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REMODELAMENTO ESTRUTURAL DO TECIDO PARABRONQUIAL DE
PINTINHOS EM RESPOSTA A HIPOXIA DURANTE O DESENVOLVIMENTO
FETAL

Resumo- O oxigénio é essencial para o desenvolvimento e a funcionalidade celular
nos organismos aerobicos. A exposicdo de embrides a hipdxia pode alterar a
trajetéria de desenvolvimento geneticamente estabelecida e gerar alteracfes
morfofisiolégicas em diversos érgaos e sistemas. Em aves precoces, a hipdxia
durante a incubacao € conhecida por alterar tamanho dos 6rgéos, taxa metabdlica e
ventilacdo em pintinhos recém-eclodidos. Nestes animais o desenvolvimento das
estruturas parabrénquiais envolvidas em trocas gasosas e conducdo de ar, ocorre
principalmente durante a segunda metade da incubacdo. Baseados nos fatos
expostos, nds hipotetizamos que a hipoxia durante esta fase de desenvolvimento
pode induzir um remodelamento nestas estruturas, favorecendo as trocas gasosas
na vida pds-natal. Para testar esta hipotese, os embriées foram expostos a normédxia
durante toda a incubacdo, ou a 15% O, (dia 12 ao 18 de incubacao) e as estruturas
parabrénquiais, incluindo capilares aéreos, capilares sanguineos, infundibulo, atrio,
limen parabronquial, vasos sanguineos maiores que capilares, e tecido
interparabronquial, foram analisados através de método estereologico em pintinhos
com 1 e 10 dias de idade. A hipdxia aumentou os volumes relativos das estruturas
diretamente relacionadas com trocas gasosas, como capilares aéreos e sanguineos,
enquanto ndao afetou o volume dos pulmdes, e o volume relativo de infundibulo,
vasos sanguineos maiores que capilares e tecido interparabronquial em pintinhos de
1 e 10 dias. A menor concentracdo de oxigénio, diminuiu o volume relativo dos atrios
em ambas idades e o lumen parabronquial nos pintinhos mais velhos. Concluimos
que a hipdxia durante a fase embrionaria de desenvolvimento parabronquial pode
trazer um remodelamento morfoloégico, caracterizado por aumento de estruturas
responsaveis diretamente por trocas gasosas em detrimento de regides que
participam da conducéo de ar em pintinhos até o décimo dia pds ecloséo.

Palavras chaves: estrutura pulmonar, hipoxia, plasticidade de desenvolvimento,
capilares aéreos, capilares sanguineos.



STRUCTURAL REMODELING OF PARABRONCHIAL TISSUE OF CHICKS IN
RESPONSE TO HYPOXIA DURING FETAL DEVELOPMENT

Abstract- Oxygen is essential for cell development and function in aerobic
organisms. Exposure of embryos to hypoxia can change the genetically estabilished
developmental trajectory and generate morphological and physiological changes of
several organs and systems. In precocious birds, hypoxia during incubation is known
to change size of organs, metabolic rate and ventilation in hatchlings. In these
animals, embryonic development of the parabronchial structures, involved in gas
exchange and conduction, occurs mainly during the second half of incubation time.
Based on the above facts, we can hypothesize that hypoxia during this phase of
development can induce a remodeling of such structures, favoring gas exchange,
later in post-hatch life. To test this hypothesis, embryos were exposed to normoxia
for the entire incubation or to 15% O, (from day 12 to 18 of incubation) and their
parabronchial structures, including air capillaries, blood capillaries, infundibula, atria,
parabronchial lumen, blood vessels larger than capillaries and interparabronchial
tissue, were analyzed by stereological method in 1 and 10-day old chicks. Hypoxia
increased the relative volume of structures directly involved in gas exchange such as
air and blood capillaries, while did not change total lung volume and relative volumes
of infundibula, blood vessels larger than capillaries and interparabronchial tissue of 1
and 10 days-old chicks. The lower concentration of oxygen decreased the relative
volume of atria in both groups of chicks, and parabronchial lumen in the older ones. It
can be concluded that hypoxia during the embryonic phase of parabronchial
development can lead to a morphological remodeling characterized by increase of
structures responsible directly for gas exchange at the expense of regions that
participate in the conduction of air in chicks up to 10 days after hatch.

Keywords: lung structure, hypoxia, developmental plasticity, air capillaries, blood
capillaries



CAPITULO 1 - Consideragdes gerais

Introducgéo e revisao de literatura

A trajetéria de desenvolvimento dos 6rgdos e sistemas corporais é
geneticamente programada e pode ser perturbada por fatores ambientais, assim
sendo desviada da programacao inicial e atingindo um novo estado morfofisiolégico
(BURGGREN,1998 e 1999). Tendo em vista que o fornecimento adequado de
oxigénio é um requisito absoluto ndo sO6 para a manutencdo como para O
desenvolvimento dos sistemas de organismos aerdbios, a hipdxia pode ser
considerada um fator ambiental capaz de alterar a trajetéria de desenvolvimento do
embrido. Frente a hipdxia ocorre uma regulacédo de genes com funcdo de aumentar
a disponibilidade de oxigénio (SEMENZA, 2000), equiparando a oferta a demanda.
Apds 0 nascimento, a captacdo de oxigénio nas aves passa a ser funcdo dos
pulmdes, ou parabrénquios. Assim, no presente estudo foi abordada a possibilidade
de rearranjo morfolégico em consequéncia da hipdxia durante o desenvolvimento
fetal, nas estruturas pulmonares pés eclosdo em pintinhos de Gallus gallus com 1 e
10 dias de idade.

Avicultura e contextualizagcao

A populacdo mundial atingiu 7,3 bilhdes em meados de 2015, o que revela um
acréscimo de aproximadamente um bilhdo de pessoas nos ultimos 12 anos, tem
perspectiva de aumento para 8,5 bilhdes de pessoas em 2030 e 9,7 bilhdes de
pessoas em 2050 (UNITED NATIONS, 2015). Em decorréncia do crescimento
populacional é requerido sempre um aumento da producédo de alimentos, segundo a
OECD/FAO (2015), o consumo de carne mundial vai crescer a uma média anual de
1,4%, cerca de um consumo adicional de 54 milhdes de toneladas até 2024. Frente
a isso o setor avicola apresenta destaque dentre as producdes de carnes por ser
uma fonte de proteina de qualidade (FLETCHER, 2002) mais acessivel, mais
saudavel e com menores impedimentos religiosos; assim apresentando previséo de
ser a carne mais consumida pelo mundo até 2024 (OECD/FAOQ, 2015).

O Brasil estd muito bem inserido a este contexto, em 2015, foram obtidos

avancos internacionais, onde a producédo avicola ultrapassou a producao chinesa e



o Brasil foi colocado como o segundo maior produtor de carne de frango do mundo
(USDA, 2015). Além de avancos dentro do contexto de exportacdes, onde ja é
estabelecido como o maior exportador de carne de frango desde 2004 (USDA, 2006)
e em 2015, a carne de frango subiu na hierarquia dos produtos exportados pelo
Brasil, alcancando a marca do quarto produto mais exportado, atras apenas de soja
em gréo, minério de ferro e petréleo em bruto (AVISITE, 2016).

