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EFEITO DA TEMPERATURA DE INCUBACAO NO METABOLISMO,
TERMORREGULAGCAO E QUIMIOSSENSIBILIDADE DE FRANGOS

RESUMO - O primeiro terco da incubacdo é determinante para o
desenvolvimento embrionario, sendo que a temperatura € considerada um dos
fatores mais importantes, pois pequenas flutuagbes deste parametro podem
afetar a qualidade e a taxa de sobrevivéncia dos embrides. Desta forma, objetivo
do presente estudo foi avaliar os efeitos da manipulagdo térmica durante a
incubacdo sobre o consumo de oxigénio, temperatura corporal, respostas
ventilatérias & hipoxia e hipercapnia em pintainhos machos e fémeas de 3 e 14
dias de idade (d). Foram incubados ovos férteis de matrizes da linhagem Cobb®,
classificados de acordo com o peso, provenientes de matrizes com idade entre
48 a 52 semanas, procedentes de incubatério comercial, de acordo com os
seguintes tratamentos: Controle (Control) - ovos incubados a 37,5°C (durante
todo o periodo incubatério); Frio (Cold) - ovos incubados a 36°C (6 horas/ dia,
por 5 dias); Quente (Hot) - ovos incubados a 39°C (6 horas/ dia, por 5 dias). Apos
os 5 primeiros dias de incubacdo, os ovos dos tratamentos Frio e Quente
permaneceram em temperatura de 37,5°C até a eclosdo. Apés a eclosdo os
animais foram sexados e 0s seguintes parametros foram avaliados: massa do
pulmd@o e coragao; temperatura corporal; consumo de Oz e ventilacdo em
condicBes basais, e apds a exposicdo a hipoxia (10%02) ou a hipercapnia
(7%CO032). Os dados foram avaliados quanto ao atendimento das pressuposi¢coes
de homogeneidade das variancias e normalidade dos erros estudentizados e
submetidos a andalise de variancia de duas vias e em caso de diferenca
significativa, as médias foram comparadas pelo teste de Tukey a 5% de
probabilidade. A massa corp6rea dos animais incubados a 36°C, em ambas
idades, foi maior comparada aos grupos quente (machos e fémeas) e controle
(exceto os machos 3d). A temperatura de incubacao nao influenciou no peso do
coracdo dos animais 3d (p>0,05). No entanto, animais 14d incubados a 39°C
apresentaram o peso do coracao superior aos animais do grupo controle. Nao
houve diferenca significativa no peso dos pulmdes, em ambas as idades e sexo.
N&o houve diferenca significativa entre os tratamentos na Ve, VO2 e Ve / VO2 dos
animais 3d, durante a exposicdo ao ar ambiente. No entanto, fémeas 14d
incubadas a 39°C apresentaram uma diminuicdo de Ve. Ambos machos e fémeas
14d incubados a 39°C apresentaram menor VO2 e um aumento na Tb
comparados ao grupo controle. Além disso, fémeas 14d incubadas a 36°C
apresentaram menor Thb comparadas aos animais incubados a 37,5 e 39°C. Sob
exposicdo ao CO2, a resposta hiperventilatoria (Ve / VO2) foi atenuada nas
fémeas 3d e machos 14d incubados a 36°C e nos machos e fémeas 14d
incubadas a 39°C, principalmente afetando Ve. Frente a hipoxia, fémeas 3d
incubadas a 36°C apresentaram uma hiperventilagdo atenuada modulada por
uma menor resposta hipometabdlica, comparadas ao grupo controle. No entanto,
em fémeas 14d incubadas a 36°C, o aumento de Ve sob hipdxia foi maior e a
resposta hipometabdlica foi atenuada em comparagcdo com o grupo controle, o
que resultou em nenhuma alteracéo no equivalente ventilatério. Nao houve efeito
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do tratamento na Tb dos animais machos e fémeas 3d, frente hipercapnia e
hipoxia. No entanto, fémeas 14d incubadas a 36°C apresentaram uma queda
atenuada na Tb comparada ao grupo controle (7% CO:2) e grupos controle e
quente (10% O2). Com relagdo a Tb dos machos 14d, o Unico efeito do
tratamento foi observado frente hipoxia, onde machos 14d apresentaram uma
gueda acentuada comparada ao grupo controle. Em conclusdo, a manipulacéo
térmica afeta mais a hiperventilacdo induzida pela hipercapnia comparado ao
desafio hipoxico. Em ambas idades, as fémeas sdo mais afetadas pela
manipulacéo térmica do que os machos.

Palavras-chave: frango, hipercapnia, hipoxia, incubacdo, temperatura,
ventilacdo, machos, fémeas



EFFECT OF INCUBATION TEMPERATURE ON METABOLISM,
THERMOREGULATION AND CHEMOSENSITIVITY IN CHICKENS

Abstract: The first third of the incubation is crucial for embryonic development,
and temperature is considered one of the most important factors, as small
fluctuations in this parameter can affect the quality and survival rate of embryos.
Thus, the aim of the present study was to evaluate the effects of thermal
manipulation during incubation on oxygen consumption, body temperature,
ventilatory responses to hypoxia and hypercapnia in male and female chicks
aged 3 and 14 days old (d). Fertile eggs from breeders of the Cobb® line,
incubated according to weight, from breeders aged 48 to 52 weeks, from a
commercial hatchery, were incubated, according to the following treatments:
Control - eggs incubated at 37.5 °C (during the entire incubation period); Cold -
eggs incubated at 36°C (6 hours/ day, for 5 days); Hot - eggs incubated at 39°C
(6 hours/ day, for 5 days). After the first 5 days of incubation, the eggs of the Cold
and Hot treatments remained at a temperature of 37.5°C until hatching. After
hatching, the animals were sexed and the following parameters were evaluated:
lung and heart weight; body temperature; consumption of Oz and ventilation in
baseline conditions, and after exposure to hypoxia (10% Oz2) or hypercapnia (7%
CO2). The data were evaluated for compliance with the assumptions of
homogeneity of variances and normality of the student errors and submitted to
the Two-way ANOVA analysis and in case of significant difference, the means
were compared using the Tukey test at 5% probability. The body mass of the
animals incubated at 36°C, in both ages, was higher compared to the hot groups
(males and females) and control groups (except the 3d males). The incubation
temperature did not influence the heart weight of the 3d animals (p>0.05).
However, 14d animals incubated at 39°C had a higher heart weight than animals
in the control group. There was no significant difference in lung weight at both
ages and sex. There was no significant difference between treatments in the Ve,
VO2and Ve/ VO2 of the 3d animals, during exposure to ambient air. However, 14d
females incubated at 39°C showed a decrease in Ve. Both 14d males and females
incubated at 39°C showed lower VO2 and an increase in Tb compared to the
control group. In addition, the 14d females incubated at 36°C showed lower Th
compared to animals incubated at 37.5 and 39°C. Under exposure to COz, the
hyperventilatory response (Ve/ VO2) was attenuated in the 3d females and 14d
males incubated at 36°C and in the 14d males and females incubated at 39°C,
mainly affecting Ve. Facing hypoxia, the 3d females showed an attenuated
hyperventilation modulated by a lower hypometabolic response, compared to the
control group. However, in 14d females incubated at 36°C, the increase in Ve
under hypoxia was greater and the hypometabolic response was attenuated
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compared to the control group, which resulted in no change in the ventilatory
equivalent. No effect of the treatment was observed in 3d male and female
animals Th, during hypercapnia and hypoxia. However, 14d females incubated
at 36°C showed an attenuated drop in Tb compared to the control group (7% CO:
and 10% O2) and hot group (10% O32). Regarding 14d males, the only significant
difference was observed during hypoxia, where males incubated at 39°C showed
a sharp drop in Tb compared to the control group. In conclusion, thermal
manipulation affects hypercapnia-induced hyperventilation more than hypoxic
challenge. At both ages, females are more affected by thermal manipulation than
males.

Keywords: chicken, Hypercapnia, Hypoxia, incubation, temperature, ventilation,
male, female



CAPITULO 1 — CONSIDERACOES GERAIS

Introducéo

O Brasil destaca-se entre os maiores produtores e exportadores mundiais
de carne de frango, atraindo cada vez mais investimentos para o setor. Dados
do relatorio anual da Associacao Brasileira de Proteina Animal (ABPA), referente
ao ano de 2019, revelam que a producdo nacional superou 13 milhGes de
toneladas, mantendo o Brasil no terceiro lugar no ranking mundial de producéo
de carne de frango e o primeiro lugar com relacdo as exportacdes, registrando
um total de 4,212 milhdes de toneladas de frangos.

A demanda de proteina de origem animal de qualidade fez com que a
avicultura de corte passasse por mudancas consideraveis nas ultimas décadas,
desde o melhoramento genético, nutricdo até o manejo, o que resultou em uma
reducao significativa no nimero de dias necessarios para que o animal alcance
peso de abate (Lin et al., 2017).

A incubacdo tem se tornado um dos setores da avicultura de extrema
importancia e uma etapa estratégica dentro de todo o complexo avicola, devido
ao fato de que o frango de corte passa mais de 30% de sua vida dentro de uma
maquina incubadora (Tzschentke e Tatge, 2013). O desenvolvimento
ontogenético in ovo, de muitas aves precoces domesticas, ocorre em torno de 3
semanas, sendo o0 primeiro terco da incubacdo correspondente ao
desenvolvimento embrionario e os dois ultimos ao fetal. Ao final desse periodo,
inicia-se o0 processo de eclosdo dos pintainhos, que pode ocorrer a partir de 480
horas de incubacdo, aproximadamente (Vieira e Pophal, 2000; Morita et al.,

2010).



Durante o processo de incubacédo, o embrido é continuamente afetado
pelo ambiente. Incubadoras artificiais devem assegurar controle de temperatura,
em torno de 37,5°C, ventilagdo constante, umidade relativa de 60% e viragem
dos ovos, pelo menos, 24 vezes por dia. Desvios desses fatores, durante as
“fases criticas”, podem acometer o desenvolvimento embrionario, resultando em
um aumento da mortalidade do embrido, diminuindo, consequentemente, a
eclodibilidade.

