the space-time relationship that determines the specific location of neurons

in the layers of the neocortex.

Chronic exposure to ethanol affects neuronal migration, producing severe changes in the
structure of the neocortex, which comprise 1) decreased neuronal density in all lobes studied in animals
treated with ethanol, 2) change in the location of neuronal cells, such as the occurrence of pyramidal
neurons in the molecular layer and 3) alteration in the specific migration path of cells in the formation

of the cortex.

Acute ethanol treatment of rats on the twelfth day of intrauterine life determines a degree of
severity on the neural system that is very similar to the chronic treatment with this drug throughout

pregnancy in rats, including brain mass loss.

These results are an indication for controlled ethanol ingestion or no use of ethanol during

known or suspected gestation in human females.

Declarations

Ethical approval and consent to participate

The institutional ethics committee approved the experimental protocols described here, i.e. the Federal
University of Tocantins — Brazil for immunohistochemistry and the University of Toyama — Japan for

experiments on brain and body masses and the stability of erythrocyte membranes.

Consent for publication

Not applicable.

Availability of data and materials



46

The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request.

Competing interests

The authors declare no competing interests.

Funding

This study was financed in part by the Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior
— Brasil (CAPES) - Finance code 001.

Author’s Contributions

KCO, RAGMFAYV, TA, SFS, EVS, RPA, DSA, MPFM, RBB, RBV, RCRD, BRS, TAAF: Investigation
and methodology; KCO & TAAF: Validation; KCO, TAAF: Writing draft; TAAF: Conceptualization
and formal analysis; KCO, TA, SFS, EVS, RPA, DSA, BRS, TAAF: Writing review and editing; TAAF:

Supervision. All of the authors have read and approved the manuscript.

Acknowledgments

The authors thanks to full professor Hisao Nishijo for support and permission for the use of the

Laboratory of the System Emotional Science at Toyama University of Toyama, Japan.

KCO thanks to CAPES for the scholarship during the master’s degree. KCO, RAGMFAF, SFS, EVS,
MPFM, RBB, BRS and TAAF thanks to MEC (Ministry of Education) by the support for the research

in the Post-Graduation.

References

1. Aronne MP, Guadagnoli T, Fontanet P, Evrard SG, Brusco A. Effects of prenatal ethanol

exposure on rat brain radial glia and neuroblast migration. Exp Neurol. 2011; 229(2): 364-371.



47

https://doi.org/10.1016/j.expneurol.2011.03.002

Collier AD, Halkina V, Min SS, Roberts MY, Campbell SD, Camidge K, et al. Embryonic
ethanol exposure affects the early development, migration, and location of hypocretin/orexin
neurons in Zebrafish. Alcohol Clin Exp Res. 2019: 43(8): 1702-1713.

https://doi.org/10.1111/acer.14126

Brocardo PS, Gil-Mohapel J, Wortman R, Noonan A, McGinnis E, Patten AR, et al. The
effects of ethanol exposure during distinct periods of brain development on oxidative stress in
the adult rat brain. Alcohol Clin Exp Res. 2016; 41(1): 26-37.

https://doi.org/10.1111/acer.13266

Redecker C, Hagemann G, Witte OW, Marret S, Evrard P, Gressens P. Long-term evolution of
excitotoxic cortical dysgenesis induced in the developing rat brain. Dev Brain Res. 1998;

109(1): 109-113. https://doi.org/10.1016/S0165-3806(98)00065-0

Creeley CE, Olney JW. Drug-induced apoptosis: Mechanism by which alcohol and many other
drugs can disrupt brain development. Brain Sci. 2013; 3(3): 1153-1181.

https://doi.org/10.3390/brainsci3031153

Lotfullina N, Khazipov R. Ethanol and the developing brain: Inhibition of neuronal activity and
neuroapoptosis. Neuroscientist. 2017; 24(2): 130-141.

https://doi.org/10.1177/1073858417712667

Miller MW. Effects of prenatal exposure to ethanol on callosal projection neurons in rat
somatosensory cortex. Brain Res. 1997; 766(1-2): 121-128. https://doi.org/10.1016/S0006-

8993(97)00533-7

Komada M, Hara N, Kawachi S, Kawachi K, Kagawa N, Nagao T, et al. Mechanisms
underlying neuro-inflammation and neurodevelopmental toxicity in the mouse neocortex
following prenatal exposure to ethanol. Sci Rep. 2017; 7(1): 3-4.

https://doi.org/10.1038/s41598-017-04289-1



10.

11.

12.

13.

14.

15.

16.

17.