Porém, frequentes desafios vém de encontro com estes avancos produtivos
crescentes, sendo de suma importancia conhecimentos morfologicos e fisiolégicos
da ave.

O trato respiratorio das aves recebe pouca atencdo da comunidade cientifica
voltada a producdo de aves domésticas, embora seja um sistema fascinante e
diferenciado, desenvolvido como em nenhuma outra classe de vertebrados
(DUNCKER, 1972) além de ter papel essencial de trocas gasosas e estar envolvido
em patologias e desordens metabdlicas que representam perdas significativas para
a producéo.

Patologias, desordens metabdlicas, além de técnicas de manejo estédo
altamente relacionadas ao trato respiratério e ocasionalmente a hipdxia, o que
evidencia ainda mais a importancia do estudo do sistema respiratorio das aves e o
efeito da hipdxia sobre este sistema.

A exemplo disso a bronquite infecciosa € uma das doencas mais importantes
da avicultura, ela gera lesdes significantes nos sistemas respiratorio, urinario e
reprodutor de aves de todas as idades, tendo consequéncia de perdas econdmicas
consideraveis para a industria (CAVANAGH; NAQI, 2003). Técnicas de manejo onde
sdo usadas campanulas e fornalhas para aquecimento de aves durante o inverno
(ABREU, 2003) podem consumir o oxigénio do galpdo e proporcionar hipoxia as
aves; também a reutilizacdo de camas aumenta ainda mais os niveis de amdnia no
galpéo de criacdo das aves trazendo irritacdo e prejuizos para o trato respiratério,
como perda de cilios da traqueia, paralisia ciliar e necrose do epitélio da mucosa da
traqueia, fatores que podem ainda trazer infecgbes bacterianas secundarias (AZIZ;
BARNES, 2010). Também desordens metabolicas sdo frequentes em frangos de

corte que tem crescimento rapido, como a ascite, que é causada por uma



insuficiéncia valvular do coracdo, seguida por uma insuficiéncia do ventriculo direito,

dilatacdo secundaria e hipertensao pulmonar (JULIAN, 2005).

Desenvolvimento embrionario em Gallus gallus

A embriogénese de Gallus gallus ocorre de maneira relativamente rapida,
cerca de 21 dias em condicdes ambientais consideradas ideais; no final deste
periodo a ave esta totalmente desenvolvida. Considerando que pertence ao grupo
de aves precoces, no primeiro dia pos-eclosdo ja apresenta uma grande
independéncia sendo capaz de deixar o ninho e se alimentar sozinha (IWANIUK;
NELSON, 2003).

O ovo é fertilizado no infundibulo e em seguida passa pelo oviduto, onde o
albimen e a casca sao secretados em torno do vitelo (GILBERT, 2000; EYAL-
GILADI, 1984); entdo o Utero passa por um periodo de 20 horas de rotacdo e
contracdes peristélticas e durante este periodo comeca o desenvolvimento
embrionario, onde sao realizadas a clivagem e diferenciacao até a postura (EYAL-
GILADI; KOCHAV, 1976; EYAL-GILADI 1984).

Antes do fim do primeiro dia pds-postura ja sdo observados a dobra cranial e
a notocorda que séo estruturas primarias importantes para o desenvolvimento de
diversos tecidos embrionarios. No segundo dia de incubacgdo, ocorrem varios
eventos de desenvolvimento: surgem as primeiras vesiculas oculares, uma glandula
da tiredide primordial, desenvolve-se o pronephros que se transforma em
mesonephoros (rim primitivo), o coracdo comeca a se desenvolver e a hemoglobina
comeca a ser formada. No final do segundo dia o sistema circulatério é
desenvolvido, ductos venosos e um figado primordial surgem, e comeca a
diferenciacdo do telencéfalo (HAMBURGER; HAMILTON, 1951; BELLAIRS;
OSMOND, 2014).

No terceiro dia sdo observados mesencéfalo, prosencéfalo e rombencéfalo
além de vesiculas cerebrais, neuromeres (segmentos do tubo neural que
estabelecem o encéfalo embrionario) e uma vértebra rudimentar ligada a uma cauda.
Também €& formado o arco adrtico e sdo diferenciados varios 6rgdos como
proventriculo, moela, pancreas primitivo, pulmdes primitivos; também se inicia a

glandula pineal e os ductos dos néfron se ligam a cloaca, bem como comecam a se
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desenvolver os membros a partir do blastoderme, o amnio cerca todo o embrido e o
alant6ide comeca a se desevolver. Com trés dias e meio o embrido tem os primeiros
movimentos de cabeca e pescoco, as células adrenais sao diferenciadas, comeca a
sintese de insulina, gbnadas primitivas se formam, comeca a eritropoiese no vitelo e
inicia a sintese de estrogénio e estradiol (HAMBURGER; HAMILTON, 1951;
BELLAIRS; OSMOND, 2014).

No quarto dia o corio se une ao alantoide formando a membrana corio-
alantoide. Com 5 dias o mesonefro se torna funcional e comeca a producao
definitiva de eritrocitos, hemoglobina de adulto comeca a ser sintetizada, tem-se 0s
primeiros movimentos do tronco, comecga a sintese de corticosteroides, o duodeno
comeca a se diferenciar, forma-se a Bursa de fabricius, um coracdo de 4 camaras, o
timo e o bico. No dia seis, os sacos aéreos comecam a se diferenciar, as
paratireoides também; comegam movimentos dos olhos e membros, comecam a
aparecer germes de penas, e é visivel o dente do bico. No dia 7 comeca a secre¢ado
de monoiodotirosina pela tiredide e também a secrecdo de ACTH (hormonio
adrenocorticotrofico), tem inicio a mineralizacdo dos o0ssos e 0 desenvolvimento dos
ductos de Miiller que déo origem ao Utero nas fémeas (HAMBURGER; HAMILTON,
1951; BELLAIRS; OSMOND, 2014).

E interessante notar que ainda na primeira semana embrionaria ja existem
todos os 6rgdos necessarios para sustentar a sua vida até a ecloséo, além de ter
muitas caracteristicas da ave, assim, ele passa a ser chamado de feto. Os eventos
posteriores sdo de crescimento e maturacao (HAMBURGER; HAMILTON, 1951) até
cerca do décimo nono dia de incubacdo, quando o pintinho estd em posicao de
eclosdo, o saco vitelino esta sendo internalizado e o bico penetra na célula de ar, o
gue é denominado bicagem interna. Nesse momento o ar ja entra nos pulmdes e a
ventilacdo pulmonar é iniciada. Algumas horas mais tarde ocorre a bicagem externa,
gquando uma abertura da casca € conseguida e o ar ambiente € aspirado pela
primeira vez e o pintinho finalmente eclode (HAMBURGER; HAMILTON, 1951,
VILLAMOR, et al., 2002).