A temperatura é apontada como um dos fatores mais importantes que
afeta o desenvolvimento embrionario sendo que, altas temperaturas aceleram o
desenvolvimento e baixas determinam um atraso no desenvolvimento do
embrido (Christensen et al., 1999; Lourens et al., 2005; Mortola and Toro-
Velasquez, 2013). Contudo, uma temperatura que exceda a indicada pode
influenciar, ndo apenas massa dos 6rgaos, especialmente massa do coracao
(Christensen et al., 2004; Leksrisompong et al., 2007) mas também promover
distarbios metabdlicos, como por exemplo, a ascite (Molenaar et al., 2011), afetar
o desenvolvimento dos ossos (Oviedo-Rondon et al., 2009) e o sistema imune
(Durant et al., 2012; Walstra et al., 2012).

Segundo Lubritz e McPherson (1994), frangos incubados em altas
temperaturas podem ter a capacidade vascular pulmonar insuficiente, levando a
um aumento da demanda metabodlica por Oz, tendo como resultado o
desenvolvimento de ascite. Molenaar et al. (2011) observaram que frangos
incubados a 38,9°C (a partir do 7° dia de incubacéo) ocorre uma reducdo no
desenvolvimento corporal na ecloséo e no crescimento, e aumento na incidéncia
de mortalidade associada a ascite, o que pode ter relagdo com a queda no

desenvolvimento cardiovascular na eclosao.



As condicdes de temperatura, durante a incubacdo, podem afetar o
desenvolvimento da maioria dos tecidos. Isto indica o potencial para manipular
o desenvolvimento embrionario e pré-condicionar o metabolismo das aves as
condicbes ambientais pds-eclosdo (Aksit et al., 2010; Tzschentke, 2011). Estes
sdo os chamados efeitos epigenéticos ou plasticidade fenotipica que tem dado
origem a manejos de controle metabdlico especifico para o desenvolvimento de
tecidos ou de adaptacédo ao calor ou ao frio (Kihn et al., 1982; Boerjan, 2010).
Os desafios/insultos ambientais que venham a ocorrer durante fases criticas de
desenvolvimento pré- e pos-natal (alteracdes térmicas, gasosas, disponibilidade
de agua, agentes toéxicos, infeccdes/inflamacdo), podem causar morte ou
remodelar dramaticamente o desenvolvimento ontogenético com consequéncias
para aumento do risco de doencas na fase adulta (Burgreen, 2014; Burgreen e

Crews, 2014) (Figura 1).

Figura 1: Esquema geral destacando que os eventos da
vida, especialmente quando experimentados durante o
estagio inicial de desenvolvimento, podem impactar
fortemente o desenvolvimento, especialmente em
individuos geneticamente suscetiveis. Quando n&o
induzem morte, essas interacdes gene-ambiente durante o
desenvolvimento  podem  desencadear  alteracdes
morfolégicas e fisiolégicas que podem persistir até a idade
adulta (Loi et al., 2014).
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Alteragbes morfoldgicas e
fisiologicas em resposta ao estresse

Estudos sugerem que é possivel aumentar a termotolerancia em aves de
corte expostas a temperaturas acima da indicada durante pré e pés ecloséo
(Tzschentke e Tatge, 2013; Morita et al., 2016). As fases criticas, quando o

embrido esta predisposto a adaptacao térmica, foram observados durante a fase



inicial de desenvolvimento, quando ocorre a diferenciacdo de estruturas e,
novamente, na fase mais tardia, quando os 6rgaos e os sistemas fisiolégicos
amadurecem (Tzschentke e Tatge, 2013). O elemento-chave na inducdo da
adaptacao epigenética é encontrar a fase exata, a frequéncia correta, a duracéo
e a amplitude da manipulacéo da temperatura (Willemsen et al., 2010).

Neste contexto, Piestun (2009) observou que frangos de corte submetidos
a manipulacéo térmica (39,5°C) continua na incubacao (24 horas/ dia) durante
10 dias, apresentaram efeitos negativos no crescimento e desenvolvimento do
embrido. Entretanto, 0 mesmo estudo revelou que 0S animais expostos a
manipulacdo térmica intermitente (12 horas/ dia), no mesmo periodo,
apresentaram uma resposta positiva, quando comparado com o0 grupo controle
e 0 grupo desafiado de forma continua.

De forma interessante, Lin et al. (2017) avaliaram diferentes temperaturas
na fase pré incubatéria e no inicio da incubacao, do dia 0 ao dia 5, e verificaram
que, os embribes expostos a temperaturas mais elevadas, que a temperatura
recomendada, apresentaram maior massa corporea, maior comprimento, maior
difusédo de Oz para o ovo, indicando que o crescimento do embrido é afetado
pela temperatura de maneira positiva.

De acordo com Collin (2005), a temperatura corporal de aves expostas a
manipulagéo térmica (39,5°C) com diferentes duragfes, durante o ultimo tergo
da incubacéo, foi menor em todos os tratamentos quando comparado ao grupo
controle. Yahav et al. (2004) demonstraram que manipulagdes térmicas durante
os dias 16 a 18 da embriogénese, pode promover melhora significativa na

termotolerancia, provavelmente relacionada a redugédo da temperatura corporal



e na concentracdo plasmatica de hormonios tireoidianos, que supostamente
reduzem a taxa metabdlica.

Poucos estudos relatam a resposta a manipulacdo térmica no periodo
incubatario inicial, o qual, ocorre a organogénese definitiva. O desenvolvimento
do embrido, apos a colocacdo do ovo em condi¢cdes de incubacdo, € muito
rapido, ocorrendo alteracdes a cada hora. Estas modificagcbes compreendem a
organogénese, isto €, a especializacdo de grupos celulares constituindo 6rgéaos
e sistemas organicos. Nesta fase, cada passo € igualmente critico para a
formacdao do individuo como um todo, requerendo todos os cuidados necessarios
para a preservacao da integridade do animal (Cesario, 2013).

O encéfalo e o coracao se desenvolvem no inicio da incubacéo, podendo
serem notados com menos de 48 horas. O sangue comeca a circular quando o
coracdo se une ao restante do sistema circulatério. Os sistemas digestoério e
respiratorio se desenvolvem a partir do terceiro dia de desenvolvimento
embrionario. A morfogénese continua até dia 12, quando o embrido ja esta
completamente formado (Everaert e Decuypere, 2013).

Durante a incubacéo inicial, a producéo de calor pelo embrido mostra-se
limitada, de modo que o embrido se comporta como um organismo
poiquilotérmico e depende principalmente da temperatura do ar da maquina para
determinar a temperatura do ovo (French, 1997). As estruturas envolvidas na
termorregulagdo, como hipotdlamo, tireoide, e glandula pituitéaria, se
desenvolvem durante a fase de crescimento. A maturacéo final deste sistema,
entretanto, ocorre somente nos ultimos dias da fase de maturagédo do embrido e

nos dias pés-eclosédo (Boerjan, 2010).



De acordo com Piestun (2009), citado anteriormente, as concentracdes
plasmaticas de hormonios tireoidianos foram significativamente baixas, durante
0 experimento e na eclosao, nos dois grupos desafiados, quando comparados
com o grupo controle. Os embrides expostos a diferentes periodos de
manipulacdo térmica, ainda apresentaram menor concentracdo plasmatica de
corticosterona durante o experimento, entretanto mais alta na ecloséo.

Um estudo realizado em frangos por Geers et al. (1983), mostrou que a
temperatura pode afetar o consumo de oxigénio por unidade de massa seca de
embrides. Foram incubados ovos em temperaturas que variaram de 35,8 a
37,8°C, durante os 10 primeiros dias e concluiu-se que, embora a baixa
temperatura da incubadora reduza a taxa de crescimento embrionario, uma vez
gue os embrides retornaram a temperatura normal aos 11 dias, eles cresceram
mais rapido que o grupo controle, apresentando um crescimento compensatorio.
O crescimento mais rapido nos embrides tratados resultou em uma maior
producado de calor metabdlico por unidade de massa embrionaria seca do que o
grupo controle.

Em aves, as trocas gasosas no embrido ocorrem por meio do saco de
vitelo. A partir da segunda semana até o décimo oitavo dia, as trocas de Oz e
CO2 comecam a ser feitas através de capilares na membrana corioalantoide
(Mortola, 2009). Ja na ultima semana de incubacao, juntamente com a formagéo
de vasos capilares, a vascularizacdo pulmonar surge tanto por vasculogénese e
como por angiogénese (Hislop, 2005). A passagem da respirac¢éo corioalantoide
para a respiragao pulmonar se efetua de forma gradativa, iniciando-se entre 18°
e 19° dias de idade, no qual o embrido comeca a bicar a cAmara de ar. J4 a total

mudanca para respiracdo pulmonar ocorre entre o vigésimo e vigésimo primeiro



dia, instante em que comeca a bicagem da casca. Durante esse periodo, 0
fornecimento de ar fresco se torna imprescindivel para suprir a maior demanda
de oxigénio do embrido. Quando essa demanda é baixa ocorre elevada taxa de
mortalidade (Gigli, 2007).

Durante a embriogénese, o embrido é sensivel a hipdxia e os sensores
gue detectam as alteracOes da presséo parcial arterial de oxigénio (PaO2) séo
denominados quimiorreceptores periféricos que sao localizados principalmente
na artéria carotida e sdo chamados corpos carotideos. Os corpos carotideos sao
orgaos muito pequenos (<1 mm de diametro) localizados bilateralmente no térax
entre a artéria carotida e o ganglio nodoso do vago (Hempleman e Warburton,
2013, Kameda, 2002). Além de serem sensiveis a PaO2, esses sensores
também detectam variacdes do pH sanguineo e da pressédo parcial arterial de
dioxido de carbono (PaCO:2). No embrido de aves, 0s corpos carotideos
comecam a se desenvolver morfologicamente durante o terco inicial de
incubacdo (Murillo-Ferrol, 1967; Kameda, 1994), a ultima parte de incubacao
corresponde ao periodo em que 0s corpos carotideos comecam a ser funcionais
(Mortola, 2009).