48

Saito M, Chakraborty G, Hui M, Masiello K, Saito M. Ethanol-induced neurodegeneration and
Glial activation in the developing brain. Brain Sci. 2016; 6(3): 4-6.

https://doi.org/10.3390/brainsci6030031

Nestler EJ, Guitart X, Ortiz J, Trevisan L. Second messenger and protein phosphorylation
mechanisms underlying possible genetic vulnerability to alcoholism. Ann N Y Acad Sci. 1994;

708(1): 108-118. https://doi.org/10.1111/j.1749-6632.1994.tb24703.x

Abbott CW, Rohac DJ, Bottom RT, Patadia S, Huffman KJ. Prenatal ethanol exposure and
neocortical development: A transgenerational model of FASD. Cereb Cortex. 2018; 28(8):

2908-2921. https://doi.org/10.1093/cercor/bhx168

Basavarajappa BS, Subbanna S. Epigenetic mechanisms in developmental alcohol-induced

neurobehavioral deficits. Brain Sci. 2016;6. doi:10.3390/brainsci6020012

Rachdaoui N, Li L, Willard B, Kasumov T, Previs S, Sarkar D. Turnover of histones and
histone variants in postnatal rat brain; Effects of alcohol exposure. Clin Epigenetics. 2017;9:

https://doi.org/10.1186/s13148-017-0416-5

Dohrman DP, West JR, Pantazis NJ. Ethanol reduces expression of the nerve growth factor
receptor, but not nerve growth factor protein levels in the neonatal rat cerebellum. Alcohol Clin

Exp Res. 2006; 21(5): 882—893. https://doi.org/10.1111/j.1530-0277.1997.th03853.x

Ehrlich D, Humpel C. Chronic vascular risk factors (cholesterol, homocysteine, ethanol) impair
spatial memory, decline cholinergic neurons and induce blood-brain barrier leakage in rats in

vivo. J Neurol Sci. 2012; 322(1-2): 92-95. https://doi.org/10.1016/j.jns.2012.07.002

Granholm L, Todkar A, Bergman S, Nilsson K, Comasco E, Nylander 1. The expression of
opioid genes in non-classical reward areas depends on early life conditions and ethanol intake.

Brain Res. 2017;1668: 36-45. https://doi.org/10.1016/j.brainres.2017.05.006

Chen WJA, Maier SE, Parnell SE, West JR. Alcohol and the developing brain:

Neuroanatomical studies. Alcohol Res Heal. 2003; 27(2): 174-180.



18.

19.

20.

21.

22.

23.

24,

25.

49

Xia L, Jiao Z, Pei L, Yuan C, Zhao Y, Guo Y, et al. Prenatal ethanol exposure induced disorder
of hypothalamic-pituitary-adrenal axis-associated neuroendocrine metabolic programming
alteration and dysfunction of glucose and lipid metabolism in 40-week-old female offspring

rats. Reprod Toxicol. 2020; 94: 48-54. https://doi.org/10.1016/j.reprotox.2020.04.075

Costa LG, Giordano G, Guizzetti M. Inhibition of cholinergic muscarinic signaling by ethanol:
Potential mechanism of developmental neurotoxicity and biological plausibility for the
beneficial effects of choline supplementation. Int J Alcohol Drug Res. 2013; 2(3): 17-25.

https://doi.org/10.7895/ijadr.v2i3.72

Heroux NA, Horgan CJ, Rosen JB, Stanton ME. Cholinergic rescue of neurocognitive insult
following third-trimester equivalent alcohol exposure in rats. Neurobiol Learn Mem. 2019 Sep.

107030. d0i:10.1016/j.nIm.2019.107030

Nirgudkar P, Taylor DH, Yanagawa Y, Valenzuela CF. Ethanol exposure during development
reduces GABAergic/glycinergic neuron numbers and lobule volumes in the mouse cerebellar

vermis. Neurosci Lett. 2016; 632: 86-91. https://doi.org/10.1016/j.neulet.2016.08.039

Gil-Mohapel J, Titterness AK, Patten AR, Taylor S, Ratzlaff A, Ratzlaff T, et al. Prenatal
ethanol exposure differentially affects hippocampal neurogenesis in the adolescent and aged

brain. Neuroscience. 2014; 273: 174-188. https://doi.org/10.1016/j.neuroscience.2014.05.012

Goeke CM, Roberts ML, Hashimoto JG, Finn DA, Guizzetti M. Neonatal ethanol and choline
treatments alter the morphology of developing rat hippocampal pyramidal neurons in opposite
directions. Neuroscience. 2018; 374: 13-24.

https://doi.org/10.1016/j.neuroscience.2018.01.031

Spadoni AD, McGee CL, Fryer SL, Riley EP. Neuroimaging and fetal alcohol spectrum
disorders. Neurosci Biobehav Rev. 2007; 31(2): 239-245.

https://doi.org/10.1016/j.neubiorev.2006.09.006

Pollard 1. Neuropharmacology of drugs and alcohol in mother and fetus. Semin Fetal Neonatal



26.

27.

28.

29.

30.

31.

32.

33.

34.

50

Med. 2007; 12(2): 106-113. https://doi.org/10.1016/j.siny.2006.12.001

Wilson DF, Matschinsky FM. Ethanol metabolism: The good, the bad, and the ugly. Med

Hypotheses. 2020 Feb 19. 140:109638. doi:10.1016/j.mehy.2020.109638

Aversi-Ferreira TA, Nascimento GNL. The effect of acute and chronic exposure to ethanol on

the developing encephalon: A review. Rev Bras Saude Matern Infant. 2008; 8(3): 241-249.