Sistema pulmonar de aves e seu desenvolvimento.
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O sistema respiratorio das aves é o mais estruturalmente complexo e
funcionalmente eficiente dentre os vertebrados terrestres (Figura 1 - MAINA, 2006),
sendo anatbmica e fisiologicamente singular (DUNCKER, 1972). Trata-se do Unico
sistema em que os pulmdes nao sofrem alteracdo de volume durante a ventilacdo
pulmonar, sendo que nove sacos aéreos funcionam como fole para ventilar os
pulmdes, mas nao participam diretamente da troca gasosa (Figura 1A - DUNCKER
1972, POWELL, 2000).

Assim, 0 ar passa dos sacos aéreos para 0s brébnquios primarios e
secundérios, que por sua vez tem funcdo somente de conducdo de ar até os
parabrénquios néo participando das trocas gasosas (Figura 1A - DUNCKER, 1974).

Os parabrénquios (ou brénquios terciarios) sdo a unidade funcional de trocas
gasosas no pulméo (Figura 1B- DUNCKER, 1974, POWELL, 2000). O ar segue do
brébnquio secundario para o limem do parabrénquio que, por sua vez, irradia através
dos atrios e infudibulos (Figura 1B, C) até chegar aos capilares aéreos que séo as
estruturas que entram em contato com os capilares sanguineos e efetivamente
fazem troca gasosa (Figura 1C - DUNCKER, 1974, MAINA 2006). As trocas gasosas
ocorrem pelo sistema de corrente cruzada, pois o fluxo de ar no parabrénquio €
perpendicular ao fluxo de sangue pelos capilares sanguineos (PIIPER; SCHEID,
1975).
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Nas aves, assim como nos mamiferos, o desenvolvimento do sistema
respiratorio inicia-se na fase embrionaria quando as trocas gasosas sao realizadas
por 6rgdos nao pulmonares (aves- membrana cdrioalantoide), e permanece se
desenvolvendo ainda por algum tempo depois do nascimento, quando o pulméo é
efetivamente o Unico meio de proporcionar oxigénio ao organismo aerdbico
(SZDzUY; MORTOLA, 2007).



John Maina (MAINA, 2003) descreveu todo o processo de desenvolvimento
dos pulmdes em Gallus gallus. No terceiro dia de incubacao ja é possivel observar
0s brotos pulmonares em desenvolvimento; no quinto dia tais brotos dividem-se em
dois pulmdes primarios a esquerda e a direita e se alongam caudal e
dorsolateralmente na cavidade celomatica. Ao atingirem suas localizacbes
topogréficas definitivas (no sexto dia), os pulmdes comecam a se encaixar nas
cavidades das costelas. Cada pulmdo se desenvolve em um corddo de células
epiteliais mesenquimais em que se inicia a formacdo de canais revestidos por
células colunares proeminentes, dando origem ao brénquio primério intrapulmonar.
Na sequencia, aparecem o0s bronquios secundarios que se irradiam no eixo
craniocaudal e se estendem para fora atingindo a periferia do pulméo (dia 8). Ao
mesmo tempo, a partir de aglomerados de células epiteliais, os parabrénquios (ou
brébnquios terciarios) comecam a se desenvolver, criam um Ilimen, proliferam e
conectam-se aos brénquios secundéarios. Os atrios sdo visiveis no dia 15, o
infundibulo no dia 16, e capilares aéreos no dia 18. Na ecloséo (dia 21), os capilares
de ar e de sangue estdo completamente formados e funcionais e a barreira sangue-
ar torna-se extremamente fina. O pulmdo é bem desenvolvido e funcionalmente
competente no final da vida fetal.

Alguns autores analisaram a morfometria dos pulmdes de Gallus gallus. O
volume pulmonar apresentou valores entre 25,02 e 27 cm3 para pulmdes de animais
domeésticos com massa corporal de 1,839 a 2,483 quilos (ABDALLA, 1977 apud
VIDYADARAN et al. , 1988 p. 233; ABDALLA et al., 1982; MAINA, 1982 apud
VIDYADARAN et al. , 1988 p. 233; VIDYADARAN; KING; KASSIM, 1987 apud
MAINA, 2006, p. 130; VIDYADARAN et. al., 1988), também foi analisado a
densidade de lumen parabronquial mostrando que estes ocupam cerca de 30 a 39,7
% do pulmdo de aves com massa média de 2 quilos(ABDALLA, 1977 apud
VIDYADARAN et al., 1988, p. 233; ABDALLA et. al, 1982; VIDYADARAN; KING;
KASSIM, 1987, apud MAINA, 2006, p. 130). Além disso as estruturas de troca foram
analisadas através de estereologia em alguns trabalhos, sendo estimados a
porcentagem que cada estrutura ocupa dentre as proérias estruturas de trocas
gasosas atraveés de microscopia eletronica de transmissdo, mostrando valores

~55.5-64.8% de capilares sanguineos e 21,3-33,8% de capilares aéreos em aves



domésticas e selvagens de 478 a 2141 quilos(DUNCKER 1972 ; DUNCKER, 1973
apud MAINA, 2006, p. 135; ABDALLA, 1977 apud VIDYADARAN et al. , 1988 p. 233;
ABDALLA; MAINA, 1981 apud MAINA, 2006, p. 135; ABDALLA et al.1982;
VIDYADARAN; KING; KASSIM, 1987 apud MAINA, 2006, p. 135).

Hipoxia durante o desenvolvimento pré-natal em aves

As aves podem encontrar hipoxia em ambientes naturais como altas altitudes,
tocas, mergulho e em condi¢cdes patologicas (RAMIREZ; FOLKOW; BLIX, 2007).
Hipoxia também pode ocorrer mesmo durante o desenvolvimento normal, ao final da
incubacdo quando o embrido tem 60% de aumento da taxa metabdlica e a difusdo
de oxigénio através da casca do ovo torna-se limitante, ndo atendendo a tal
demanda (VISSCHEDIJK, 1968; FREEMAN; MISSON, 1970; SZDZUY; FONG;
MORTOLA, 2008). Isso é mais evidente quando o pintinho despende um tempo
maior entre a bicagem interna e a bicagem externa (DECUYPERE; DEWIL; KUHN,
1991).

A hipéxia durante as fases de desenvolvimento embrionario e fetal em aves
gera alteracbes morfofisiologicas evidentes como menor massa corporal
(WANGENSTEEN et al., 1974; DZIALOWSKI et al., 2002; GIUSSANI et al., 2007,
AZZAM; MORTOLA, 2007; AZZAM; SzZDzZUY; MORTOLA, 2007; ZHANG,;
BURGGREN, 2012) acompanhada por uma reducao proporcional de varios 6rgaos
tais como encéfalo, figado, estbmago, rins e intestinos (CHAN; BURGREEN, 2005;
AZZAM; MORTOLA, 2007; ZHANG; BURGREEN 2012), menor taxa metabdlica
(BJONNES; AULIE; HGIBY, 1987; AR; GIRARD; RODEAU, 1991; TAZAWA et al.,
1992; MORTOLA; LABBE, 2005; AZZAM; SZDZUY; MORTOLA, 2007; MORTOLA;
COONEY, 2008), menor producdo de calor (LOURENS, et al., 2007, AZZAM,;
SZDZUY; MORTOLA, 2007) aumento das concentracfes plasmaticas de hormbnios
tireoideanos, corticosterona e acido latico (HASSANZADEH et al.,, 2004); menor
resisténcia vascular sistémica generalizada (ADAIR et al., 1987; ADAIR; MONTANI;
GUYTON, 1988), maior afinidade da hemoglobina ao oxigénio (BAUMANN et al.,
1983), além de aumento da concentracdo de hemoglobina e hematoécrito (TAZAWA,;
MIKAMI; YOSHIMOTO, 1971; RUIJTENBEEK et al., 2000).