As aves também apresentam 0s quimiorreceptores centrais que sao
localizados no sistema nervoso central, mas ndo sdo tdo precisamente
identificados anatomicamente e detectam alteragdes de CO2 e pH (Milsom et al,
1981; Sébert, 1979). Nos mamiferos, esses sensores centrais estao localizados
na superficie ventrolateral do bulbo, nos nucleos da rafe, locus coeruleus,
hipotalamo lateral (Nattie, 1999). Estudo anterior de nosso laboratério
demonstrou que em condi¢des basais, néo foi observada diferenca entre machos

e fémeas nas variaveis cardiorrespiratérias e metabdlicas analisadas nos pintos



de 10 e 21 dias, as diferencas de ventilacdo e frequéncia cardiaca entre as
idades parecem estar relacionadas as distintas demandas metabolicas dessas
fases. Pintinhos fémeas, especialmente com 21 dias de idade apos a ecloséo,
parecem ser mais sensiveis a hipercapnia do que 0s outros grupos, o que pode
estar relacionado as diferencas na secrecao de horménios sexuais, mesmo em
idade precoce (Espinha et al., 2014).

Além destes sensores, quimiorreceptores intrapulmonares, que sao
altamente sensiveis a CO2, também s&o encontrados em aves. Estes sensores
do pulméo sdo estimulados por baixas pressdes de CO2 e podem ser inibidos
por niveis elevados de CO:2 pulmonar, e as suas fibras aferentes vagais
controlam o volume corrente e a frequéncia respiratoria (Hempleman et al, 2006).
De forma interessante, alteracbes na temperatura podem afetar a
quimiosenssibilidade e a elevacdo da temperatura causa um aumento na taxa
de disparo dos quimiorreceptores periféricos e centrais, aumentando a resposta
ventilatoria a hipdxia e hipercapnia, respectivamente (Mortola & Frappel, 2000).
Contudo, ndo é conhecido se a manipulacdo da temperatura no inicio da
incubacédo pode afetar a quimiossensibilidade dos animais e causar alteracées
metabdlicas nas aves.

Como os estudos sobre o efeito da temperatura durante a fase inicial da
incubacéo de frangos de corte machos e fémeas sdo escassos e pouco se sabe
sobre os distarbios fisiolégicos causados por essas alteracbes, maiores
investigacbes sdo necessarias para verificar esses efeitos no desenvolvimento
embrionério e as implicagfes fisiologicas no metabolismo, termorregulacdo e

ventilagdo da ave pos-eclosao.



Pesquisas como respostas respiratorias sdo escassas na literatura. Como
€ sabido, as variacGes na ventilacdo pulmonar e no metabolismo séo fatores que
podem alterar a homeostase e influenciar no desempenho do animal, bem como
aumentar a susceptibilidade do mesmo as doencas respiratorias. Assim, 0
presente estudo auxilia no melhor entendimento dos mecanismos fisiolégicos
respiratorios e como o estresse influencia no desenvolvimento do crescimento

do frango de corte.

Objetivo

Este trabalho propde elucidar os efeitos da manipulacéo térmica durante
a primeira fase da incubacédo em diferentes niveis de organizacao, tendo como
foco relacdes respiratérias e metabdlicas e avaliar as seguintes variaveis:

- A massa corpoérea das aves, massa do pulméo e do coracdo em aves
provenientes de ovos incubados em temperatura padréao (37,5°C), temperatura
fria (36°C) ou quente (39°C) de pintos recém-nascidos (2-3 dias) e 14 dias de
idade;

- As respostas ventilatorias, metabdlicas e térmicas de frangos de corte
machos e fémeas de pintos recém-nascidos (2-3 dias) e com 14 dias de idade,
provenientes de ovos incubados em diferentes temperaturas, expostos a

normocapnia normoéxica, hipdxia e hipercapnia;

Revisao da Literatura

Avicultura
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O Brasil destaca-se entre os maiores produtores mundiais de carne de
frango, com uma producgao de 12,86 milhdes de toneladas em 2018, seguindo
apenas os Estados Unidos, responsavel por produzir quase 20 milhdes de
tonelada (ABPA, 2019). Dados mostram que 0 consumo per capita de carne de
frango apresentou um aumento de 9,15% em 10 anos (ABPA, 2019), isso se
deve, principalmente, ao fato de que essa € uma proteina de origem animal de
custo mais acessivel, se comparada a carne bovina e suina.

Os grandes avanc¢os na avicultura nas ultimas décadas permitiram que a
producao de frango se tornasse mais competitiva na industria de proteina animal.
A evolucdo da avicultura brasileira deu-se principalmente a partir da década de
60 com a importacdo de materiais genéticos especializados em producédo de
carne e ovos. Além do melhoramento genético, as areas de nutricdo, bem-estar,
sanidade e manejo contribuiram de forma significativa para que resultados
positivos fossem alcangcados. Em 1920, um frango de corte demorava cerca de
4 meses para atingir o peso de abate, enquanto na década de 90, o animal levava
pouco mais de 1 més para atingir o mesmo peso (Albers, 1998), mostrando a
evolucdo dessa cadeia.

Apesar das melhorias alcancadas pelo incremento genético nas linhagens
de frango de corte, os animais ainda nédo estdo adaptados ao estresse por
mudancas agudas na temperatura ambiente (Yahav, 2004). Nos ultimos anos,
as pesquisas tém se concentrado em formas de aumentar a termotolerancia
desses animais sem alterar o desempenho e os custos de producdo. Desta
forma, o periodo de incubacdo se destacou, ndo somente por representar um
terco da vida toda do animal (Hulet et al., 2007), mas também por permitir que
alteracdes sejam realizadas no desenvolvimento embrionario e fetal, sem o

efeito materno.

Incubacéo e Desenvolvimento embrionario

A incubacdo artificial € ponto fundamental da avicultura industrial, uma vez
que essa pratica permite a producdo de pintainhos em larga escala. Um
desenvolvimento embrionario e fetal ideal depende do controle adequado de
uma série de parametros dentro da incubadora, que sao temperatura, umidade,

viragem e ventilacdo. A temperatura € considerada o fator de maior importancia
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na incubacdo, pois € a partir de mudancas na mesma que se inicia O
desenvolvimento embrionario, onde pequenas variagdes podem causar um
atraso ou acelerar a ecloséo do pintainho (Mortola, 2009).

As maquinas incubadoras foram programadas para atender o0s
requerimentos fisiologicos do embrido, onde os parametros, anteriormente
citados, sdo monitorados durante todo o periodo de incubacgéo e ajustados de
acordo com a necessidade do embrido (French, 1997; Bennett, 2010; Molenaar
et al., 2011). Segundo Everaert e Decuypere (2013) quando o ovo fecundado é
submetido a temperaturas médias de 37,5 a 37,8°C, umidade relativa média de
60% e viragem a cada hora, h4 uma retomada do desenvolvimento do embrido
e sua formacao completa se dara em aproximadamente 504 horas (+ 21 dias).

O processo de incubacédo pode ser dividido em trés fases, sendo primeiro
terco correspondente ao desenvolvimento embrionario (morfogénese) e os dois
altimos ao fetal, durante o qual ocorre crescimento e diferenciacdo
morfofuncional sexo-especifica e ao final desta fase, inicia-se o0 processo de
eclosdo dos pintos (Moran, 2007) (Figura 2). De acordo com Moran (2007), a
primeira fase (do 1° ao 7° dia) ocorre estabelecimento do germe. Essa fase
inclui a primeira semana de incubacdo, caracterizada pela formacdo de
compartimentos do ovo (d&mnion, corion, alantoide e saco vitelino) que sustentam
a sobrevivéncia do embrido em crescimento. O suprimento de oxigénio pode ser
limitado devido as células sanguineas imaturas e a um sistema vascular
coriénico subdesenvolvido, de modo que a energia metabdlica é fornecida pela
glicolise anaerdbica das quantidades limitadas de glicose presentes no ovo
(Moran, 2007). A segunda fase compreende o desenvolvimento embrionario e
€ caracterizada por uma corioalantoide totalmente desenvolvida, capaz de
garantir a troca adequada de 0O2-CO:2 e suportar o rapido crescimento
embrionario (Moran, 2007). O estabelecimento da respiracdo corioalantoica
ocorre por volta do dia 8 do desenvolvimento embrionario em pintos (Baumann
e Meuer, 1992), enquanto 0s vasos sanguineos extraembrionarios cercam
completamente toda a superficie da casca interna dos ovos de peru por volta do
dia 9 da incubagédo (Phillips e Williams, 1943). Os embrides de pintos séo
estruturalmente concluidos em torno de 14 dias de incubac&o. A medida que o
embrido se aproxima da massa corporal total, a capacidade maxima de

respiracdo corioalantdica é atingida no chamado estagio de platdé do consumo
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de oxigénio (Christensen, et al.,, 1996). Finalmente, a terceira fase é
caracterizada pelo consumo oral fluido amnidtico pelo embrido, acimulo de
reservas de glicogénio nos tecidos muscular e hepatico, inicio da respiracdo
pulmonar, internalizacdo abdominal da gema restante, estocagem de célcio e
fosfato e emergéncia (Christensen e Biellier, 1982; Christensen et al., 1982;
Donaldson e Christensen, 1991; Donaldson et al., 1991, Christensen et al., 1999;
Christensen et al., 2001; Moran, 2007; De Oliveira et al., 2008). Durante esse
periodo, ocorrem grandes mudancas fisiolégicas e metabdlicas, e quaisquer
distarbios durante esse periodo podem afetar significativamente a sobrevivéncia
embrionéria e o desempenho posterior (Christensen et al., 1999; Collin et al.,
2007; Leksrisompong et al., 2007).

Estabelecimento
da membrana
corioalantoide

Embriao

estruturalmente Eclosdo

Inicio da
incubacao

completo

Estagio Plato

N\ ) ll Rapido crescimento embrionario L ) 4 pipping |
2 7/\8[ 17&’{92021\
> Vv -
t Consumo do amnio ‘v_“.

Estoque de glicogénio
Pico de T4 e insulina

Suprimento de Suprimento de O, adequado Suprimento de
O, limitado O, limitado

Figura 2: Fase do desenvolvimento de embrides de frango e suas principais
alteracdes fisiolégicas e metabdlicas. (Adaptado de De Oliveira et al.,
2008).

