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RESUMO

Um dos maiores desafios que as Ciéncias Biomédicas tém na atualidade ¢
conseguir conectar variagdes em nivel do genoma com aquelas observadas em nivel de
fenotipos. Utilizando a estratégia de genes candidatos e abordagens interdisciplinares,
temos obtido sucesso nessa empreitada desafiadora, ajudando, inclusive, a quebrar
paradigmas, pelo menos no que diz respeito a caracteristicas taxon-especificas. Tivemos
como foco os neuropeptideos Oxitocina (OXT) e Vasopressina (AVP), dois neuro-
hormoénios paralogos que, ao interagirem com seus receptores (OXTR, AVPRIa,
AVPRIb e AVPR2), promovem funcdes fisiologicas e comportamentais.
Demonstramos que a postulada conservagdo da sequéncia de aminoacidos de OXT em
todos os mamiferos placentarios nao se confirma, visto serem encontradas pelo menos 7
formas (Leu®OXT, Pro®OXT, Val’*Pro®OXT, Ala®0OXT, Thr®OXT, Phe?’0OXT e Val’*OXT)
em espécies de primatas do Novo Mundo (pNM). Conectamos, ainda, pelo menos
algumas dessas variantes com tragos complexos em clados de macacos do Novo Mundo,
tal como parto gemelar, monogamia social e cuidado paterno, o que indica sua possivel
relevancia evolutiva, detectada também por testes especificos para sele¢do positiva e
coevolucdo entre ligante e receptor. Para avancar no conhecimento funcional das
potencialmente adaptativas variantes, conduzimos testes e experimentos in silico, in
vitro € in vivo, comparando-as com a forma mais comum de OXT (Leu®OXT) e AVP.
Demonstramos a capacidade reduzida das variantes Cebidae Pro’OXT e Saguinus
Val’Pro®0OXT no recrutamento das [-arrestinas, com consequente impacto na
internalizacdo de receptores e na dessensibiliza¢do de todo o sistema OXT-AVP. Ainda,
conseguimos avaliar a capacidade de ambas as variantes estimularem o cuidado paterno
em ratos, mostrando, pela primeira vez, um modelo natural para o conceito de agonismo
com seletividade funcional, com provaveis implicagdes evolutivas. Além disso,
investigamos a regido regulatéria do gene OXTR e identificamos que o numero de
elementos de resposta de progesterona (PREs) no promotor do referido gene ¢
significativamente correlacionado com a presenca de cuidado paterno no clado dos
pNM. Com isso, buscamos delinear um cenario completo sobre a emergéncia de

fenotipos adaptativos em macacos do Novo Mundo.
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ABSTRACT

One of the greatest challenges that the Biomedical Sciences has at present is to be able
to connect variations at genome level with those observed at phenotype level. Using the
strategy of candidate genes and interdisciplinary approaches we have succeeded in this
challenging endeavor and even helped to break paradigms, at least considering taxon-
specific characteristics. We focused on the oxytocin (OXT) and Vasopressin (AVP)
nonapeptides, two paralog neurohormones that interact with their receptors (OXTR,
AVPRI1a, AVPRI1b and AVPR2) promoting physiological and behavioral functions. We
demonstrated that the postulated conservation of the amino acid sequence of OXT in all
placental mammals is not true since at least 7 forms (LeulOXT, Pro*OXT,
Val*Pro!OXT, Ala® OXT, Thr® OXT, Phe?OXT and Val’OXT) were found in New World
primate species (NWm). We also connected at least some of these variants with
complex features in clades of NWm, such as twin birth, social monogamy and paternal
care, indicating their possible evolutionary relevance, also detected by specific tests for
positive selection and co-evolution between ligand and receptor. To understand the
functional knowledge of the potentially adaptive variants we conducted in silico, in
vitro and in vivo tests and experiments comparing them with the most common form of
OXT (Leu*OXT) and AVP. We demonstrated the reduced capacity of the Cebidae
Pro®OXT and Saguinus Val’Pro®OXT variants in the recruitment of B-arrestins, with a
consequent impact on receptor internalization and desensitisation of the entire OXT-
AVP system. Furthermore, we were able to evaluate the ability of both variants to
stimulate paternal care in rats, showing, for the first time, a natural model for the
concept of agonism with functional selectivity, with probable evolutionary implications.
In addition, we investigated the regulatory region of the OXTR gene and identified that
the number of progesterone response elements (PREs) in the promoter of the above
mentioned gene is significantly correlated with the presence of parental care in the
NWm clade. With this, we aimed to delineate a complete scenario on the emergence of

adaptive phenotypes in the New World monkeys.
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CAPITULO I