http://www.ncbi.nlm.nih.gov/pubmed/?term=Aulie%20A%5BAuthor%5D&cauthor=true&cauthor_uid=3598493
http://www.ncbi.nlm.nih.gov/pubmed/?term=H%C3%B8iby%20M%5BAuthor%5D&cauthor=true&cauthor_uid=3598493

Porém as respostas morfofisiolégicas a hipdxia ndo estdo presentes somente
durante a fase de desenvolvimento embrionério/fetal, mas podem ocorrer também na
vida pés eclosdo em pintinhos que receberam hipéxia durante a incubacéo
(MORTOLA, 2009), o que atraiu maior interesse da comunidade cientifica nos
altimos anos, inclusive de nosso grupo de pesquisa.

Em resposta a hipdéxia na incubacdo foi reportado menor massa corporal
(DZIALOWSKI et al., 2002, HASSANZADEH et al., 2004, AMARAL-SILVA et al. ndo
publicado) e maior temperatura corporal (AMARAL-SILVA et al. ndo publicado) em
recém eclodidos; aumento da taxa metabdlica de pintinhos aos 10 dias de idade
(AMARAL-SILVA et al. ndo publicado), diferengas na taxa metabdlica frente a uma
nova hipdxia tanto em recém-eclodidos (SZDzZUY; MORTOLA, 2007; AMARAL-
SILVA et al. ndo publicado) como em animais de 10 dias de idade (AMARAL-SILVA
et al. ndo publicado) e menor ventilacdo e hipometabolismo (VE/VO2) frente a
hipercapnia p6s natal (SZDZUY; MORTOLA, 2007; FERNER; MORTOLA, 2009).

A fase de desenvolvimento embrionario/fetal que o pintinho recebe a hipoxia &
altamente relevante, pois durante a trajetéria de desenvolvimento podem ocorrer
fases mais ou menos sensiveis a cada estimulo ambiental, que sdo chamadas
janelas criticas (BURGGREN, 1998). A hip6xia usada como estimulo ambiental
durante a incubacédo gera diferentes respostas morfofisiologicas em janelas criticas
de desenvolvimento especificas (DZIALOWSKI, et al., 2002; CHAN; BURGGREN
2005;). Zhang e Burggren (2012) concluiram que a primeira metade do
desenvolvimento embrionario contém a janela critica de efeitos prejudiciais da
hipoxia, como mortalidade, e na segunda metade da incubacado fica a janela de
respostas compensatérias a hipdéxia em o6rgdos chaves, provavelmente porque
orgdos chaves como 0s corpos carotideos amadurecem e se tornam funcionais
somente na ultima semana de incubagédo. (FERNER; MORTOLA, 2009).

Para o0 nosso trabalho a fase de desenvolvimento embrionario/fetal que o
animal é exposto a hipéxia € um fator ainda mais importante, pois, como
mencionado no “desenvolvimento do sistema pulmonar em aves” as areas que
constituem o tecido parabronquial e que sdo estudadas por nés neste trabalho se

desenvolvem em maior parte no tercgo final da incubacéo (MAINA, 2003).
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Hipoxia e estruturas de trocas gasosas

Antes da bicagem interna, as trocas gasosas sao feitas pela membrana corio
alantoide (CAM), ela comeca a se formar no quarto dia embrionario e continua a
crescer até o dia 12 (MORTOLA; AWAM, 2010), quando esta completamente
formada (AZZAM; MORTOLA, 2007). Trabalhos muito interessantes foram feitos,
analisando a resposta de membrana corioalantéide a hipoxia, onde relatam um
aumento da angiogénese em resposta a hipoxia e uma capilaridade mais modesta
quando o embrido é exposto a hiperoxia (STRICK et al. 1991). Além disso, muitos
autores relatam um aumento da massa da CAM que ocorre principalmente na fase
mais tardia da incubacado (WAGNER-AMOS; SEYMOUR, 2003; CHAN; BURGREEN,
2005; AZZAM; MORTOLA, 2007; ZHANG; BURGREEN, 2012) e que chega a
60%(CHAN; BURGGREN, 2005). Entdo a estrutura primordial para as trocas
gasosas embriondrias é altamente estimulada pela hipdxia, que exerce um efeito
positivo sobre a mesma e proporciona um aumento da area de superficie funcional
(CHAN; BURGGREN, 2005) e, consequente, aumento da capacidade de difusdo de
oxigénio (AZZAM; MORTOLA, 2007).

Os pulmBes também podem ser afetados morfofisiologicamente pela hipoxia
antes ou depois da eclosdo. Quanto aos embrides, os trabalhos divergem sobre o
efeito da hipdxia durante a incubacao sobre a massa pulmonar. Xu e Mortola (1989),
expondo os embriBes a hipoxia do dia 14 ao 18 da incubacdo observaram maior
massa pulmonar nos embrides que receberam hipdxia, ao contrario dos pulmdes dos
embrides incubados em hiperdxia. Azzam e Mortola (2007), usando hipdxia a partir
do dia 5 de incubacdo encontraram menor massa dos pulm&es no dia embrionéario
19 (E19), mas ndo nos outros dias (E14, E17 e E20). Chan e Burggren (2005), que
utilizaram hipoxia no comeco, meio e fim da incubacao e Lewallen e Burggren (2015)
que expuseram os embrides a hipoxia do dia 1 ao 16 da incubacdo ndo encontraram
diferenca na massa dos pulmdes em nenhum momento da incubacdo e Zhang e
Burggren (2012) usaram hipoxia no inicio, final ou durante a incubacéo inteira
encontraram massa dos pulmdes proporcional a massa do embrido.

A hipdxia muitas vezes também é relacionada a uma resposta de hipertenséo
do sistema respiratorio, que provocaria ascite (sindrome da hipertensao pulmonar).

Em resposta a hipoxia cronica, alguns autores afirmam que animais adultos podem


http://www.sciencedirect.com/science/article/pii/S1569904811001091#bib0025
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sofrer alteracdes morfolégicas nos pulmdes por causa de um remodelamento
estrutural, que aumentaria a espessura das paredes arteriais dos pulmodes (HISLOP;
REID,1976; RABINOVITCH et al.,, 1979; RABINOVITCH, 1999; RABINOVITCH,
2012) e diminuiria a quantidade de pequenos vasos nao capilares (HISLOP; REID,
1976; RABINOVITCH et al., 1979; STENMARK; MCMURTRY, 2005), fazendo com
que ocorra um aumento de resisténcia pulmonar. Porém pintinhos que foram
incubados sob hipoxia apresentam menor incidéncia de ascite desde jovens até o
abate (BAHADORAN; HASSANZADEH; ZAMANIMOGHADDAM, 2010). Além disso,
os resultados que mostram um efeito negativo da hipoxia sobre as estruturas
pulmonares sé&o contestados por evidéncias da ocorréncia de angiogénese; tanto
morfologicas, pelo aumento de densidade e tamanho de vasos pulmonares de
animais adultos expostos a hipoxia crénica (HOWELL; PRESTON; MCLOUGHLIN,
2003), quanto por evidéncias fisiologicas, com maior concentracdo de VEGF (fator
de crescimento endotelial vascular) nos pulmdes de embrides de galinhas incubados
em hipoxia. Em mamiferos, o VEGF néo esta ligado somente ao desenvolvimento de
vasos sanguineo, mas também ao desenvolvimento de vias aéreas nos pulmodes
(LEWALLEN; BURGGREN, 2015).