O crescimento embrionario dessa espécie ocorre rapidamente, sendo que
apos de 72 horas de incubacéo ja é possivel identificar os olhos do embriéo,
tireoide primordial, coracdo, arco adrtico, mesencéfalo, prosencéfalo e tubo
neural, que estabelecem o encéfalo embrionario, pulmé&o, pancreas e rins
primitivos, dentre outras importantes estruturas (Hamburger e Hamilton, 1951;
Deeming, 2002; Do Amaral-Silva, 2016).

Com uma semana, 0 embrido ja possui a membrana corioalantoide

(estrutura que atua como Orgao respiratorio, durante a segunda e terceira
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semana de incubacéo, e possui importante papel no equilibrio acido-base do
embrido), bico, dente do ovo (estrutura que auxilia a ecloséo), germes de penas,
0S sacos aereos comecam a se diferenciar e se inicia a secrecdo de alguns
horménios (Hamburger e Hamilton, 1951; Do Amaral-Silva, 2016).

A morfogénese se estende durante a primeira metade da incubacéao,
produzindo um pequeno pintinho formado. Posteriormente, o feto e seus tecidos
crescem e amadurecem até o décimo nono dia de incubacéo, nesta fase o pinto
ja se encontra em posicdo de eclosdo e com o saco vitelino se internalizando. O
processo de ecloséo se inicia com a bicagem interna, que € 0 momento em que
0 bico perfura a membrana interna da casca e se inicia a respiragdo pulmonar.
ApOGs algumas horas, 0 pinto rompe a casca do ovo sobre a camara de ar
(bicagem externa) e ocorre a inflacdo pulmonar com o ar atmosférico e apés
muito esforco ocorre a emergéncia do pinto da casca do ovo (Hamburger e
Hamilton, 1951; Do Amaral-Silva, 2016).

Sistema Respiratério de Aves

A funcdo do sistema respiratério das aves é basicamente suprir a
demanda de oxigénio (O2) para os processos fisioldgicos, bem como, eliminar o
dioxido de carbono (CO2) oriundo das reacdes metabdlicas, aléem disso esse
sistema € de suma importancia na termorregulacdo (perda de calor por
evaporacao) nessa espécie (Gargaglioni et al., 2017).

O desenvolvimento do sistema respiratorio € um processo longo. Inicia-se
precocemente durante a incubacao, quando as trocas gasosas do embrido sao
realizadas por 6rgdos nao pulmonares e continua por algum tempo na vida poés-
natal, quando a ventilacdo pulmonar € a Unica forma de satisfazer as exigéncias
aerobicas do organismo em crescimento (Szdzuy e Mortola, 2008).

O sistema respiratorio das aves € dividido em trato superior, composto
pelas narinas, cavidade nasal, boca, laringe, traqueia e siringe, enquanto o trato
respiratorio inferior € composto pelos sacos aéreos e pulmdes (Gargaglioni et
al., 2017). O ar adentra nas narinas ou boca, passa pelas conchas nasais, que
formam a cavidade nasal, estrutura que possui um epitélio ciliado responsavel
por reter particulas de sujeira do ar. No trajeto, os gases sdo aquecidos e

umidificados antes de entrar na laringe, estrutura responsavel pela filtragem de
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corpos estranhos e abertura da glote durante a inspiracdo. O ar entdo segue pela
traqueia, um longo canal composto de anéis de cartilagem, revestido de um
epitélio ciliado, glandulas mucosas e células secretoras de muco. Esta regido
tem papel importante na termorregulacdo de aves, uma vez que essa espécie
consegue perder calor, de forma evaporativa, ventilando o espaco morto
traqueal. O final deste canal bifurca em dois brénquios primérios através da
siringe, estrutura responséavel pela vocalizacdo das aves (Gargaglioni et al.,
2017).

A maioria das aves possuem nove sacos aereos, que atuam como uma
camara receptora do ar, ventilam os pulmdes, onde ocorrem as trocas gasosas,
e aeram 0S 0Ss0s pneumaticos das mesmas. Os sacos aéreos estdo conectados
aos brénquios primarios ou secundarios através dos O6stios e promovem
ventilacdo superficial e rapida aos pulmdes e aos capilares aéreos (Duncker,
1974). Nao promovem troca gasosa Visto que sé&o pouco vascularizados pela
circulagdo sistémica. Por meio dos sacos aéreos, as aves conseguem
potencializar a capacidade de oxigena¢do do sangue através da captura de um
volume de ar corrente relativo maior que mamiferos de mesma massa corporea
(BOUVEROT, 1978; DUNCKER, 1978; FARMER, 2006; POWELL, 2015;
HARVEY E BEN-TAL, 2016; SANTOS, 2018).

Os brénquios primérios intrapulmonares conduzem o ar aos sacos aéreos
caudais, ou seja, aos sacos aéreos abdominais e sacos aéreos toracico caudal
(Powell et al., 1981). O ar chega aos sacos aéreos abdominais por conexao
direta com os brénquios primarios mediante afunilamento na porgao caudal do
mesmo, e pelos brénquios secundarios latero-dorsal e médiodorsais, passando
pelos parabrénquios neopulmonares. Para 0s sacos aéreos toracicos caudais, o
ar é conduzido pelos brénquios secundarios latero-ventrais (Cohn e Shannon,
1968). Parte do ar contido nos brénquios secundarios médio-dorsal é conduzido
aos parabronquios paleopulmonares, principal sitio de troca gasosa (Santos,
2018).

Durante a primeira expiracdo, o ar sai dos sacos aéreos caudais pelas
mesmas vias e é conduzido aos parabronquios paleopulmonares. Na segunda
inspiracdo, a massa de ar resultante sai dos parabronquios paleopulmonares,
passa pelos brénquios secundarios medioventrais e atinge 0s sacos aéreos

craniais; sacos aéreos toracicos craniais, cervicais e clavicular (Bech e
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Johansen, 1980). Finalmente, na segunda expiracao, o ar € expelido dos sacos
aéreos craniais pelos bronquios secundarios medioventrais para os brénquios
primérios intrapulmonar e traqueia (Cohn e Shannon, 1968; Powell et al., 1981;
Santos, 2018).

Controle respiratério e Quimiossensibilidade

Uma inferéncia comum € gque 0S mecanismos neurais da ritmogénese
respiratoria em aves € muito similar aos de mamiferos, no entanto, as aves
apresentam uma série de diferencas de padrbes na ritmogénese respiratoria,
devido a estrutura do seu sistema respiratorio (Maina et al., 2010; Gargaglioni et
al., 2017). Diferentemente de mamiferos, aves ndo possuem diafragma e nervo
frénico, assim o preenchimento dos sacos aéreos ocorre com o auxilio de
contragcdes musculares ativas na inspiracdo e expiracdo, mesmo em repouso
(Bouverot, 1978; Powell, 2015, Gargaglioni et al., 2017).

A regulacéo da respiracéo, por sua vez, provém da acao de controladores
motores no sistema nervoso central, ativados por neurénios sensitivos mediante
estimulos no ambiente interno e externo (Macari e Givisiez, 2002; Santos, 2018).
Assim, sdo modulados por varios reflexos, incluindo o controle por “feedback”
negativo, para manter a homeostase da gasometria arterial e do pH. Estes
reflexos ventilatorios possuem o componente sensorial ou aferente, componente
controlador e integradores do sistema nervoso central e componente motor ou
eferente (Powell, 2015; Santos, 2018). O componente controlador do sistema
nervoso central (SNC), juntamente com seus integradores, sdo responsaveis
pela formacédo do padréo respiratério. Segundo Reinke e Wild (1997), registros
eletrofisiolégicos do nucleo parambigualis (PAm), localizado no bulbo,
demonstraram neurdnios ativos durante a fase inspiratoria da respiragdo em
aves mandarim. No entanto, os neurbnios do nucleo retroambigualis (RAmM)
estdo ativos durante a fase expiratéria da respiragdo (Wild, 1993; Ashmore et al.,
2008; Gargaglioni et al., 2017).

Em aves, a atividade respiratOria espontanea ativa uma grande populagcéo
de neurbnios e se propaga sobre uma ampla regido do sistema nervoso central
(Momose-Sato e Sato, 2016; Santos, 2018). Os vertebrados apresentam

quimiorreceptores periféricos e centrais capazes de detectar variagbes nos
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gases sanguineos e promover ajustes na ventilagdo para a manutencédo da
pressao parcial de oxigénio (PaOz) e equilibrio 4cido-base (Gargaglioni et al.,
2010; Gargaglioni et al., 2017). Os quimiorreceptores periféricos, localizados
principalmente nos corpos carotideos, sdo sensiveis as alteracbes da PaOq,
PaCO:2 e pH arterial.

Os quimiorreceptores centrais respondem a alteragdes no PaCO:2 e pH do
liquor (Jones e Milsom, 1982; Gargaglioni et al.,, 2017). Dentre as regidoes
envolvidas na quimiorrecepc¢ao central em mamiferos destacam-se o nucleo do
trato solitario (NTS), o locus coeruleus (LC) o nucleo retrotrapezoéide (RTN),
regides especificas do hipotdlamo e a rafe bulbar (Coates et al., 1993; Nattie e
Li, 2009; Da Silva et al., 2012; Nattie e Li, 2012). Peek e colaboradores (1975),
observaram uma rede de neurbnios bulbares, com projecdes a musculos
inspiratorios e expiratorios, em frangos adultos. Essa rede estimula a resposta
ventilatoria a hipercapnia associada a hiperdxia (mistura gasosa de 10% de CO2
e 90% de O2), onde a acdo dos quimiorreceptores periféricos € praticamente
anulada. Santos (2018), observou a participacdo de neurdnios serotoninérgicos
da rafe na resposta ventilatéria a hipercapnia, em frangos carijos.

Aves ainda possuem quimiorreceptores intrapulmonares, de elevada
sensibilidade, que respondem as alterac6es no CO2 nos pulmdes e controlam a
frequéncia e volume da respiracéo (Fedde e Scheid, 1976; Banzett et al., 1977,
Berger et al., 1980; Milsom et al., 2004; Gargaglioni et al., 2017). Estes sao
aferentes vagais localizados nos parabrénquios, possuindo terminagdes
nervosas em varios pontos ao longo do comprimento dessas estruturas
(Hempleman e Burger, 1984; Santos, 2018), e, por sua vez, detectam mudancas
peridédicas na PCO2 proxima da barreira ar-sangue, respondendo a mudancas
na liberacdo de CO:2 para o pulméao e artérias pulmonares (Burger et al., 1974;
Banzett e Burger, 1977; Santos, 2018).