Ingo6lfsson HI, Andersen OS. Alcohol’s effects on lipid bilayer properties. Biophys J. 2011;

101(4): 847-855. https://doi.org/10.1016/j.bpj.2011.07.013

Schambra UB, Lewis CN, Harrison TA. Deficits in spatial learning and memory in adult mice
following acute, low or moderate levels of prenatal ethanol exposure during gastrulation or

neurulation. Neurotoxicol Teratol. 2017; 62: 42-54. https://doi.org/10.1016/j.ntt.2017.05.001

Astley SJ, Aylward EH, Olson HC, Kerns K, Brooks A, Coggins TE, et al. Magnetic resonance
imaging outcomes from a comprehensive magnetic resonance study of children with fetal
alcohol spectrum disorders. Alcohol Clin Exp Res. 2009; 33(10): 1671-1689.

https://doi.org/10.1111/j.1530-0277.2009.01004.x

Takahashi T, Nowakowski RS, Caviness VS. The leaving or Q fraction of the murine cerebral
proliferative epithelium: A general model of neocortical neuronogenesis. J Neurosci. 1996; 16:

6183-6196. https://doi.org/10.1523/JNEUROSCI.16-19-06183.1996

Takahashi T, Nowakowski RS, Caviness VS. Interkinetic and migratory behavior of a cohort of
neocortical neurons arising in the early embryonic murine cerebral wall. J Neurosci. 1996;

16(19): 5762-5776. https://doi.org/10.1523/JNEUROSCI.16-18-05762.1996

Parnell SE, Holloway HE, Baker LK, Styner MA, Sulik KK. Dysmorphogenic effects of first
trimester-equivalent ethanol exposure in mice: A magnetic resonance microscopy-based study.

Alcohol Clin Exp Res. 2014; 38(7): 2008-2014. https://doi.org/10.1111/acer.12464

Sawant OB, Lundea ER, Washburna SE, Chen W-JA, Goodlettc CR, Cudda TA. Different

patterns of regional purkinje cell loss in the cerebellar vermis as a function of the timing of



35.

36.

37.

38.

39.

40.

41,

42,

51

prenatal ethanol exposure in an ovine model. Neurotoxicology Teratol. 2013; 35: 7-13.

https://doi.org/10.1016/j.ntt.2012.11.001

Arvelos LR, Rocha VCA, Felix GP, Cunha CC, Neto MB, Filho MSG, et al. Bivariate and
multivariate analyses of the influence of blood variables of patients submitted to Roux-en-Y
gastric bypass on the stability of erythrocyte membrane against the chaotropic action of

ethanol. J Membr Biol. 2013; 246(3): 231-242. https://doi.org/10.1007/s00232-013-9524-0

Penha-Silva N, Arvelos LR, Cunha CC, Aversi-Ferreira TA, Gouvéa-e-Silva LF, Garrote-Filho
MS, et al. Effects of glycerol and sorbitol on the thermal dependence of the lysis of human
erythrocytes by ethanol. Bioelectrochemistry. 2008; 73(1): 23-29.

https://doi.org/10.1016/j.bioelechem.2008.04.002

Lindi C, Montorfano G, Marciani P. Rat erythrocyte susceptibility to lipid peroxidation after
chronic ethanol intake. Alcohol. 1998; 16(4): 311-316. https://doi.org/10.1016/S0741-

8329(98)00020-2

Chan PC, Peller OG, Kesner L. Copper(ll)-catalyzed lipid peroxidation in liposomes and

erythrocyte membranes. Lipids. 1982; 17(5): 331-337. https://doi.org/10.1007/BF02535190

Maturu P, Reddy VD, Padmavathi P, VVaradacharyulu N. Ethanol induced adaptive changes in
blood for the pathological and toxicological effects of chronic ethanol consumption in humans.

Exp Toxicol Pathol. 2012; 64(7-8): 697—703. https://doi.org/10.1016/j.etp.2011.01.002

Araki K, Rifkind JM. Rate of osmotic hemolysis SDS-polyacrylamide gel electrophoresis
Electron spin resonance ( ESR ). 1981; 645(1): 81-90. https://doi.org/10.1016/0005-

2736(81)90514-9

Tyulina O V, Huentelman MJ, Prokopieva VD, Boldyrev AA, Johnson P. Does ethanol
metabolism affect erythrocyte hemolysis? Biochim Biophys Acta - Mol Basis Dis. 2000;

1535(1): 69-77. https://doi.org/10.1016/S0925-4439(00)00086-7

Sonmez M, Ince HY, Yalcin O, Ajdzanovi¢ V, Spasojevi¢ I, Meiselman HJ, et al. The effect of



43.

44,

45,

46.

47,

48.

49,

50.

51.