Ainda sobre a influéncia da hipdxia sobre as estruturas de trocas gasosas €
interessante lembrar que em aves que passam por hipdxia durante seu percurso
migratorio de altas altitudes, como o ganso de cabeca listrada (SCOTT, 2011) sdo
relatadas adaptacdes que facilitam as trocas gasosas, como maior afinidade da
hemoglobina ao oxigénio (PETSCHOW et al.,1977; BLACK; TENNEY, 1980), menor
barreira de difusdo sangue-ar (MAINA; KING, 1982), maior densidade capilar e
namero de mitocéndrias (FEDDE et al., 1985) e baixissimo ou nenhum aumento na
resisténcia vascular (FARACI; KILGORE; FEDDE, 1984) .

Objetivo

Diante do exposto acima, o0 objetivo do presente trabalho foi testar a hipétese
de que a hipéxia durante o desenvolvimento fetal de Gallus gallus induz
remodelamento das estruturas parabronquiais, e se este permanece ap0s a ecloséo.

Assim, foi utilizado o método de estereologia para a analise das estruturas


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2342608/#b56
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parabronquiais de pintainhos recém-eclodidos e de dez dias de idade que foram

expostos a 15% O, entre os dias 12 e 18 de incubacéo.
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CHAPTER 2 - Structural remodeling of parabronchial tissue of chicks in

response to hypoxia during fetal development

Abstract- Oxygen is essential for cell development and function in aerobic organisms.
Exposure of embryos to hypoxia can change the genetic development trajectory established
and generate morphological and physiological changes of several organs and systems. In
precocious birds, hypoxia during incubation is known to change size of organs, metabolic rate
and ventilation in hatchlings. In these animals, embryonic development of the parabronchial
structures, involved in gas exchange and conduction, occurs mainly during the second half of
incubation time. Based on the above facts, we can hypothesize that hypoxia during this phase
of development can induce a remodeling of such structures, favoring gas exchange later in
post-hatch life. To test this hypothesis, embryos were exposed to normoxia for the entire
incubation or to 15% O, (from day 12 to 18 of incubation) and their parabronchial structures,
including air capillaries, blood capillaries, infundibula, atria, parabronchial lumen, blood
vessels larger than capillaries and interparabronchial tissue, were analyzed by stereological
methods in 1 and 10-day old chicks. Hypoxia increased the relative volume of structures
directly involved in gas exchange such as air and blood capillaries, while did not change total
lung volume and relative volumes of infundibula, blood vessels larger than capillaries and
interparabronchial tissue of 1 and 10 days-old chicks. The lower concentration of oxygen
decreased the relative volume of atria in both groups of chicks, and parabronchial lumen in
the older ones. It can be concluded that hypoxia during the embryonic phase of parabronchial
development can lead to a morphological remodeling characterized by an increase of
structures responsible directly for gas exchange at the expense of regions that participate in

the conduction of air in chicks up to 10 days after hatch.

Keywords: air capillaries, blood capillaries, developmental plasticity, hypoxia, lung structure
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Introduction

The adequate supply of oxygen is an absolute requirement for aerobic animals
survival. Birds may face oxygen levels below normal (hypoxia) in natural environments such
as high altitude, burrows, during diving, and pathological conditions (Ramirez et al., 2007). It
is also demonstrated that at the end of incubation, a chicken embryo shows a 60% increase in
metabolic rate and a deficit in oxygen delivery occurs because gas exchange through the egg
shell is not enough to supply oxygen demand (Visschedijk, 1968; Freeman and Misson, 1970;
Szdzuy et al., 2008), especially when there is an extended time interval between internal and

external pipping (Decuypere et al., 1991).

During hypoxia, transcriptional activators involved in oxygen homeostasis can induce
responses of genes, which may promote adaptations in order to increase oxygen delivery or
facilitating metabolic adaptation to hypoxia (Semenza, 2000; 2012). On the other hand, it also
can be related to morphological changes in the respiratory system involving some diseases
such as ascites (pulmonary hipertension), for example. In this case, there are conflicting data
showing hypoxia to induce structural remodeling in pulmonary vasculature, including arterial
wall thickening (Hislop and Reid, 1976; Rabinovitch et al., 1979; Rabinovitch, 1999;
Rabinovitch, 2012) and loss of non-capillary small vessels (Hislop and Reid, 1976;
Rabinovitch et al., 1979; Stenmark and McMurtry, 2005), but also increase in density and size

of blood vessels (Howell et al., 2003).

Chicken embryos show significant morphological and physiological changes when
exposed to chronic hypoxia, characterized by a general reduction in organs mass, proportional
to reduced body mass (Azzam and Mortola, 2007; Chan and Burggren, 2005; Zhang and

Burgreen, 2012), and lower metabolic rate (Bjgnnes et al., 1987; Ar et al., 1991; Tazawa et
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al., 1992; Mortola and Labbe, 2005; Azzam et al. 2007; Lourens et al., 2007; Mortola and
Cooney, 2008). On the other hand, O, transport in blood may be increased because of higher
hemoglobin-O, affinity (Baumann et al., 1983), hematocrit and hemoglobin concentration

(Tazawa et al., 1971; Ruijtenbeek et al., 2000).

The effects of hypoxia during embryonic development are not restricted to this phase,
but they seem to persist even after hatch in normoxia (Mortola, 2009), including lower body
mass (Dzialowski et al. 2002; Hassanzadeh et al., 2004; Amaral-Silva et al. unpublished data),
reduced O, ventilatory sensitivity and air convection requirement during a new hypoxia or
hypercapnia (Szdzuy and Mortola, 2007; Ferner and Mortola, 2009). Nevertheless, because
only hatchlings have been used in the studies showing changes after hatch, it is not known if

the post-hatch effects of embryonic hypoxia have a long lasting duration.

It is important to emphasize that the phase of embryonic development that the bird is
exposed to hypoxia is very relevant to systems plasticity. A ‘critical developmental window’
means that a stressor, such as hypoxia, may have greater or lesser influence on postnatal
morphology and physiology depending on the incubation phase in which it occurs (Chan and
Burggren, 2005; Ferner and Mortola, 2009). The first half of embryonic development is a
critical window for the damaging effects of hypoxia, like mortality; and the second half of
incubation is the window for compensatory responses to hypoxia in key organs, which can be
explained by their final development during this phase (Ferner and Mortola, 2009; Zhang and

Burgreen, 2012).