Uma questao de interesse tanto bioldégica quanto zootécnica é se este
processo estd ou ndo rigorosamente sob controle genético ou pode ser
modulado por eventos externos. Neste ultimo caso, o tempo prolongado para o
desenvolvimento estrutural e funcional do sistema respiratério da a oportunidade
de adaptacdo as alteragcbes poés-natal das necessidades metabdlicas.
Igualmente, no entanto, ele abre uma janela de tempo potencialmente perigosa

para que os fatores ambientais interfiram negativamente no desenvolvimento
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normal dos mecanismos de controle respiratorio, incluindo alteracdes na

quimiossensibilidade ao CO2/pH e O2 (Szdzuy e Mortola, 2008).

Manipulacdo térmica durante o desenvolvimento embrionario em aves

A temperatura € um dos fatores de maior importancia para os organismos
vivos. Este fator impulsiona o desenvolvimento e desempenha um papel vital na
ontogenia das aves (Romanoff, 1960; Reyna e Burggren, 2012). O
desenvolvimento embrionario comeca, ou retoma, acima de uma temperatura
definida como zero fisiologico (Funk e Biellier, 1944; Miller e Wilson, 1975; Reyna
e Burggren, 2012) e para a maioria das aves, o zero fisioldgico ocorre entre 24
e 26 ° C (Kosin, 1964; Landauer, 1967; Wilson, 1991; Reyna e Burggren, 2012).
Acima do zero fisiolégico, o desenvolvimento embriondrio aviario aumenta em
func@o do aumento da temperatura, até que se alcance a temperatura 6tima, ou
seja, a faixa de temperatura que produz a maior sobrevivéncia de embrides
(Romanoff, 1960; Reyna e Burggren, 2012), que, no caso de frangos de corte, €
de 37,5 °C.

Estudos recentes mostraram a possibilidade de induzir processos de
plasticidade fenotipica por alteracdo da temperatura de incubacéo, a questao de
interesse é se o desenvolvimento das func¢des fisioldgicas pode ser melhorado
pela estimulacdo pré-natal de temperatura a curto prazo. A plasticidade
fenotipica é geralmente interpretada como as interac6es do genétipo de um
organismo com seu ambiente (Burggren e Reyna, 2011; Danchin e Pocheville,
2014; Keller, 2014; Wada e Sewall, 2014; Burggren et al., 2016). Este processo
representa a modificacdo do fenétipo de um organismo em desenvolvimento,
podendo ou nado ser transportado para a forma adulta do animal (Spicer e
Burggren, 2003; Burggren e Reyna, 2011; Domyan e Sun, 2011; Rymer e Pillay,
2012; Burggren et al., 2016).

A manipulagdo térmica durante a incubagéo tem sido aplicada com o
intuito de obter animais mais adaptados para variagdes ambientais, sendo que
alteracdes de apenas 1 °C da temperatura 6tima tém um grande impacto, nao
somente no embrido, mas também na vida adulta do animal (Tzschentke e Halle,

2009). A forca dessa influéncia depende da fase (periodos criticos) e da duragéo
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das mudancas na temperatura durante a embriogénese (French, 2000;
Tzschentke e Plagemann, 2006; Tzschentke e Halle, 2009).

A identificacdo do momento ideal para a estimulacdo térmica durante a
incubacdo demanda um profundo conhecimento do desenvolvimento dos
sistemas regulatérios em embrides de galinha (Tzschentke e Halle, 2009).
Estudos realizados em frangos de corte demonstraram que a manipulagao
térmica, efetuada nos ultimos quatro dias da incubag&o, melhorou a robustez dos
animais, promovendo um efeito positivo durante toda a vida do animal
(Tzschentke e Tatge, 2013). Maltby e colaboradores (2004), observaram que
alteracbes na temperatura de curto prazo, no inicio ou no final da incubagéo,
promovem o desenvolvimento muscular. Outro estudo demonstrou que frangos
de corte expostos a altas temperaturas, do décimo terceiro dia de incubacao até
eclosdo, apresentaram maior vascularizacdo e menor espessura da pele, além
de preferirem ambientes com temperaturas mais altas, comparados aos outros
tratamentos (Morita et al., 2016).

Mortola e Toro-Velasquez (2013), observaram que frangos da linhagem
White Leghorn, incubados a 35 °C, apresentaram uma menor temperatura
corporal, comparados ao grupo controle. Um estudo realizado em animais da
linhagem Cobb mostrou que a manipulacdo térmica de longa duracao (24 horas
por dia, durante toda a incubacdo) causou efeitos negativos no crescimento e
desenvolvimento embrionario (Piestun et al., 2009). No entanto, um estudo
realizado em perus, mostrou que 0s animais que passaram pela manipulacao
térmica intermitente (39 °C por 6 e 12 horas/ dia), do décimo ao vigésimo
segundo dia embrionario, apresentaram temperatura corporal significativamente
mais na eclosédo, comparada ao grupo controle, sugerindo uma taxa metabdlica
mais baixa (Piestun et al., 2015). Collin e colaboradores (2007), testaram a
manipulagdo térmica intermitente em diferentes fases da incubacdo e
observaram que a mortalidade animais expostos a altas temperaturas durante a
incubacédo, frente a um estresse térmico na idade de abate, foi maior que dos
animais do grupo controle. Lin et al. (2017) verificaram que embrides de frango
expostos a temperaturas mais elevadas no inicio da incubagéo (dia embrionario
0 ao 5) apresentaram maior peso, maior comprimento, maior difusdo de O para
0 ovo, comparado ao grupo controle, indicando que o crescimento do embrido é

afetado pela temperatura de maneira positiva.
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Pode-se observar a escassez de estudos que tenham examinado os
efeitos da manipulacdo térmica intermitente durante os primeiros dias de
incubagé&o na quimiossensibilidade e metabolismo em frangos de corte. Portanto
0 objetivo do presente estudo foi avaliar os efeitos da temperatura de incubacéo
na quimiossensibilidade, metabolismo e temperatura corporal em pintinhos de
frango de corte recém eclodidos (2-3 dias de idade) e juvenis (14-15 dias de
idade).
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CAPITULO 2 - EMBRYONIC THERMAL MANIPULATION AFFECTS
VENTILATION, METABOLISM AND THERMAL CONTROL IN NEWLY
HATCHED AND JUVENILE BROILER CHICKS

Abstract: The first third of the incubation is determinant for the embryonic
development and the temperature is considered one of the most important factors
that can affect the quality and the survival rate of the embryos. The aim of this
study was to evaluate the effect of changes in the temperature of incubation (36°C
-cold; 37.5°C-control and 39°C-hot) during the first 5 days on ventilation (Ve),
body temperature (Tb), oxygen consumption (VO2) and respiratory equivalent
(Ve/ VO2) of 3 and 14 days (d) old broiler males and females in basal conditions
and under exposition to hypercapnia (7% CO2) or hypoxia (10% O2). The body
mass of the animals incubated at 36°C, in both ages, was higher compared to the
hot groups (males and females) and control groups (except the 3d males). The
incubation temperature did not influence the heart weight of the 3d animals
(p>0.05). However, 14d animals incubated at 39°C had a higher heart weight than
animals in the control group. There was no significant difference in lung weight at
both ages and sex. There was no significant difference between treatments in the
Ve, VO2 and Ve / VO2 of the 3d animals in room air conditions. However, 14d
females incubated at 39°C showed a decrease in Ve. Both 14d males and females
incubated at 39°C showed lower VO2 and an increase in Tb compared to the
control group. In addition, the 14d females incubated at 36°C showed lower Tb
compared to animals incubated at 37.5 and 39°C. Hypercapnic hyperventilatory
response (Ve / VO2) was attenuated in the 3d females incubated at 36°C and
increased in hot-incubated 3d females due to changes in Ve. Both hot- and cold-
incubated 14d males and 14d hot- incubated females presented a lower CO:2
hyperventilatory response compared to control group without changes in VOo.
During hypoxia, cold-incubated 3d females showed an attenuated
hyperventilation modulated by a higher VO2, compared to other treatments. In
addition, in 14d females incubated at 36°C, the increase in Ve under hypoxia was
greater and the hypometabolic response was attenuated compared to the control
group, which resulted in no change in the ventilatory equivalent. No effect of the
treatment was observed in 3d male and female animals Tb, during hypercapnia
and hypoxia. However, 14d females incubated at 36°C showed an attenuated
drop in Tb compared to the control group (7% CO2 and 10% O2) and hot group
(10% O2). Regarding 14d males, the only significant difference was observed
during hypoxia, where males incubated at 39°C showed a sharp drop in Tb
compared to the control group. In conclusion, thermal manipulation affects
hypercapnia-induced hyperventilation more than hypoxic challenge. At both
ages, females are more affected by thermal manipulation than males.

Keywords: chicken; hypercapnia; hypoxia; incubation; temperature; ventilation.
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Introduction

Incubation represents 30% of the lifetime of chickens and it is a period of
high plasticity when the environment experienced by the embryo can alter the
physiological systems for the entire post hatch life (Walstra et al., 2010). Many
factors, such as temperature, hypoxia, disease, nutrition, can greatly influence
the embryonic development and affect, positively or not, the growth of the animal
(De Smit et al., 2006; Mortola, 2011; Mortola and Toro-Velasquez, 2013; Morita
et al., 2016; do Amaral-Silva et al., 2019; Rocha et al., 2020). Temperature is one
of the most important environmental factors on embryonic survival that can
induce substantial changes in offspring phenotypes (Deeming, 2004; DuRant et
al., 2013; Yahav, 2014; Du et al., 2019). Previous study by Piestun et al. (2013b)
suggested that thermal manipulation during the sex determination period of
incubation (EO to E5) had a positive effect on chicken hatchability, live
performance, and secondary sexual characteristics of males and females
possibly due to a higher plasma testosterone concentration in both males and
females.