52

alcohols on red blood cell mechanical properties and membrane fluidity depends on their

molecular size. PL0S One. 2013; 8(2): €76579. https://doi.org/10.1371/journal.pone.0076579

Chi LM, Wu W guey. Mechanism of hemolysis of red blood cell mediated by ethanol. BBA -

Biomembr. 1991; 1062(1): 46-50. https://doi.org/10.1016/0005-2736(91)90333-4

Igli¢ A. A possible mechanism determining the stability of spiculated red blood cells. J

Biomech. 1997; 30(1): 35-40. https://doi.org/10.1016/S0021-9290(96)00100-5

Buurma NJ, Pastorello L, Blandamer MJ, Engberts JBFN. Kinetic evidence for
hydrophobically stabilized encounter complexes formed by hydrophobic esters in aqueous
solutions containing monohydric alcohols. J Am Chem Soc. 2001; 123(48): 11848-11853.

https://doi.org/10.1021/ja010617w

Caviness VS. Architectonic map of neocortex of the normal mouse. J Comp Neurol. 1975;

164(2): 247-263. https://doi.org/10.1002/cne.901640207

Miller MW, Robertson S. Prenatal exposure to ethanol alters the postnatal development and
transformation of radial glia to astrocytes in the cortex. J Comp Neurol. 1993; 337(2): 253—

266. https://doi.org/10.1002/cne.903370206

Lee H, Blaufox M. Blood volume in the rat: The estimation of blood volume is important in

studies. J Nucl Med. 1985; 26(1): 72—76.

Vertessy BG, Steck TL. Elasticity of the human red cell membrane skeleton. Effects of
temperature and denaturants. Biophys J. 1989; 55(2): 255-262. https://doi.org/10.1016/S0006-

3495(89)82800-0

Supér H, Soriano E, Uylings HBM. The functions of the preplate in development and evolution
of the neocortex and hippocampus. Brain Res Rev. 1998; 27(1): 40-64.

https://doi.org/10.1016/S0165-0173(98)00005-8

Olney JW. Fetal alcohol syndrome at the cellular level. Addict Biol. 2004; 9(2): 137-149.

https://doi.org/10.1080/13556210410001717006



52.

53.

54,

55.

56.

57.

58.

59.

53

Cartwright MM, Smith SM. Increased cell death and reduced neural crest cell numbers in

ethanol-exposed embryos: Partial Basis for the Fetal Alcohol Syndrome Phenotype. Alcohol

Clin Exp Res. 1995; 19(2): 378-386. https://doi.org/10.1111/j.1530-0277.1995.tb01519.x

Ikonomidou C, Bittigau P, Koch C, Genz K, Stefovska V, Horster F. Ethanol-induced apoptotic
neurodegeneration and fetal alcohol syndrome. Science. 2000; 287(5455): 1056-1060.

https://doi.org/10.1126/science.287.5455.1056

Driscoll CD, Streissguth AP, Riley EP. Prenatal alcohol exposure: Comparability of effects in
humans and animal models. Neurotoxicol Teratol. 1990; 12(3): 231-237.

https://doi.org/10.1016/0892-0362(90)90094-S

Dandekar MP, Bharne AP, Borkar PD, Subhedar NK, Kokare DM. Maternal ethanol exposure
reshapes CART system in the rat brain: Correlation with development of anxiety, depression
and memory deficits. Neuroscience. 2019; 406: 126-139.

https://doi.org/10.1016/j.neuroscience.2019.02.010

Dumas RM, Rabe A. Augmented memory loss in aging mice after one embryonic exposure to
alcohol. Neurotoxicol Teratol. 1994; 16(6): 605-612. https://doi.org/10.1016/0892-

0362(94)90038-8

Miller MW. Migration of cortical neurons is altered by gestational exposure to ethanol.
Alcohol Clin Exp Res. 1993; 17(2): 304-314. https://doi.org/10.1111/j.1530-

0277.1993.th00768.x

Ryabinin AE, Cole M, Bloom FE, Wilson MC. Exposure of neonatal rats to Alcohol by vapor
inhalation demonstrates specificity of microcephaly and Purkinje Cell loss but not astrogliosis.
Alcohol Clin Exp Res. 1995; 19(3): 784—791. https://doi.org/10.1111/j.1530-

0277.1995.th01583.x

Gil-Mohapel J, Boehme F, Patten A, Cox A, Kainer L, Giles E, et al. Altered adult

hippocampal neuronal maturation in a rat model of fetal alcohol syndrome. Brain Res. 2011,



60.

61.

62.

63.

64.

65.

66.

67.

54

1384: 29-41. https://doi.org/10.1016/j.brainres.2011.01.116

Abbott CW. Adverse, transgenerational effects of prenatal ethanol exposure on the epigenome.
PhD. Dissertation, University of California Riverside. 2015. Available from:

https://escholarship.org/uc/item/6st6q7p2

Lebedeva J, Zakharov A, Ogievetsky E, Minlebaeva A, Kurbanov R, Gerasimova E, et al.
Inhibition of cortical activity and apoptosis aaused by ethanol in neonatal rats In Vivo. Cereb

Cortex. 2017; 27(2): 1068-1082. https://doi.org/10.1093/cercor/bhv293

Lotfullina N, Khazipov R. Ethanol and the developing brain: Inhibition of neuronal activity and
neuroapoptosis. Neuroscientist. 2018 Jun 24(2): 130-141.

https://doi.org/10.1177/1073858417712667

Bird CW, Barber MJ, Post HR, Jacquez B, Chavez GJ, Faturos NG, et al. Neonatal ethanol
exposure triggers apoptosis in the murine retrosplenial cortex: Role of inhibition of NMDA
receptor-driven action potential firing. Neuropharmacology. 2020; 162: 107837.

https://doi.org/10.1016/j.neuropharm.2019.107837

Farber NB, Creeley CE, Olney JW. Alcohol-induced neuroapoptosis in the fetal macaque brain.