The structures involved in gas exchange in precocious birds can only be observed in
the last third of incubation (Maina, 2003). The parabronchi begin to develop from the eighth

day when a lumen starts to be created and proliferates connecting the secondary bronchi. The
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atria are visible on day 15, while the infundibula on day 16, and air capillaries on day 18. At
the day of hatching hatch day (21%), air and blood capillaries are fully formed and functional
and the blood gas barrier becomes extremely thin. The lungs are well developed and
functionally competent at the end of fetal life (Maina, 2003). Thus, we hypothesize that
hypoxia exposure during this specific phase of embryonic development of lungs can affect gas

exchange structures inducing long lasting changes (plasticity) after hatch in chicken.

Based on the above considerations, we hypothesized that hypoxia during the critical
phase of embryonic parabronchial development can induce a remodeling of such structures,
favoring gas exchange, later in post-hatch life. To test this hypothesis, embryos were exposed
to normoxia for the entire incubation or to 15% O, (from day 12 to 18 of incubation) and their
parabronchial structures were analyzed by stereological methods in hatchlings and 10-day old

chicks.

Material and Methods
Animals

Fertile eggs from chicken Gallus gallus variant domesticus (Coob500®) were incubated
(incubator Premium Ecologica®, Belo Horizonte, Brazil) at 37.5° C, relative humidity of
about 60% and turned every two hours. The eggs were submitted to two treatments: normoxia
(Nx; 21% O, throughout incubation) and late hypoxia (Hx; 21% O, until day 11 and 15% O,
from day 12 to day 18). For exposure to hypoxia, eggs were transferred to a hypoxic incubator
kept at 14.5-15.5% O, by leaking a small stream of N, from a pressurized tank controlled by a

flowmeter (White Martins, Osasco — Brazil, pure N,). The O, concentration within the
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incubator was monitorized continuously by a O, analyzer (Sensepoint XCD, Honeywell,
USA).

At day 19, all eggs (Nx and Hx) were taken to the same hatcher where hatched together under
the same environmental conditions. After hatching, animals remained in room air until the day
for lung sampling (day 1 or 10). The protocol was approved by the local Animal Care and Use

Committee (CEUA, FCAV-UNESP, protocol number 024166/13).

Tissue sampling and histological procedure

Five 1- and 10-day-old chicks were used for each treatment. After euthanasia
(ketamine, 90 mg/kg + xylazine, 4.5 mg/kg) a buffered fixative (glutaraldehyde 2.5%)
solution was driven by gravity into the trachea for fixation of lungs for 24 hours still inside
the coelomic cavity (adapted from Maina et al., 1989). After this period, the coelomic cavity
was opened, both whole lungs were withdrawn from the rib cage and the lungs volumes were
measured by Cavalieri's principle. To this end, both lungs of each animal were systematic cut
into pieces of 2 mm each and the slices were arranged randomly plane in a plate; a
spreadsheet containing several points separated by the same distance was placed covering the
plate. To estimate lung volume, the number of points exclusively on the slices was multiplied
by the known volume between points (Michel and Cruz-Orive, 1988). Twelve lung samples
were collected from both whole lungs (neopulmo and paleopulmo) using systematic random
sampling. The sites in the lungs chosen for histological processing were randomly determined
using a translucent sheet marked with Cavalieri’s points covering all slices, a similar method

as used with a biopsy plate.

The pieces of lung remained from 15 to 20 hours immersed in glutaraldehyde and then

they were processed for transmission electron microscopy by standard laboratory techniques.


http://tpx.sagepub.com/content/35/1/41.full#ref-21
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Briefly, the tissue was washed in phosphate buffer three times, followed by post fixation in
osmium tetroxide for three hours, and underwent a dehydration battery through increasing
concentrations of acetone, from 30% to absolute (100%), remaining for five hours in
resin/acetone and in vacuo overnight in pure resin. Tissue samples were then properly

identified and included in resin epon/araldite remaining in a stove for 72 hours.

Semithin sections (500nm) stained with toluidine blue for light microscopy, were
photographed with a magnitude of 20x (Zeiss, Axio Image Z2 and camera AxioCam MRC5).
Photos generated were assembled by using Mosai X function of the microscopes’ software.
Over the picture were overlapping frames and probes in order to estimate the structures
volume using stereological techniques (Howard and Reed, 1998; Ochs, 2014; Mihlfeld and
Ochs, 2014). Point counting was used to estimate the volume densities (% of each structure)
of parabronchial structures. It is based on a point counting of each structure and the relation of
it with the point counting of the total parabronchial tissue. We also estimated the absolute
volumes (Table 3, Appendix), which were calculated from the relation between the structures
volume densities (% of parabronchi) and the total lung volume, i.e., for a component (a) of
which the volume density is Vva(%) and the total volume of the lung VL, the absolute
volume of the component (a) in the lung is Vva x VL (Maina, 1984). For the analysis of

results, however, only the relative values of parabronchial structures were used.

Using this method, we studied the parabronchial tissue and its components, such as
lumen of air capillaries, blood capillaries, atria, infundibula, parabronchial lumen,

interparabronchial tissue and blood vessels larger than capillaries (Fig. 1).

Statistical analyses
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Data were subjected to two-way analysis of variance (ANOVA; factors: age and
incubation treatment) and, in case of statistically significant differences (p <0.05), means

were compared by Tukey’s test, 5 % probability.

Results

General characteristics of chicks and lungs utilized, such as number of chicks, body
weight, lung volume and lung volume/body weight are presented in Table 1. No significant
difference between treatments (Nx and Hx) was observed in the above variables. Body weight

and lung volume were higher while relative volume of lungs was lower in the oldest animals.

Normoxic animals had 22.90% of parabronchi occupied by blood capillaries with 1
day old and 20.80 % with 10 days old. Hypoxia during incubation increased blood capillaries
volume density in both 1- (20.08% increase) and 10-days (13.30% increase) old chicks
(Tukey’s test, p <0.001). Older chicks that were incubated under hypoxia, but not in
normoxia, showed significant lower blood capillaries volume than younger ones of the same

treatment (Fig. 2 -Tukey’s test, p = 0.027).

Air capillaries of normoxic animals occupied 14.50% with 1 day old and 15.70% with
10 days old. Hypoxia caused an increase of 23.44% and 42.03% on the air capillaries volume
density in 1- and 10-day old chicks, respectively (Tukey’s test p <0,001). Air capillaries
volume was significantly higher in 10-days than in 1-day-old chicks incubated in hypoxia, but

not in normoxia (Fig. 3 - Tukey’s test p < 0.001).

The relative volumes of each parabronchial structure that is not directly involved in

gas exchange but in air conduction are given in Table 2. The atria volume densities of 1 and
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10-days-old animals incubated in hypoxia were lower than those of animals incubated in
normoxia (Tukey’s test: 1-day-old, p<0.001; 10-days-old, p= 0.002); the atria volume
decreased with age in chicks incubated in normoxia, but not in hypoxia (Tukey’s test, p<
0.001). In control chicks, the parabronchial lumen volume was higher in older compared to
younger animals, an effect that was inhibited by hypoxic incubation (Tukey’s test, p<0.001).
Regarding the other structures assessed, such as infundibula, blood vessels larger than

capillaries and interparabronchial tissue, no effect of incubation condition was observed.