1.1 Introducao

De frente e em primeiro plano, aparece, jovem e bela, a mae, com a filha no colo,
apoiando sobre a crianga a cabeca de cabelo luminoso, enfeitado com flores. Com os
olhos fechados, sua expressao ¢ de frui¢ao e regozijo, similar a da pequena, que tem seu
corpo aconchegado ao da mae. Ao lado delas, uma mulher idosa oculta o rosto com a
mao de pele envelhecida. Esse ¢ o cendrio retratado em As Trés Idades da Mulher
(Figura 1), obra de 1905 do pintor austriaco Gustav Klimt. O quadro pode ter varias
interpretagdes, mas uma delas pode remeter ao “amor”, um vocabulo com multiplos
significados e dticas de apreciagdo, desde a religido, a filosofia, as ciéncias humanas e,
claro, as ciéncias bioldgicas.

No caso das ciéncias bioldgicas, o amor pode ser explicado como um conjunto
de acdes iniciadas por processos neuroquimicos que ocorrem na superficie medial do
cérebro dos mamiferos (sistema limbico), derivando em emogdes e comportamentos
sociais presentes nestes animais. Para tal, multiplos neurotransmissores estdo
envolvidos: dopamina, serotonina, adrenalina, além de dois que sdo o alvo de estudo do
nosso trabalho, a oxitocina (OXT) e a vasopressina (AVP). E, por derradeiro (¢ nada
romantico), pode-se dizer que o amor, tal qual o conhecemos, ¢ nada mais e nada menos
do que um conjunto de ag¢des moldadas pela evolugdo bioldgica para promover a
sobrevivéncia e reprodugdo. E ¢ justamente sobre este tema absolutamente instigante

que trata a presente Tese.


hts/p.iiei.r/iiCC%9er
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Figura 1. As Trés Idades da Mulher, obra de 1905 do pintor austriaco Gustav Klimt.

No cérebro dos mamiferos, sdo descritos mais de 100 neuropeptideos, sendo a
maioria deles sintetizada e liberada do hipotdlamo. Muitos atuam em sistemas
periféricos, longe do cérebro, por isso agem também como hormoénios endocrinos (Insel
2010). Alguns desses elementos em sua forma funcional apresentam somente nove
aminoacidos; sdo os chamados nonapeptideos. Desses, os mais estudados sdo a
oxitocina (OXT) e a vasopressina (AVP), pardlogos que provavelmente surgiram a
partir da duplicagdo de um gene ancestral, a vasotocina (VT), ha 600 milhdes de anos
(mya; Gruber & Muttenthaler 2012).

Em mamiferos placentarios, OXT ¢ um nonapeptideo composto por Cys-Tyr-

Ile-GIn-Asn-Cys-Pro-Leu-Gly. Sua estrutura ¢ similar a da AVP (Cys-Tyr-Phe-Gln-
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Asn-Cys-Pro-Arg-Gly). Como pode ser visto, OXT e AVP diferem em apenas duas
posicdes, 3 e 8 (Figura 2).
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Figura 2. Diagrama dos genes de oxitocina e vasopressina (respectivamente, OXT e AVP, representados
pelas setas grandes); pré-pro-hormoénios ilustrados pelas caixas. A sequéncia de aminoacidos de cada um
dos nonapeptideos aparece abaixo, e a localizagdo destes no cromossomo 20 humano ¢ ilustrada acima.
Os éxons sdao mostrados como setas azuis pequenas, e os introns como linhas pontilhadas. IGR representa
a regido intergénica; SP, peptideo sinalizador; NP, neurofisina; GP, glicopeptideo. Os residuos de
aminoacidos que diferem entre as moléculas estdo representados em vermelho. Lee et al. (2009).