Neurobiol Dis. 2010 Oct 40(1): 200-206. https://doi.org/10.1016/j.nbd.2010.05.025

Aversi-Ferreira TA, Rodrigues HG, Neres AC, Fonseca LC, Penha-Silva N.
Imunohistochemical study of the olfactory bulb in Wistar rats submited to acute prenatal

exposure to ethanol. Biosci J. 2006; 21(2): 99-105.

Aversi-Ferreira TA, Ferreira NR, Morais JOR, Penha-Silva N. Effects of acute prenatal
exposure to ethanol on the postnatal morphology of the prefrontal cortex in Wistar rats.

Brazilian J Morphol. 2004; 21(2): 99-103.

Lopes DB, Nascimento GNL do, Carvalho AAV de, Neto AC de S, Lima NE de, Aversi-
Ferreira TA. Immunohistochemical study of acute effects of ethanol on midbrain of Wistar rats

associated with the date of birth of neurons in encephalon. Int J Morphol. 2009; 27(3): 677—



68.

69.

70.

71.

72.

73.

74.

75.

55

682.

Fedorchak A V., Miller MW. Episodic prenatal exposure to ethanol affects postnatal
neurogenesis in the macaque dentate gyrus and visual recognition memory. Int J Dev Neurosci.

2019; 79: 65-75. https://doi.org/10.1016/j.ijdevneu.2019.10.005

Guadagnoli T, Caltana L, Vacotto M, Gironacci MM, Brusco A. Direct effects of ethanol on
neuronal differentiation: An in vitro analysis of viability and morphology. Brain Res Bull.

2016; 127: 177-186. https://doi.org/10.1016/j.brainresbull.2016.09.013

Fink JM, Dobyns WB, Guerrini R, Hirsch BA. Identification of a duplication of Xq28
associated with bilateral periventricular nodular heterotopia. Am J Hum Genet. 1997 Aug

61(2): 379-387. https://doi.org/10.1086/514863

Dobyns WB, Guerrini R, Czapansky-Beilman DK, Pierpont MEM, Breningstall G, Yock DH,
et al. Bilateral periventricular nodular heterotopia with mental retardation and syndactyly in
boys: A new X-linked mental retardation syndrome. Neurology. 1997; 49(4): 1042-1047.

https://doi.org/10.1212/WNL.49.4.1042

Vélez-Dominguez LC. Neuronal migration disorders. Rev Médica MD. 1998; 134(2): 207—

215.

Godin EA, O’Leary-Moore SK, Khan AA, Parnell SE, Ament JJ, Dehart DB, et al. Magnetic
resonance microscopy defines ethanol-induced brain abnormalities in prenatal mice: Effects of
acute insult on gestational day 7. Alcohol Clin Exp Res. 2010; 34(1): 98-111.

https://doi.org/10.1111/j.1530-0277.2009.01071.x1.x

Verrotti A, Spalice A, Ursitti F, Papetti L, Mariani R, Castronovo A, et al. New trends in
neuronal migration disorders. Eur J Paediatr Neurol. 2010; 14(1): 1-12.

https://doi.org/10.1016/j.ejpn.2009.01.005

Liesi P. Ethanol-exposed central neurons fail to migrate and undergo apoptosis. J Neurosci

Res. 1997; 48(5): 439-448.



76.

77.

78.

79.

80.

81.

82.

83.

56

Vizi S, Palfi A, Gulya K. Multiple calmodulin genes exhibit systematically differential
responses to chronic ethanol treatment and withdrawal in several regions of the rat brain. Mol

Brain Res. 2000; 83(1-2): 63—71. https://doi.org/10.1016/S0169-328X(00)00185-6

Fish EW, Holloway HT, Rumple A, Baker LK, Wieczorek LA, Moy SS, et al. Acute alcohol
exposure during neurulation: Behavioral and brain structural consequences in adolescent

C57BL/6J mice. Behav Brain Res. 2016; 311: 70-80. https://doi.org/10.1016/j.bbr.2016.05.004

Cantacorps L, Gonzalez-Pardo H, Arias JL, Valverde O, Conejo NM. Altered brain functional
connectivity and behaviour in a mouse model of maternal alcohol binge-drinking. Prog Neuro-
Psychopharmacology Biol Psychiatry. 2018; 84(Part A): 237-249.