Discussion

This study showed that hypoxia during a critical window of lung development can
induce morphological remodeling of parabronchial tissue in chicks up to 10 days after
hatching. This response was characterized by increasing volume densities of blood and air
capillaries involved in gas exchange, over a decrease in air conduction structures. Such
changes in lung morphology may facilitate environmental oxygen extraction in chicks that

were submitted to low O, concentration during incubation.

It is known that hypoxia affects the expression of genes associated with metabolic
adaptation to low oxygen (Semenza, 2000). In this context, reduction in tissue oxygen supply
can often lead to neovascularization to match the needs of the tissues (Adair et al., 1990),
which can be observed in some disturbs such as hypertrophic cardiomyopathy, myocardial
infarction, healing of skin wounds and ocular disorders (Heinl-Green et al., 2005; Mace et al.,
2007; Sano et al., 2007; Liu et al., 2008; Botusan et al., 2008; Jiang et al., 2009; Yoshida et
al., 2010). Angiogenesis in response to hypoxia is indeed reported in tissues such as brain,

heart, (Miller and Hale, 1970), skeletal muscle (Miller and Hale, 1970; Cassin et al., 1971;
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Snyder et al., 1984) and lungs (Howell et al., 2003). In adult rats exposed to hypoxia during 2
weeks, an angiogenic response has been observed in the pulmonary circulation, increasing the
length of pulmonary vessels and surface area of the capillary endothelium (Howell et al.,
2003). High altitude birds (Fulica americana peruviana), which live in a hypobaric hypoxia
situation, have greater capillarity in the flight muscles compared to lowland species (Léon-
Velarde et al., 1993). It is interesting to note that this seems not to be a response to longtime
genetic selection because Snyder et al. (1984), studying Canadian geese (Branta canadensis)
and bar headed geese (Anser indicus), showed that increases in capillarity in flight muscles
can also be stimulated in birds from low altitudes exposed to hypoxia during embryonic/fetal
development. Regarding embryos, increase in blood vessels improving functional surface for
gas exchange after hypoxia exposure, especially during the late stage of incubation, has been
demonstrated by a 40 to 60% mass increment and angiogenesis of the chorioallantoic
membrane (Strick et al., 1991; Wagner-Amos and Seymour, 2003; Chan and Burggren, 2005;
Azzam and Mortola, 2007; Zhang and Burgreen, 2012), a critical structure for O, uptake and
CO; release in avian embryos. Interestingly, an increasing expression of vascular endothelial
growth factor (VEGF), a protein that stimulates angiogenesis and vasculogenesis, has been
reported in the lung of chicken embryos incubated in hypoxia (Lewallen and Burggren, 2015).
This could be a mechanism by which the higher volume density of blood capillaries observed

by us in 1 to 10 days after hatch in our chicks incubated in hypoxia could be explained.

Besides blood capillaries, the volume of the air capillaries of chicks incubated in
hypoxia was also increased (Fig. 3). This implicates in an enlarged contact between blood and
air, which indicates that whole exchange tissue suffers alterations to increase gas exchange in
response to hypoxia. This effect of hypoxia favoring gas exchange seems to be similar in

other species. Young and adult hypoxic rats have heavier lungs (Cunningham et al., 1974) and
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increased lung volume (Bartlett and Remmers, 1971; Mortola et al., 1986; Sekhon and
Thurlbeck, 1996), surface area (Bartlett and Remmers, 1971; Cunningham et al., 1974),
number of alveoli (Sekhon and Thurlbeck, 1996), alveolar density (Bartlett and Remmers,
1971; Cunningham et al., 1974; Sekhon and Thurlbeck, 1996) and diffusion capacity (Howell
et al., 2003). Guinea pigs also show higher alveolar surface and lung volume in hypoxia
(Lechner and Banchero, 1980). In addition, dogs exposed to hypoxia since puppies had air
volume, surface area and pulmonary diffusion capacity increased (Johnson et al., 1985).
Hypoxic chicken embryos have increased parabronchial tissue (Lewallen and Burggren, 2015)
and birds evolutionarily habituated to hypoxic exposures (Anser indicus) show lower blood-
gas diffusion barriers (Maina and King, 1982). Even ectothermic vertebrates, such as hypoxic
tadpoles, show gill hypertrophy, thinner skin (lower blood - water barrier) and increased

capillary bed (Burggren and Mwalukoma, 1983).

Studies using transmission microscopy that applied the stereology technique to
estimate relative volumes of blood and air capillaries in Gallus gallus, show values of ~55.5 -
64.8% of air cappilaries and 21.3 — 33.8% of blood cappilaries (Abdalla, 1977 as cited in
Vidyadaran et al., 1988; Abdalla et al 1982, Duncker, 1972; Duncker, 1973 as cited in Maina,
2006; Vidyadaran, 1987 as cited in Maina, 2006; Abdalla and Maina, 1981 as cited in Maina,
2006). As for calculation of these relative volumes it was considered only the gas exchange
structures (air capillaries, blood capillaries, blood-gas barrier), the values are higher than ours,

since these later are relative to the entire parabronchial estructure (light microscopy).

What is interesting regarding our results is that even after 10 post-hatch days in
normoxia, the morphological remodeling of lungs induced by hypoxia during incubation has
been preserved. This indicates that lung development was affected by low oxygen supply and

these morphological changes remained after the end of the hypoxic stimulus. In agreement,
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Okubo and Mortola (1989) exposed neonate mice to 10% hypoxia from the 1st to the 6th day
of post-natal life and then returned them to normoxia until 50 days of life resulting in mice
with larger chest, antero-posterior diameter and diaphragm surface area, as well as heavier
and expanded lungs, suggesting that structural changes induced by neonatal hypoxia are not

reversed even for a long time after they returned to normoxia.

We suggest that the increase in the structures involved in gas exchange, i.e., blood
(Fig. 2) and air (Fig. 3) capillaries, is related to the reduction in volume density of atria,
infundibula and lumen of parabronchi (Table 2) in our chicks incubated in hypoxia, as the
total lung volume was not changed by hypoxia (Table 1). This would indicate a tissue
rearrangement in the lung that favors gas exchange at the expense of air flow conduction
areas. The same pattern of changes was observed in normoxic hatchlings and became more
pronounced in the 10-days old chicks, which corroborates the idea of a remodeling of lung
tissue based on an anatomical limitation related to growth. Indeed, in guinea pigs acclimated
to hypoxia, Lechner and Banchero (1980) reported an increase in lung size and alveolar

surface, but found anatomical limitations related to animal growth.

To our knowledge, this is the first study to show the development of pulmonary
structures in young precocious birds. After normoxic incubation, the volume density of atria
decreased in older animals, a pattern that was not observed in chicks incubated in hypoxia,
because they already showed reduced atria in the first day after hatching. As to the
parabronchial lumen, it occupied a larger space in the lung in older animals incubated in
normoxia, but this was not observed in the hypoxia group. Age did not affect air and blood
capillaries in chicks incubated in normoxia, but hypoxia changed this pattern inducing higher

volume of blood capillaries in younger animals and of air capillaries in older animals. Thus, it



32

seems that hypoxia not only changes lung structures but also affects the anatomical design

during early development after hatching.