In fact, changes in embryonic temperature can accelerate or slow down
the embryo growth (Christensen et al., 1999; Lourens et al., 2005; Mortola and
Toro-Velasquez, 2013) altering the development of vital organs, such as heart
and lungs (Molenaar et al., 2011), whose severity level depends on the intensity
and the duration of stimulus and the phase of incubation (Webb, 1987; French,
1997). Likewise, intermittent thermal manipulation during the first days of
incubation may significantly impact metabolism and ventilatory responses to
hypoxia and hypercapnia, once the development of regulatory systems begins

early during embryogenesis (Tzschentke, 2007).
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The magnitude to which thermal manipulation alter the development of the
neural respiratory control and metabolic pathways may depend on the embryonic
age and duration of incubation temperature manipulation. Interestingly, previous
studies demonstrated that cold challenge during embryogenesis decreased the
occurrence of ascites and modified the thermoregulatory mechanisms in chicks,
improving the thermal tolerance to low rearing temperatures after hatching
(Shinder et al., 2011, Aksit et al., 2013). In this context, alterations on incubation
temperature can also affect warm and cold-sensitive neurons proportion in the
hypothalamus of hatching and juvenile ducks (Tzschentke and Basta, 2002).

The development of respiratory system in birds is a long process that starts
during incubation, supported by 3 gas exchangers: yolk sac membrane (YSM),
chorioallantoic membrane (CAM) and lately the lungs. Thermal manipulation at
the beginning of incubation can affect the development of YSM and CAM (Lin et
al., 2017). For instance, increasing incubation temperature to 38.1°C from EO to
E5 increased both YSM and CAM vasculature, which was coincidental with
greater embryo weight, egg weight loss, and embryo length at E15, and ultimately
greater chick length and smaller yolk sac weight at hatching (Lin et al., 2017). It
is well known that changes in temperature can also affect the respiratory
chemosensitivity and cause alterations of peripheral chemoreceptors firing rate
at least in cats and cockerels (Barnas et al., 1983; Mortola and Frappel, 2000)..
Nevertheless, as far as we know no data is available about the effects of prenatal
cold and warm temperatures on postnatal chemosensitivity.

Therefore, little or nothing is known about the phenotypic plasticity of warm
and cold incubation temperature on chemosensitivity and thermal responses in

newly hatched and juvenile broiler chickens. Given the sensitivity of
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embryogenesis to environmental temperature, we hypothesized that chick
embryos evolving under different thermal environments will exhibit changes in
ventilation, metabolism and thermal responses to hypoxia and hypercapnia; and
females and males will be differently affected by treatment. To this end, we
assessed here, in 3 and 14 days old chickens (males and females) incubated
under different temperatures (36 °C, 37.5 °C and 39 °C) during the first five days
of incubation for 6 hours/ day, the ventilation, metabolism and body temperature
when they were exposed to hypoxia (10% O2) and hypercapnia (7% CO32). The
thermal manipulation protocol was applied earlier during the embryonic
development (day O to day 5 of incubation) since the early stages of the
development are known to be highly susceptible to environmental parameters

(Tzschentke, 2008).

Methods

Animals:

The protocols were performed according to CONCEA (“Conselho Nacional
de Controle de Experimentacdo Animal”; National Council for Animal Care
Control) and approved by the local animal care committee (CEUA — Comissao
de Etica no Uso de Animais — FCAV-UNESP; Protocol: 011955/18).

Freshly laid fertilized eggs of Cobb 500® strain from hens 45-50 weeks of
age, obtained from a local supplier, were selected by weight (65 + 5g) and held
at ~18 °C until incubation. The eggs were incubated (incubator Premium
Ecologica®, Belo Horizonte, MG Brazil) with an average relative humidity of 60
% and automatic turning every hour. Then the eggs were subjected to one of the

three treatments: control (37.5 °C throughout incubation), cold (36 °C from day O
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until day 5, for 6h/day) or hot (39 °C from day O until day 5, for 6h/day), at day 6
the eggs of cold and hot treatments were maintained at 37.5 °C until hatch. After
hatching, animals were apart in male and female and were housed in a room with
controlled environment (Cobb, 2008), 14:10 h light:dark cycle (lights on at 6:00

AM) with free access to water and food.

Determination of pulmonary ventilation:

Measurements of pulmonary ventilation (Ve) were performed using the
whole body plethysmography method (closed system; Mortola and Frappel,
1998; Espinha et al., 2014; Rocha et al., 2020). Freely moving 3- and 14-day-old
chickens (3d and 14d) were kept in a 1.5 L and 5 L chamber, respectively and
the chambers were ventilated with humidified room air, hypercapnic gas mixture
(7% CO2) or hypoxic gas mixture (10% O2; Gama Gases, S&o Bernardo do
Campo, Brazil), for 30 minutes each. The environment temperature was
controlled to keep the thermal comfort of the animals. During Ve measurements,
the flow was interrupted, the chamber was sealed for short periods of time (~2
min) and the pressure oscillations caused by breathing were monitored using a
differential pressure transducer (TSD 160A, Biopac Systems, Santa Barbara,
USA). The signals were fed into a differential pressure signal conditioner (DA
100C, Biopac Systems, USA), passed through an analog-to-digital converter, and
digitized on a microcomputer equipped with data acquisition software (MP100A-
CE, Biopac Systems, USA). The volume was calibrated during each experiment
by injecting 1 mL of air into the animal chamber. The tidal volume (V1) of 14d
animals was calculated using the following formula of Drorbaug e Fenn (1955),

adapted by Bartlett and Tenney (1970):
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& v [Tb (Pbaro - PchHZO)]
PK e [Tb (Pbaro - PchHZO)] - [Tch(Pbaro - PbHZO)]

VT =

Where the Pr is the pressure deflection associated with tidal volume, the
Pk is the pressure deflection associated with the air volume injected for
calibration, Vkis the air volume injected into the animal’s chamber for calibration,
the chamber temperature is Tch, the animal body temperature is Tp, the barometric
pressure is Poaro, the water vapour pressure of the chamber is Pchzo and that of
the animal is PoH20. Ve and Vr are presented at ambient barometric pressure and
Tb and saturated with water vapor at this temperature (BTPS). The Pbaro, PchH20
and PoH20 were calculated indirectly using an appropriate table (Dejours, 1981)
assuming that chamber was fully saturated. Vr and consequently Ve were
corrected by body mass. Ta in the animal chamber was monitored using a
thermoprobe (model 8502- 10, Cole Parmer, Chicago, IL).

Regarding 3d animals, some alterations were needed to guarantee the
animals were in its comfort ambient temperature and to obtain an accurate VT.
For this, the newly hatched animal was placed individually in a chamber made of
two separate compartments connected through a tubing. The animal chamber
had the Ta controlled by a water bath (about 30°C) and the second compartment
at a lower Ta (about 25°C), to achieve a desirable Ta gradient. In this case, the

Tchand Peh relevant are the volume-weighted averages of the two compartments.

Determination of body temperature (Th):

The cloacal temperature was measured as representative of Tb and e
measured using a retal sensor (Thermistor Pod ML 309, ADInstruments®,
Australia). The measurements were performed at the onset and end of the

stimulus (normoxia, hypercapnia and hypoxia).



34

Oxygen Consumption:

The Oz consumption (VO2) was measured by the pull mode configuration,
using an open respirometry system (Mortola, 1984; Cummings et al. 2011,
Patrone et al., 2018). A Mass Flow System (Sable Systems International, Inc.)
was coupled to the plesthymographic chamber outlet to control the airflow inside
the chamber and to direct the outlet gas to the oxygen analyser (ADInstruments).
The expired gas was dried over column of Drierite (W.A. Hammond Drierite Co.
Ltd, Xenia, OH, USA) before passing through the gas analyzer. As CO2 was
neither analyzed nor scrubbed, oxygen consumption (VO2) was calculated using
the following equation (Koteja, 1996):

VO2= [FRe (FiO2 - FeO2))/[1 - FiO2 (1-RQ)]

where FRe is the end flow rate of air through the chamber, FiOz is the inlet
O:2 fraction, FeOz2 is the end O:2 fraction, and RQ is the respiratory quotient
(considered to be 0.85). VO2 was corrected for the body weight in kg and values
were presented as STPD (standard conditions of temperature, pressure and dry

air).

Experimental protocol:

Effect of temperature of incubation on Ve, VO2and Tb during normocapnia,
hypoxia and hypercapnia in male and female broiler chicks (3d and 14d).

The 3d and 14d male and female animals were placed, individually, into
the chamber and allowed to move freely. At first 30 min, during acclimation, the
chamber was flushed with room air (21% O3). After the acclimation, Ve and VO2

were record in normocapnic/ normoxic conditions for 10 minutes. Posteriorly, the
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animals were exposed, randomly, to a hypercapnic (7% COz2) or hypoxic (10%
0O2) gas mixture, for 30 minutes. The order of mixtures was randomly chosen,
with a 1-hour interval in a normoxic normocarbic mixture. The Ve and VO2 were
measured at 30 minutes of gas exposure. During recovery phase the ventilatory
parameters were measured at 60 minutes. The body temperature was measured

before and after gas exposure.

Statistical analysis:

The results are reported as means + SEM. The data were tested for
normality of deviation (Cramer Von-Mises criterion) and homoscedasticity
(Levene test). The thermal manipulation conditions were analyzed separately to
determine the sex and gas mixture effect. The effect of hypercapnia and hypoxia
on Vr, fr, Ve and VO2 over the time course was evaluated by two-way analysis of
variance (repeated measures), in case of significant difference the means were

compared by Tukey's test. Values of P < 0.05 were considered significant.

Results

Body mass (BM) of 0-, 3- and 14-d broilers is presented in Table 1. No sex
difference was observed. The BM of hot-incubated hatchling male was lower,
compared to control male animals. Cold- incubated 3d females presented a
higher body mass compared to control and hot incubated chickens. In 14d cold-
incubated males and females, body mass was higher compared to control and
hot incubated groups (Table 1). In addition, 14d hot-incubated males presented

a lower body mass compared to control and cold-incubated males.
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The heart and lungs mass, presented in Table 1 (3d and 14d animals), are
expressed as body mass percentage. No significant differences were observed
among treatments in heart and lungs mass (3d animals) and lungs (14 days old
male and female animals). Both, male and female, 14d animals exposed to hot
temperature, during first five days of incubation, presented a higher heart mass,
compared to control group (Table 1).