https://doi.org/10.1016/j.pnpbp.2018.03.006

Houlé K, Abdi M, Clabough EBD. Acute ethanol exposure during late mouse
neurodevelopment results in long-term deficits in memory retrieval, but not in social

responsiveness. Brain Behav. 2017; 7(4): 1-9. https://doi.org/10.1002/brb3.636

Marquardt K, Brigman JL. The impact of prenatal alcohol exposure on social, cognitive and
affective behavioral domains: Insights from rodent models. Physiol Behav. 2016; 176: 139—

148. https://doi.org/10.1016/j.alcohol.2015.12.002

Britton SM, Miller MW. Neuronal loss in the developing cerebral cortex of normal and bax-
deficient mice: Effects of ethanol exposure. Neuroscience. 2018; 369: 278-291.

https://doi.org/10.1016/j.neuroscience.2017.11.013

Heymsfield SB, Chirachariyavej T, Rhyu 1J, Roongpisuthipong C, Heo M, Pietrobelli A.
Differences between brain mass and body weight scaling to height: Potential mechanism of
reduced mass-specific resting energy expenditure of taller adults. J Appl Physiol. 2009; 106:

40-48. https://doi.org/10.1152/japplphysiol.91123.2008

Rolls A, Shechter R, Schwartz M. The bright side of the glial scar in CNS repair. Nat Rev

Neurosci. 2009; 10: 235-241. https://doi.org/10.1038/nrn2591



57

REFERENCIAS

ALWAN, S; CHAMBERS, C. D. Identifying human teratogens: an update. Journal of Pediatric Genetics, v. 4,
n. 02, p. 39-41, 2015.

ARONNE, M. P. et al. Effects of prenatal ethanol exposure on rat brain radial glia and neuroblast
migration. Experimental Neurology, v. 229, n 2, p. 364-371, 2011.

AVERSI-FERREIRA, T. A et al. Estudo imunohistoquimico do bulbo olfatorio de ratos wistar submetidos
a exposicao pre-natal aguda com etanol. Bioscience Journal, v. 22, n. 1, p. 99-105, 2006.

AVERSI-FERREIRA, T. A.; NASCIMENTO, G. N. The effect of acute and chronic exposure to ethanol on the
developing encephalon a review. Revista Brasileira Saude Materno Infantil, v. 8, n. 3, p. 241-249, 2008.

AYALA, R.; SHU, T.; TSAI, L. H. Trekking across the brain: the journey of neuronal migration. Cell, v. 128, n.
1, p. 29-43, 2007.

BARTH, P. G. Disorders of neuronal migration. Canadian Journal of Neurological Sciences, v. 14, n. 1, p. 1-
16, 1987.

BEATTIE, R.; HIPPENMEYER, S. Mechanisms of radial glia progenitor cell lineage progression. FEBS
letters, v. 59, n. 24, p. 3993-4008. 2017.

BEYDOUN, M. A. et al. Caffeine and alcohol intakes and overall nutrient adequacy are associated with
longitudinal cognitive performance among US adults. The Journal of Nutrition, v. 144, n. 6, p. 890-901, 2014.

BLACKBURN, C.; CARPENTER, B.; EGERTON, J. Shaping the future for children with foetal alcohol
spectrum disorders. Support for Learning, v. 25, n. 3, p. 139-145, 2010.

BUCHSBAUM, I. Y.; CAPPELLO, S. Neuronal migration in the CNS during development and disease: insights
from in vivo and in vitro models. Development, v. 146, n. 1, p. dev163766, 2019.

CAMARILLO, C.; MIRANDA, R. C. Ethanol exposure during neurogenesis induces persistent effects on neural
maturation: evidence from an ex vivo model of fetal cerebral cortical neuroepithelial progenitor maturation.
Gene Expression: The Journal of Liver Research, v. 14, n. 3, p. 159-171, 2007.

CARAMELLO, A. Region-specific roles of SOX9 in forebrain oligodendrogenesis and development of the
dentate gyrus. Tese — Department of Biosciences, University College London. London, p. 362. 2019.

CAVINESS JR, V. S. Architectonic map of neocortex of the normal mouse. Journal of Comparative
Neurology, v. 164, n. 2, p. 247-263, 1975.

CHEVASSUS-AU-LOUIS, N. et al. Neuronal migration disorders: heterotopic neocortical neurons in CAl
provide a bridge between the hippocampus and the neocortex. Proceedings of the National Academy of
Sciences, v. 95, n. 17, p. 10263-10268, 1998.

CHUDLEY, A. E. et al. Fetal alcohol spectrum disorder: Canadian guidelines for diagnosis. Cmaj, v. 172, n. 5
suppl, p. S1-S21, 2005.

CLANCY, B. et al. Extrapolating brain development from experimental species to humans. Neurotoxicology, v
28, p. 931-937, 2007.

CLANCY, B. et al. Translating developmental time across mammalian species. Neuroscience, v. 105, p. 7—
17, 2001.

EHRHART, F. et al. Review and gap analysis: molecular pathways leading to fetal alcohol spectrum disorders.
Molecular Psychiatry, v. 24, n. 1, p. 10-17, 2019.

EVSYUKOVA, |.; PLESTANT, C.; ANTON, E. S. Integrative mechanisms of oriented neuronal migration in
the developing brain. Annual Review of Cell and Developmental Biology, v. 29, p. 299-353, 2013.