Hypoxia during incubation did not affect body weight of both groups of chicks (Table
1), which corroborates previous studies in hatchlings (Azzam et al., 2007; Lourens et al. 2007,
Ferner and Mortola, 2009) but differs from others showing smaller (Hassanzadeh, et al. 2004;
Dzialowski, et al. 2002; Amaral-Silva et al. unpublished) or bigger chicks (Bahadoran et al.
2010). We have noticed in our laboratory that the effect of hypoxia during incubation on body
weight is much variable, and may only be possible to observe a main effect on reduced body
weight in hatchlings when a larger sample of animals is being used (Amaral- silva et al.
unpublished data). Ten-days-old (Amaral- silva et al. unpublished data) or 14-days-old
(Bahadoran et al., 2010) chicks incubated in hypoxia showed no body weight differences

compared with control group.

Absolute and relative lung volumes were also not affected by hypoxic incubation, but
by age. Absolute lung volume was bigger in older chicks, regardless of treatment, but when
we compared lung volume relative to body weight, younger chicks had larger lungs.
Compelling our results with others from literature in Gallus gallus (Fig. 4) it is possible to
observe a negative correlation between relative lung volumes and body weight, which means
that bigger animals possess smaller lungs. Thus, the relative volume of our 10 days old chicks
is probably smaller because they are heavier. Indeed, a reduction in lung volume with increase
in body weight is observed in Gallus gallus from different lineages, including Red Junglefowl
(Fig. 4). It can be noticed that our 10-days-old chicks show a sharp decline in lung volume as
compared to the others. It is demonstrated that the relative lung volume of a domestic fowl is
around 20-33% smaller than the Red Junglefowl, without showing much change in gas

exchange because their increased surface area and thinner blood-gas barrier (Vidyadaran, et



33

al., 1990). Furthermore, lungs of fast-growing birds (like our broilers) are smaller than those
of slow-growing poultry at earlier age (Al-Masri and Hassanzadeh, 2010) and the relative
lung volume decreases in broilers while increases in laying hens and Red Junglefowl during

aging (Hassanzadeh et al. 2005).

In conclusion our results indicate that hypoxia during a critical window of embryonic
development of lungs can induce remodeling of parabronchial structures, favoring gas
exchange structures at expenses of non-gas exchange areas later in post-hatch life in chicken.
Nevertheless, the confirmation that gas exchange is favored in our chicks exposed to hypoxia
during incubation will be possible when the surface area and thickness of air-blood barrier are

determined, which is currently under investigation in our laboratory.
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Table 1- Characteristics of 1 day- and 10 days-old chicks and their lungs after exposure to

normoxic (Nx) or hypoxic (Hx; 15% O,) incubation.

1 day 10 days
NX Hx NX Hx
Number of chicks 5 5 5 5
Body weight (g) 43.83+0.61b  43.04+0.58b  167.94+8.60a 151.56+11.04a
Lung volume (cm?3) 0.98+0.03b 1.01+0.05b 2.58+0.19a 2.09+0.24a

Lung volume/BW (cm?/g) 0.0225+0.001a 0.0236+0.001a 0.0155+0.001b 0.0138+0.001b

Data are means+1 SEM. No significant differences are observed in the different oxygen

conditions during incubation. Different letters mean statistical difference to 1 and 10-days old

in normoxia or hypoxia. (Tukey’s test, p< 0.01). BW, body weight.

Table 2. percentage of non-gas exchange parabronchial structures in 1 and 10 days-old
chicks that were submitted to hypoxia (15% O,) during the last third of incubation or
normoxia (20,9% O,). Atria, Infundibula, Parabronchial lumen, Blood vessels (blood
vesses| larger than capillaries) and Interparabronchial tissue.

1 day 10 days
NXx Hx NXx Hx
Atria 12.43+5.4%"  6.46+2.8°  8.4+4.12B 6.1+4.2°
Infundibula 5.3+3.2 5.5+2.3 5.5+2.3 5.1+1.7
Parabronchial lumen 34.5+7.18 32.4+9.6 395+11.0* 29.6+10.6°
Blood Vessels 8.8+10.6 7.946.1 7.949.7 8.8+8.5
Interparabronchial tissue 2.6x2.1 2.9+2.6 3.5+3.9 5.2+6.9

Data are meanstl SEM. Different letters mean significant difference (Tuckey; p< 0.0 5);

lowercase letters are given as difference between treatments within the same age; uppercase

letters represent differences between ages in the same treatment.
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Figl-Photomicrographies showing functional parabronchial structures. The figure A is a 1 day
old chick and figure B, a 10 days old chick. In both micrographies it can be seing parabronchial lumen
(curves- ), atria (circles- ®), infundibula (axes- X), air capillaries (stars-#), blood capillaries (triangles-

A), interparabronquial tissue (bars- —) and blood vessels larger than cappilaries (squares- [).
Magnification, 20x.
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Fig. 2. Effect of hypoxia (Hx; 15% O,) during the last third of incubation on the blood
capillaries relative volume (%) in 1 day- (H1) and 10 days- (H10) old chicks. Nx= incubation
in normoxia. Lowercase letters are given as difference between treatments within the same
age; uppercase letters represent differences between ages in the same treatment. Significant
difference for p< 0.05 (Tuckey’s test).
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Fig. 3. Effect of hypoxia (Hx15% O,) during the last third of incubation on the air capillaries relative
volume (%) in 1 day- (H1) and 10 (H10) days-old chicks. Nx= incubation in normoxia. Lowercase
letters are given as difference between treatments within the same age; uppercase letters
represent differences between ages in the same treatment. Significant difference for p< 0.05
(Tuckey’s test).
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Table 3. Effect of hypoxia (15% O,) at the last third of incubation on the absolute volume
(cm®) of parabronchial structures in 1 day and 10 days-old chicks. Air cappilaries (AC) Blood
cappilaries (BC) Atria (AT), infundibula (IF), parabronchi lumia (PB), blood vessels larger
than capillaries (BV) and interparabronquial tissue (IT)

1 day 10 days
NX HX NX HX

Air cappilaries 0,14+0.01°® 0.18+001*® 0.42+0.05" 0.46%0.05"
Blood cappilaries 0.23+0.02°® 028+002* 058+0.08" 052+0.08"
Atria 0.12 £0.01*® 0.07+0.01°® 0.22+0.04** 0.14 +0.05°*
Infundibula 0.05+0.01°  0.06%0.01° 014+0.02” 0.10+0.01"
Parabronchial lumen 0.34+0.04%  033+003°% 1.02+0.12** 0.60+0.10°*
Blood Vessels 0.09+0.04°% 0.08+002° 019+0.10" 0.17+0.06"
Interparabronchial tissue 0.02+0.009  0.03+0.01® 0.05+0.03 0.09+0.07"

Data are meanstl SEM. Different letters mean significant difference (Tuckey; p< 0.05);

lowercase letters are given as difference between treatments within the same age; uppercase

letters represent differences between ages in the same treatment.