Table 1 also shows the effects of temperature of incubation in Tb under
room air conditions. Thermal manipulation did not affect Tb of 3 days old animals.
Regarding 14d animals, incubation at high temperature caused an increase in Th
compared to cold and control animals. Cold-incubated females showed a lower

Tb compared to other groups.

Ventilatory and Metabolic parameters

Normoxia normocapnia

Figures 1 and 3 shows the ventilatory parameters during
normoxia/normocapnia of 3 days old female and male broiler chicks from the
experimental groups: control (37.5 °C), cold (36 °C) and hot (39 °C). No significant
difference was observed in Ve, Vrand fr among groups, in male and female 3d
animals (Figures 1 and 3).

Figures 2 and 4 shows the ventilatory parameters during
normoxia/normocapnia of 14 days old female and male broiler chicks from the
experimental groups. The exposure to hot temperatures during the first five days
of incubation affected the Ve, V1 and frin room air conditions. The 14d female
animals exposed to hot treatment presented lower Ve and V' compared to control

group. The 14d male animals incubated in higher temperatures presented a lower
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Vt and a higher fr, compared to other groups, but no difference was observed in
VE.

VO2 under normoxic/ normocapnic conditions were not influenced by the
treatments in 3d animals (Figure 5A), but 14d male and female incubated at high
temperature showed a lower metabolic rate compared to the control treatment
(Figure 6A). The ventilatory equivalent (Ve /VO2) in normoxia/normocapnia were
not influenced by treatments in both sexes in 3d (Figure 5B) and 14d animals

(Figure 6B).

Hypercapnia

Exposure to higher levels of CO2 caused an increase in Ve in all groups of
3d and 14d, male and female animals (Figure 1 and 2). The 3d females incubated
at cold temperature presented a lower Ve, due to a lower Vr, with no changes in
fr, compared to other treatments (Figure 1). None of the ventilatory parameters
were affected by treatments in 3d male animals, under hypercapnic condition.

The ventilatory response to CO2 of 14d hot- incubated females was lower,
modulated by a lower Vr, compared to other treatments (Figure 2). On the other
hand, 14d cold-incubated males presented a lower Ve compared to control group.
Despite no significant difference was observed in ventilation of hot-incubated
males, the Vr was lower compared to control treatment.

Figure 5A and 6A shows VO: of male and female 3d and 14d chicks,
respectively, under hypercapnia (7% CO2) and hypoxia (10% O2). Under
hypercapnia, no significant difference in VO2 was observed among groups, in
both sexes. The 14d female animals incubated at cold temperature presented a

lower VO2 compared to hot-incubated females. The thermal manipulation during
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first five days of incubation did not affected the oxygen consumption of 14d male
animals, under 7% COa.

The ventilatory equivalent (Ve/ VO2) of 3d and 14d, male and female, is
shown at Figure 5B and 6B, respectively. For 3d females, hypercapnia caused
an increase in Ve/ VO2 in all groups; however, in cold-incubated females this
increase was lower compared to other groups (Figure 5B). No significant
difference was observed among the treatments in 3d male chicks. The 14d hot-
incubated females showed a lower Ve/ VO2 compared to cold and control group.
As to 14d male animals, both hot- and cold-incubated animals showed a lower
ventilatory equivalent under 7% CO2 compared to control group (Figure 6B).

Figure 7 shows the effect of thermal manipulation during incubation on
body temperature of male and female animals exposed to hypercapnia.
Hypercapnia caused a similar decrease of Tb in all groups of 3d and 14d females
and males. The only difference was in 14 d cold-incubated females that showed

a lower drop in Tb compared to control animals (Figure 7B).

Hypoxia

Hypoxia increased Ve in all groups of 3d old females and males due to a
higher Vr (Figure 3). As observed in Figure 3, cold-incubated females showed a
lower hypoxic ventilatory response compared to hot-incubated animals. The Vr
of 3d cold-incubated females was lower compared to control group. No significant
difference was observed among treatments in the ventilatory parameters under
hypoxia, in 3d male animals.

Figure 4 shows the ventilatory response during hypoxia of 14d male and

female animals. Cold-incubated females presented a higher hypoxic ventilatory
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response compared to control and hot-incubated animals. This increase in Ve
was due to a higher Vr. In 14d male animals, no difference among the groups
were observed in Vg, Vr and fr.

VO:2 of newly hatched is presented in Figure 5A. Cold-incubated 3d female
presented a higher VO2 compared to control and hot-incubated groups. Figure
6A shows the VO2 of 14d animals under hypoxia. In 14d cold-incubated females,
hypoxia caused an attenuated drop in VO2 compared to control group. No
significant difference in VO2 was observed among treatments in male animals of
both ages.

The ventilatory equivalent of 3d and 14d animals is shown at Figure 5B
and Figure 6B, respectively. Hypoxia increased similarly Ve/ VO2 of males and
females of both ages. The only difference observed was in 3d cold-incubated
females that presented a lower Ve/ VO2, compared to control and hot treatment
(Figure 5B).

Hypoxia promoted a similar decrease in Tb of 3d male and females (Figure
7A). In 14d animals, hypoxia also promoted a drop in Tb; however, the reduction
in Tb of cold-incubated females was significantly smaller than the drop measured
for both hot and control group (Figure 7B). In hot-incubated males, the drop in Tb

produced by hypoxia was higher compared to control group (Figure 7B).

Discussion

In the present study, we evaluated the effect of thermal manipulation on
ventilation, metabolism and thermal responses to hypercapnia and hypoxia in 3

and 14 days old chickens (males and females). We have demonstrated that
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incubation at high temperature during a “critical window” in organogenesis
decreases Ve (female), VO2 (female and male), and increases Tb in 14-d broiler
chicks under room air conditions, regardless of sex. In addition, thermal
manipulation affects more the hyperventilation induced by hypercapnia compared
to hypoxic challenge. In younger animals, females are more affected by thermal
manipulation than males.

The 14d animals, male and female, presented a higher heart mass
compared to control animals, suggesting a higher effort to pump blood to the
tissues, possibly by an inefficiency in gas exchange, since Ve was decreases in
females and males presented an altered breathing pattern (low Vt and high fR).
In addition, these animals presented a higher Th, despite the drop in VOs:.
Molennar et al (2007) demonstrated that broilers incubated under higher
temperatures from E7-E21 presented a greater mortality by ascites. This
metabolic disorder is closely associated with pulmonary hypertension and right
ventricle hypertrophy (Molenaar et al, 2007).

Cold incubation increased body weight in both males and females at 14
days and in 3d females. In fact, chicken embryos, after periods of growth delay
caused by cold, compensated their growth posteriorly (Mortola, 2009). Likewise,
Nyuiadzi et al (2020) observed that males exposed to cold temperature of
incubation presented a higher body mass, under cold exposure during rearing,
while females incubated in cold temperature had a greater growth in normal post-
hatch temperature. Possibly, these effects of cold incubation temperature on BM
is a result of hormonal differences between sexes in the very early embryo
development and in the early growth phases (Dainat et al.; 1991; Kocamis et al.;

1998, Bello et al., 2014; Nyuiadzi et al., 2020). A negative effect of hot incubation
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on male body weight was observed at 3 days, with no compensation exhibited
during the subsequent 14d growth period. Nevertheless, it was not clear why
males were more negatively affected by hot incubation than females. Perhaps
different sexual hormonal profiles present since early phases of incubation as
recently shown by Wang et al (2019) might be the cause of this sex difference.

None of the treatments caused an effect in 3d animals on ventilation and
metabolism under normoxia/ normocapnia. Our data corroborate with the results
obtained by Mortola and Toro-Velasquez (2013) carried in 1 day old White
Leghorn hatchlings incubated in cold temperature. However, our results suggest
that the thermal manipulation during incubation did not affect the Tb of newly
hatched animals under normoxia/ normocapnia, in both sexes, unlike the result
obtained by Mortola and Toro-Velasquez (2013) that find difference in the body
temperature in the same ambient conditions. This difference may be due to a
different strain (White Leghorn chickens versus Cobb 500 strain), age,
temperature (35°C versus 36°C) and intensity of thermal manipulation, during
incubation, used in both studies. In addition, different from the current study,
previous studies using thermal manipulation have shown that increasing the
temperature of incubation decreases Tb at hatch and up 70 days after hatching
(Piestun et al., 2011; 2013a). However, the authors performed thermal
manipulation during embryonic days E7—-E16.

Under 7% COg, cold thermal manipulation during incubation attenuated
the hypercapnic hyperventilation in 3d females, but not in males, suggesting that
females are more sensitive to changes in temperature during embryogenic
period. The reduction in the hyperventilatory response to CO:2 in cold incubated

females was due to a lower Ve. It seems that cold incubation during the first days
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of incubation affects the chemosensitivity of newly hatched female animals. The
organogenesis of main organs, like brain and heart, occurs very early during
incubation and changes in temperature in this critical phase may cause impacts
on the normal development of respiratory control mechanisms, including in
sensitivity to CO2 (Szdzuy and Mortola, 2008; Burggren and Reyna, 2011).

Regarding, 14d chickens, hot-incubated male animals presented an
attenuation of CO2-hyperventilation. Despite the fact that no significant changes
were h observed in Ve and VO, there was a tendency of a lower Ve and a higher
VO:2 in these animals, which possibly contributed to the lower Ve /VO2 under
hypercapnic exposure. Hot incubated females and cold incubated males
presented an attenuation in hypercapnic hyperventilation due to a lower increase
in Ve, with no change or a small effect in VO2, suggesting a reduction in respiratory
chemosensitivity. This descrease in chemosensitivity is likely due to alteration in
central areas, since no change in hypoxic ventilatory response was observed in
14d cold incubated males and hot incubated female. To detect changes in
CO2/pH, birds possess peripheral (located in the carotid bodies), central (located
in the central nervous system), and intrapulmonary chemoreceptors that are
highly sensitive to CO2 (Milsom, 2002).