Seus respectivos genes (OXT e AVP) sdo conservados através de intmeras
espécies de diferentes faxa (Hoyle 1998; Tessmar-Raible et al. 2007). A formagao de
uma ponte dissulfeto entre as cisteinas das posi¢des 1 e 6 resulta em uma parte ciclica
de 6 aminoacidos e uma parte carboxiterminal de 3 (Barberis et al, 1998).

Na Figura 2, observa-se que o gene OXT esta localizado no mesmo cromossomo,
onde também se localiza o gene AVP, mas ambos estdo orientados em uma dire¢ao
transcricional contraria (cromossomo 2 em camundongos, ¢ 20 em humanos). Esse
fenomeno ¢é visto ainda em outros mamiferos. Ambos os genes possuem trés éxons e
dois introns com alta identidade e estdo separados por uma regido intergénica que varia
em todas as espécies (1,1 kb em ratos e humanos, e 3,6 kb em camundongos). Essa
porc¢do, normalmente conservada, possui sequéncias reguladoras (Gainer et al. 2001).

A Figura 2 também mostra que o chamado pré-horménio ¢ formado pela

sequéncia da OXT, da neurofisina (NP) e do peptideo sinal (SP), enquanto o outro pré-
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hormonio relacionado envolve a sequéncia da AVP, da NP e do SP, acrescida da

sequéncia de um glicopeptidio (GP).

1.2 Evolucio do sistema OXT/OXTR e proteinas relacionadas

Virtualmente, todas as espécies de vertebrados possuem sistemas como o da
OXT e da AVP ou proteinas similares a essas, contabilizando um total de 13
nonapeptideos (Tabela 1). A vasotocina, por exemplo, similar & AVP e a OXT, foi
encontrada nos Ciclostomados (lampreias) e em peixes 6sseos. A diferenca entre AVP e
vasotocina € a presenga de uma Ile (na vasotocina) ou Phe (na AVP) na terceira posicao;
por outro lado, a diferenca entre a OXT e vasotocina ¢ uma Arg (na vasotocina) ou uma
Leu (na OXT) na oitava posic¢ao (Figura 3). A mesotocina, por sua vez, difere da OXT
pela presenga de uma Ile na oitava posi¢ao (Leu em OXT) e pode ser observada em
peixes pulmonados africanos e australianos, anfibios, répteis e aves, encontrando-se
também em marsupiais, particularmente em duas espécies que apresentam, além da

mesotocina, a OXT (Tabela 1).
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Figura 3. Homoélogos de oxitocina e vasopressina. Donaldson & Young (2008), com modificagdes.
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Hormonio Aminoacidos? Animais onde se faz(em)
presente(s)
2 3 4 8

Oxitocina Tyr Ile Gln  Leu Mamiferos placentarios,
alguns marsupiais

Mesotocina * * * Ile Marsupiais, tretrapodos nao
mamiferos®

Isotocina * * Ser Ile Osteictios (peixes 6sse0s)

Aspargtocina/ * * Asp/*  */Val Condrictes (peixes

Valitocina cartilaginosos)

Asvatocina/ * */Phe Asp  Val Condrictes (peixes

Phasvatocina cartilaginosos)

Oxitocina * * * * Quimera (peixes
cartilaginosos)

Cephalotonina * Phe Arg  lle Moluscos (Octopus vulgaris)

Annetocina Phe Val Arg  Thr Anelideos

Vasotocina * * * Arg Vertebrados ndo mamiferos,
ciclostomos

Vasopressina * Phe * Arg Mamiferos

Lysipressina * Phe * Lys Porco, alguns marsupiais

Fenipressina Phe Phe * Arg Macropodidos (Marsupiais)

Locupressina Leu * Thr Arg Insetos (Locusta migratoria)

Conopressina Ile/Phe  * Arg  Arg/Lys Moluscos

2 0s aminoacidos 1Cys, 5Asn, 6Cys,7Pro e 9Gly (NH2) sdo conservados.

®Inclui peixes pulmonados.

* Aminoacidos iguais aos presentes em OXT (Acher et al. 1995).
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Tanto OXT quanto AVP sdo sintetizadas no Nucleo Supraodptico (SON) e no
Nucleo Paraventricular (PVN), regides hipotalamicas do cérebro, e sdo transportadas
pela neurofisina até a neuro-hipofise (Insel 2010).