FALKNER, S. et al. Transplanted embryonic neurons integrate into adult neocortical circuits. Nature, v. 539, n,
7628, p. 248-253, 2016.



58

FERENT, J.; ZAIDI, D.; FRANCIS, F. Extracellular control of radial glia proliferation and scaffolding during
cortical development and pathology. Frontiers in Cell and Developmental Biology, v. 8, p. 1031, 2020.

FERREIRA, T. A. A. et al. Effects of acute prenatal exposure to ethanol on the postnatal morphology of the
prefrontal cortex in Wistar rats. Journal of Morphological Sciences, v. 21, n. 2, p. 97-101, 2005.

FIUZA, T.; MORAIS, J. O. R. Immunohistochemical evaluation of the postnatal effects of acute exposure to
ethanol on the kinetics of granule-cell migration in rat cerebellum. Journal of Morphological Sciences, v. 22, n.
1, p. 19-24, 2017.

FOLTRAN, F. et al. Effect of alcohol consumption in prenatal life, childhood, and adolescence on child
development. Nutrition Reviews, v. 69, n. 11, p. 642-659, 2011.

FRIEDMAN, J. M. How do we know if an exposure is actually teratogenic in humans? In: American Journal
of Medical Genetics Part C: Seminars in Medical Genetics. Hoboken: Wiley Subscription Services, Inc., A
Wiley Company, 2011. p. 170-174.

GIL-MOHAPEL, J. et al. Hippocampal cell loss and neurogenesis after fetal alcohol exposure: insights from
different rodent models. Brain Research Reviews, v. 64, n. 2, p. 283-303, 2010.

GOTZ, M.; HUTNER, W. B. The cell biology of neurogenesis. Nature Reviews, v. 6, n. 10, p. 777 788, 2005.

GRESSENS, P. Mechanisms and Disturbances of Neuronal Migration. Pediatric Research, v. 48, n. 6, p. 725—
730, 2000.

GUERRERO-CAZARES, H. et al. Brief report Robo1l regulates the migration of human subventricular zone
neural progenitor cells during development. Stem Cells, v. 35, n. 7, p. 1860-1865, 2017.

GUERRI, C. Neuroanatomical and neurophysiological mechanisms involved in central nervous system
dysfunctions induced by prenatal alcohol exposure. Alcoholism: Clinical and Experimental Research, v. 22,
n. 2, p. 304-312, 1998.

GUERRI, C.; BAZINET, A.; RILEY, E. P. Foetal alcohol spectrum disorders and alterations in brain and
behaviour. Alcohol & Alcoholism, v. 44, n. 2, p. 108-114, 20009.

GUERRINI, R.; PARRINI, E. Neuronal migration disorders. Neurobiology of Disease, v. 38, n. 2, p. 154-166,
2010.

HOYME, H. E. et al. Updated clinical guidelines for diagnosing fetal alcohol spectrum disorders. Pediatrics, v.
138, n. 2, p. €20154256, 2016.

HWANG, H. M.; KU, R. Y.; HASHIMOTO-TORII, K. Prenatal environment that affects neuronal migration.
Frontiers in Cell and Developmental Biology, v. 7, p. 138, 2019.

IKONOMIDOU, V. N.; SERGIADIS, G. D. Improved Shinnar—Le Roux algorithm. Journal of Magnetic
Resonance, v. 143, n. 1, p. 30-34, 2000.

IMAYQOSHI, I. et al. Oscillatory control of factors determining multipotency and fate in mouse neural
progenitors. Science, v. 342, n. 6163, p. 1203-1208, 2013.

KANEKO, N. et al. Mechanisms of neuronal migration in the adult brain. Journal of Neurochemistry, v. 141,
n. 6, p. 835-847, 2017.

KICHEVA, A. et al. Coordination of progenitor specification and growth in mouse and chick spinal cord.
Science, v. 345, n. 6204, 2014.

KRIEGSTEIN, A.; ALVAREZ-BUYLLA, A. The glial nature of embryonic and adult neural stem cells. Annual
review of neuroscience, v. 32, p. 149-184, 2009.

LEE, J. H. et al. NeuroCore formation during differentiation of neurospheres of mouse embryonic neural stem
cells. Stem Cell Research, v. 43, p. 101691, 2020.

MARIN, O.; RUBENSTEIN, J. L. R. A long, remarkable journey: tangential migration in the telencephalon.
Nature Reviews Neuroscience, v. 2, n. 11, p. 780-790, 2001.

MARQUARDT, K. et al. Prenatal ethanol exposure impairs executive function in mice into adulthood.
Alcoholism: Clinical and Experimental Research, v. 38, n. 12, p. 2962-2968, 2014.



59

MATTSON, S. N.; SCHOENFELD, A. M.; RILEY, E. P. Teratogenic effects of alcohol on brain and behavior.
Alcohol Research & Health, v. 25, n. 3, p. 185, 2001.

MAY, P. A. et al. Prevalence of fetal alcohol spectrum disorders in 4 US communities. Jama, v. 319, n. 5, p.
474-482, 2018.