Incubation under cold temperature did not seem to affect the ventilation
and metabolism of 14 d female animals. Nevertheless, these animals showed a
lower drop in Tb under hypercapnia. Despite the fact that no difference was
observed among groups, the male animals incubated in cold temperature had a
tendency to have a lower hypercapnia-induced hypothermia. Therefore, we
believe that the reduction in ventilatory response to COz2 is not dependent on its

effect on body temperature, but that embryonic temperature caused a change in
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chemosensitivity per se. We observed that cold incubation only induced changes
in juvenile males. In fact, a recent study from our laboratory have demonstrated
that pre-exposure to 1 % CO2 during embryonic development attenuates
ventilatory response to hypercapnia, especially in male chicks up to 10 days
(Rocha et al., 2020). One could argue that this sexual dimorphic response could
be due to sexual hormones. A previous study from our laboratory has found that
ventilation under normocapnia and hypercapnia is similar between males and
females in 10 days old chickens; however, 21 days old females possess a higher
CO2 ventilatory response compared to males (Espinha et al., 2014). In fact,
Camacho-Arroyo et al. (2018) have demonstrated sexual dimorphism in
progesterone, estrogen and androgen receptors in the newly hatched chick brain.
In addition, female broiler chicks present much higher plasma estradiol levels
than males as early as just after hatching, a pattern that is maintained up to 42
days (Gonzales et al., 2003; Wang et al., 2019).

Hypoxia induced hyperventilation in all groups and the only difference
observed was in cold-incubated 3d female that presented an attenuated
hyperventilatory response to hypoxia, due to a higher VO2, compared to control
and hot-incubated animals. Therefore, it seems that for newly hatched cold-
incubated females to increase Ve or to maintain Tb is more costly energetically.
Even with a higher VO2 during hypoxia observed in cold-incubated animals, Th
dropped in the same magnitude of the other groups, which indicates that cold
incubation might have decreased heat conservation/increased heat loss, in
comparison to control animals at this age. Since the hypoxic ventilatory response
was similar among cold-incubated and control females, this changes in VO2

should not depend on the carotid bodies, but possibly a central mechanism that
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control metabolism. This results are in agreement with the data obtained by
experiments performed on the hatchlings of turkeys, chickens and Muscovy
ducks subjected to low temperatures during the last days of incubation, where
were observed an increase in heat production compared to controls (Minne and
Decuypere, 1984; Tzschentke and Nichelmann,1999; Nichelmann et al., 2001).

Differently from 3d cold-incubated females, the same treatment 14d
females presented a lower drop in Tb under hypoxic conditions compared to other
groups. In addition, the hypoxic-hypometabolic response was attenuated in 14d
cold-incubated females, indicating that they had a lower metabolic reaction to
hypoxia, which seems to be disadvantageous for survival in those conditions
(Mortola and Dotta, 1992; Mortola, 2004; Lu et al., 2005). Reductions in Tb should
facilitate metabolic depression during hypoxia by reducing temperature-
dependent Oz demands (Scott et al., 2008). This lower depressive effects of
hypoxia on Tb and metabolism in thermal manipulated chickens may be
necessary for maintaining the high ventilatory response to low Oz conditions. In
fact, these animals presented a higher hypoxic ventilatory response (significant
for females and a tendency for males), which may have contributed to the
attenuation in hypometabolic response.

In summary, as far as we know, our results, for the first time, point to a
phenotypic plasticity of incubation temperature on ventilation, metabolic rate and
body temperature of newly hatched and juvenile broiler chicks. Thermal
manipulation affects more the hyperventilation induced by hypercapnia compared
to hypoxic challenge by changing ventilation, which suggests an effect in central

or intrapulmonary chemosensitivity. In younger animals, females are more
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affected by thermal manipulation than males indicating a sexual dimorphism

already present at this age.
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Figure Legends

Fig. 1. Ventilatory response during resting and hypercapnia of 3-day-old female
and male broiler chicks submitted to the experimental treatments during
incubation, i.e. control (37.5 °C), cold (36 °C 6 hours/day, from 0 to 5" day) and
hot (39 °C 6 hours/day, from 0 to 51" day). Values are expressed as mean + SEM.
# indicates that the control treatment differs from cold treatment; + indicates that
the control treatment differs from hot treatment; * indicates that the cold treatment
differs from hot treatment. Level of significance: P<0.05.

Fig. 2. Ventilatory response during resting and hypercapnia of 14-day-old female
and male broiler chicks submitted to the experimental treatments during
incubation, i.e. control (37.5 °C), cold (36 °C 6 hours/day, from 0 to 5" day) and
hot (39 °C 6 hours/day, from 0 to 5" day). Values are expressed as mean + SEM.
# indicates that the control treatment differs from cold treatment; + indicates that
the control treatment differs from hot treatment; * indicates that the cold treatment
differs from hot treatment. Level of significance: P<0.05.

Fig. 3. Ventilatory response during resting and hypoxia of 3-day-old female and
male broiler chicks submitted to the experimental treatments during incubation,
i.e. control (37.5 °C), cold (36 °C 6 hours/day, from 0 to 5" day) and hot (39 °C 6
hours/day, from 0 to 5 day). Values are expressed as mean + SEM. # indicates
that the control treatment differs from cold treatment; + indicates that the control
treatment differs from hot treatment; * indicates that the cold treatment differs
from hot treatment. Level of significance: P<0.05.

Fig. 4. Ventilatory response during resting and hypoxia of 14-day-old female and
male broiler chicks submitted to the experimental treatments during incubation,
i.e. control (37.5 °C), cold (36 °C 6 hours/day, from 0 to 5" day) and hot (39 °C 6
hours/day, from 0 to 5" day). Values are expressed as mean + SEM. # indicates
that the control treatment differs from cold treatment; + indicates that the control
treatment differs from hot treatment; * indicates that the cold treatment differs
from hot treatment. Level of significance: P<0.05.

Fig. 5. Oxygen consumption (VO2) (A) and air convection requirement (Ve/ VO2)
(B) of 3-day-old, female and male broiler chicks submitted to the experimental
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treatments during incubation, i.e. control (37.5 °C), cold (36 °C 6 hours/day, from
0 to 5" day) and hot (39 °C 6 hours/day, from 0 to 5" day), during resting,
hypercapnic (7% CO2) and hypoxic (10% O2) conditions. Values are expressed
as mean + SEM. # indicates that the control treatment differs from cold treatment;
+ indicates that the control treatment differs from hot treatment; * indicates that
the cold treatment differs from hot treatment. Level of significance: P<0.05.

Fig. 6. Oxygen consumption (VO2) (A) and air convection requirement (Ve/ VO?2)
(B) of 14-day-old, female and male broiler chicks submitted to the experimental
treatments during incubation, i.e. control (37.5 °C), cold (36 °C 6 hours/day, from
0 to 5" day) and hot (39 °C 6 hours/day, from 0 to 5" day), during resting,
hypercapnic (7% COz2) and hypoxic (10% O2) conditions. Values are expressed
as mean = SEM. # indicates that the control treatment differs from cold treatment;
+ indicates that the control treatment differs from hot treatment; * indicates that
the cold treatment differs from hot treatment. Level of significance: P<0.05.

Fig. 7. Body temperature (Tb) of 3-day-old (A) and 14-day-old (B), female and
male broiler chicks submitted to the experimental treatments during incubation,
i.e. control (37.5 °C), cold (36 °C 6 hours/day, from 0 to 5" day) and hot (39 °C 6
hours/day, from 0 to 5™ day), during resting, hypercapnic (7% CO2) and hypoxic
(10% O2) conditions. Values are expressed as mean = SEM. # indicates that the
control treatment differs from cold treatment; + indicates that the control treatment
differs from hot treatment; * indicates that the cold treatment differs from hot
treatment. Level of significance: P<0.05.



Table 1. Values of body temperature (Tb), heart mass (HM), lung mass (LM) and body mass

(BM) of 3d and 14d female and male chicken.

37.5°C 36.0 °C 39.0°C P
Hatching
BM (g) Q 50.7+2.0ab 51.1+23a 495+32b <0.005
g d  5l3+27a 51.7+2.3a 493+27b  <0.005
3 days
Tb (°C) Q 40.0£0.1 40.0£0.2 399+£0.1 ns
3 40.1+0.1 40.1+0.2 40.0+0.1 ns
Q 0.5+0.04 0.6 £0.02 0.4 £0.03 ns
0,
HM (% BM) 3 0.9+£0.04 1.0+ 0.04 10+£0.1 ns
Q 04+0.1 04+0.1 0.4+0.01 ns
0,
LM (% BM) 3 09+0.1 0.8 +£0.02 09+0.1 ns
BM (g) Q 60.2+1.4b 73.7t34a 555+27b <0.05
g 3 59.3+1.8ab 66.8+29a 57.0+3.2b <0.05
14 days
Tb (°C) Q 403+0.1b 39.9+0.1c 41.0+0.1a <0.05
3 40.3+0.1b 40.1+0.1b 40.8+0.1a <0.05
Q 0.7+0.1b 0.8+0.1ab 09+0.1a <0.05
0,
HM (% BM) 3 0.8+0.1b 0.9+0.1ab 1.1+£0.03a <0.05
Q 0.6 £0.03 0.6 £0.01 0.6 £0.03 ns
0,
LM (% BM) 3 0.7+0.1 0.6+0.1 0.6 £0.02 ns
BM (g) Q 2876+116Db 3726+19.2a 285.7+20.6b <0.05
g 3 3346+14.1b 390.4+123a 270.9+129c <0.05

Different letters represent statistical differences in comparing chicks of the same sex and parameter.
Significance level (P<0.05).
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3D animals A

@ Cold 36° C (n=6) @ Cold 36°C (n=7) dl
-l Control 37,5° C (n=6) ; -~ Control 37,5°C (n=7)
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FIGURE 7



Resumo dos dados

Machos
Normocapnia/ Hipercapnia Hipoxia
ldade Tratamentos Normoxia (7% CO2) (10% O2)
36 °C - - -
3d
39 °C ) ) )
36 °C > BM <Vg, <VE/VO2 -
14d <VO> o
39 °C >HM, >Th, <BM <Ve/VO2 <Tb
Fémeas
Normocapnia/ Hipercapnia Hipoxia
ldade  Tratamentos =\ Lia (7% CO») (10% O2)
36 °C >BM <Vg,<Ve/VOz2  >VO2 <Ve/VO:
3d
39 °C - - -
>Ve
36 °C > BM, <Tb >Th : '
144 o >VO2, >Tb
39 °C SYESV2 Ve <VeNO2 -

>HM, >Tb