Por se comportarem tanto como neurotransmissor quanto como hormonio,
ambos os nonapeptideos — OXT e AVP — apresentam um amplo espectro de atuagao,
seja em humanos, seja em outros mamiferos. As acgdes periféricas de OXT, por exemplo,
envolvem a estimulacgdo para a dilatagdo cervical, a contragdo uterina durante o parto, a
liberagdo do leite em maes lactantes e o orgasmo durante a atividade sexual. No cérebro,
tanto OXT quanto AVP atuam como poderosos neurotransmissores, estando envolvidos
em complexos comportamentos sociais e reprodutivos, tais como cuidado parental,
escolha do parceiro, modulagdo do estresse e ansiedade (Ebstein et al. 2012). Uma
revisdo de Lucion & Bortolini (2014) traz detalhes sobre abordagens adotadas para o
entendimento dos mecanismos envolvidos no cuidado parental, dentre estes, aspectos
fisioldgicos e genéticos, nos quais os sistemas OXT-AVP té€m papel de destaque.

Considerando unicamente comportamentos sociais, esses neuropeptideos sao
descritos como elementos fundamentais em agdes ligadas a comportamentos
reprodutivos, dentre os quais escolha de parceiros e cuidado parental. Também sao

importantes moduladores da resposta ao estresse (Neumann & van den Burg 2013).

1.3 Receptores

Em humanos e outras espécies de mamiferos, a agdo dos nonapeptideos OXT e
AVP estd diretamente relacionada a interagdes com seus respectivos receptores: um
unico receptor de oxitocina (OXTR) e 3 receptores de vasopressina (AVPR1a, AVPRIb
e AVPR?2) sdo encontrados (Tabela 2). OXT pode se ligar com os receptores de AVP,
assim como AVP pode se ligar a OXTR, porém com diferentes niveis de afinidade.
Todos pertencem a superfamilia de receptores acoplados a proteina G (GPCRs),
caracterizados por possuirem sete dominios transmembrana. Localizagdo, tamanho,
funcdes, entre outras caracteristicas encontram-se na Tabela 2. Uma caracteristica que
se destaca nesses receptores ¢ a consistente interrup¢do da sequéncia codificante entre
os dominios transmembranais 6 ¢ 7 por um intron conservado (Koshimizu et al. 2012).

Esse aspecto mostra-se mais interessante quando se considera que a maioria de



19

receptores acoplados a proteina G (GPCR) ndo apresentam introns; isto €, sua estrutura
génica se compde apenas de um éxon (Siehler & Milligan 2011).

No genoma humano, o gene OXTR estd localizado na regido 3p25-3p26.2
(Kimura et al. 1992) e apresenta 17 kb, tendo 4 éxons e 3 introns. No entanto, somente
os éxons 3 e 4, os quais estdo separados por um intron de 12 kb, sdo traduzidos. O

quarto éxon codifica o ultimo dominio transmembrana, como ilustra a Figura 4.

ex llex|] ex ex
2

ATG I I m W v VI Vi TGA

Figura 4. Esquema grafico do gene OXTR. As areas escuras, numeradas por algarismos romanos,
correspondem aos dominios transmembrana de OXTR. Gimpl & Fahrenholz 2001.
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Tabela 2. Relacao e estrutura dos genes do sistema OXT-AVP.