MILLER, M. W. Migration of cortical neurons is altered by gestational exposure to ethanol. Alcoholism:
Clinical and Experimental Research, v. 17, n. 2, p. 304-314, 1993.

NOGUCHI, H. et al. Migration in the hippocampus. In CELLULAR Migration and Formation of Axons and
Dendrites. 2. ed. Academic Press, 2020. cap. 17, p. 365-379.

PIEZZI, R. S.; FORNES, M. W. Novo Atlas de Histologia Normal de Di Fiore. 1. ed. Rio de Janeiro:
Guanabara Koogan, 2008. 356 p.

POPOVA, S. et al. Estimation of national, regional, and global prevalence of alcohol use during pregnancy and
fetal alcohol syndrome: a systematic review and meta-analysis. The Lancet Global Health, v. 5, n. 3, p. €290-
€299, 2017.

RAHIMI-BALAEI, M. et al. Neuronal migration during development of the cerebellum. Frontiers in cellular
neuroscience, v. 12, n. 484, 2018.

RAKIC, P. Mode of cell migration to the superficial layers of fetal monkey neocortex. Journal of Comparative
Neurology, v. 145, n. 1, p. 61-83, 1972.

RAKIC, P. et al. Principles of neural cell migration. Experientia, v. 46, n. 9, p. 882-891, 1990.

REDECKER, C. et al. Long-term evolution of excitotoxic cortical dysgenesis induced in the developing rat
brain. Developmental Brain Research, v. 109, n. 1, p. 109-113, 1998.

ROBERTS, B. Neuronal migration disorders. Radiologic Technology, v. 89, n. 3, p. 279-295, 2018.

SALLING, M. C. et al. Alcohol consumption during adolescence in a mouse model of binge drinking alters the
intrinsic excitability and function of the prefrontal cortex through a reduction in the hyperpolarization-activated
cation current. Journal of Neuroscience, v. 38, n. 27, p. 6207-6222, 2018.

SCHILLER, St. et al. Inborn errors of metabolism leading to neuronal migration defects. Journal of Inherited
Metabolic Disease, v. 43, n. 1, p. 145-155, 2020.

SCHNEIDER, M. L.; MOORE, C. F.; ADKINS, M. M. The effects of prenatal alcohol exposure on behavior:
rodent and primate studies. Neuropsychology review, v. 21, n. 2, p. 186-203, 2011.

SHENODA, B. B. An overview of the mechanisms of abnormal GABAergic interneuronal cortical migration
associated with prenatal ethanol exposure. Neurochemical research, v. 42, n. 5, p. 1279-1287, 2017.

STAFFORD, L. D.; FERNANDES, M; AGOBIANI, E. Effects of noise and distraction on alcohol perception.
Food Quality and Preference, v. 24, n. 1, p. 218-224, 2012.

SUBRAMANIAN, L.; CALCAGNOTTO, M. E.; PAREDES, M. F. Cortical malformations: lessons in human
brain development. Frontiers in Cellular Neuroscience, v. 13, p. 576, 2020.

SUPER, H.; SORIANO, E.; UYLINGS, H. B. M. The functions of the preplate in development and evolution of
the neocortex and hippocampus. Brain Research Reviews, v. 27, n. 1, p. 40-64, 1998.

TABATA, H.; NAGATA, K. Decoding the molecular mechanisms of neuronal migration using in utero
electroporation. Medical Molecular Morphology, v. 49, n. 2, p. 63-75, 2015.

TAKAHASHI, T.; NOWAKOWSKI, R. S.; CAVINESS JR, V. S. Interkinetic and migratory behavior of a
cohort of neocortical neurons arising in the early embryonic murine cerebral wall. Journal of Neuroscience, v.
16, n. 18, p. 5762-5776, 1996

TAVERNA, E.; GOTZ, M.; HUTTNER, W. B. The cell biology of neurogenesis: toward an understanding of the
development and evolution of the neocortex. Annual Review of Cell and Developmental Biology, v. 30, n. 1,
p. 465-502, 2014.



60

THOMPSON, B. L.; LEVITT, P.; STANWOOD, G. D. Prenatal exposure to drugs: effects on brain development
and implications for policy and education. Nature Reviews Neuroscience, v. 10, n. 4, p. 303-312, 2009.

VALIENTE, M. & MARIN, O. Neuronal migration mechanisms in development and disease. Current opinion
in Neurobiology, v. 20, n. 1, p. 68-78, 2010.

WANG, R. et al. Prenatal ethanol exposure leads to attention deficits in both male and female rats. Frontiers in
Neuroscience, v. 14, p. 12, 2020

WARREN, K. R.; HEWITT, B. G.; THOMAS, J. D. Fetal alcohol spectrum disorders: research challenges and
opportunities. Alcohol Research & Health, v. 34, n. 1, p. 4, 2011.

YOKOTA, Y. et al. Radial glial dependent and independent dynamics of interneuronal migration in the
developing cerebral cortex. PloS one, v. 2, n. 8, p. €794, 2007.



	Folha de Aprovacao 0676193