Cod. Prot Camundongo Estrutura
GENE Fungéo (Uniprot) Exons pb (pb) (aa) SNP (Cod; OMIM) OMIM CRO  nocaute (MGI) ((:1)]
rs121964882, rs121964883,
rs121964884, rs121964885,
A vasopressina tem uma agdo anti-diurética direta nos rs121964886, rs121964887, 125700 - Diabetes E1=170,
AVP Arginine vasopressin rins, mas também provoca vasoconstricdo dos vasos| 3 2.169 619 | 164 |rs121964888, rs121964889,| . . . S 20 - E2=202,
Lo insipidus, neurchipofisial
periféricos rs121964890, rs121964891, E3=247,
rs121964892, rs74315383,
rs121964893, rs28934878,
Receptor de vasopressina. A atividade desse receptor é
Argini i i i i i El= 1.076
AVPRIa rginine vasopressin - |mediada pelas protf?mas G, que_: ;_.\cfnvar.n um' 5|.stema dm? 2 7574 | 1525 | 418 . . 12 Esquizofrenia )
receptor 1a segundo mensageiro fosfatidil-inositol-calcio.  Estd E2=2.221
envolvido em comportamentos sociais, incluindo filiagdo
e apego
Arginine vasopressin i ivi A Comportamental/ [E1=1.400,
AVPR1b ginine vasopressi Rece.ptor de vasopre‘ssma. A atlwda.de desse r.eceptor € 2664 | 2237 | 424 B ) 1 p A al/ ,
receptor 1b mediada pelas proteinas G, que activam um sistema de neurolégico E2=832
segundo mensageiro fosfatidil-inositol-calcio.
rs104894748, rs104894749,
rs104894750, rs28935496
i 1304800 - DI insioi
Arginine vasopressin Receptor de vasopressina. A atividade desse receptor é rs104894751, rs104894752, o nge?fcr)o é:it::tizlo_;’;?us' E1=96,
AVPR2 g P mediada pelas proteinas G que activam a adenilato-| 3 4.636 | 1.622 | 371 (rs104894753, rs104894754, . e S X - E2=885,
receptor 2 ) ) ] ; Sindrome nefrogénica de
ciclase. Envolvidos na reabsorgdo renal de agua. rs104894755, rs104894756, antidiurese imerdoria E3=641
rs104894757,  rs104894758, PR
rs104894759, rs104894760,
E1=156
. Fih - - . . .
OXT Oxytocm/neuro,? ysin | A oxitocina ?rovoca a c'OfltracgaO do musculo liso do 3 398 513 | 125 ) ) 20 A £2=202,
prepropeptide utero e da glandula mamaria.
E3=155
E1=387,
- . Receptor da oxitocina. A atividade desse receptor é i e E2=96,
o Oxytocin receptor mediada pelas proteinas G, que ativam um sistema de 2. 36 389 - B 3 B E3=1.064,
segundo mensageiro fosfatidilinositol-calcico F4=2.817

pb= pares de base; Cod= regido codificadora; aa= aminoacidos; SNP=Single nuclectide polimorfism; OMIM= Online Mendelian Inheritance in Man; CRO= cromossomo; E1= éxon 1; E2= éxon 2; E3= éxon 3; E4= éxon 4; E5= éxon 5; E6= éxon 6; E7=éxon 7; E8= éxon 8; E9= éxon 9; E10= éxon 10; Dados
coletados do Ensemble (http:/www.ensembl.org/); Gene Cards (http://www.genecards.org/); € OMIM (http://www.http:f/omim.org/).
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1.4 Algumas caracteristica da interacio ligante-receptor

Viérios estudos (Chini et al. 1995; Slusarz et al. 2006b) mostraram que a parte
ciclica da OXT interage com o terco superior do receptor, especificamente com o0s
dominios transmembrana 3, 4 e 6 (Figura 5). Por outro lado, a parte carboxiterminal da
OXT permanece mais na maior parte do tempo em contato com os dominios 2 e 3 na

superficie e com o primeiro loop do receptor OXTR (Zingg & Laporte 2003).

R34

F103 Extracellular

space

: ‘\
Cell
> membrane
bilayer
Oxytocin receptor )
Intracellular
space

Figura 5. Modelo esquematico da estrutura da OXT e de OXTR. A oxitocina encontra-se representada no
canto superior esquerdo, em vermelho, com seus residuos de aminoacidos numerados de 1 a 9. O receptor,
em azul, mostra a interagdo do hormoénio quando o complexo estd ativado. Os sete dominios
intermembrana de OXTR estéo indicados por nimeros romanos. Zingg & Laporte (2003).

Através de construtos quiméricos e truncados, demonstrou-se que a regido N
terminal do receptor ¢ fundamental para a unido a OXT. Dentro dessa regido, a arginina,
na posicdo 34 da cadeia de aminoacidos do OXTR (Arg34-OXTR), teria um papel

fundamental, j4 que ¢ conservada nas posi¢cdes correspondentes nos receptores de
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hormonios de diferentes faxa, como € o caso da mesotocina, isotocina, vasotocina, bem
como nos trés receptores da vasopressina (Wesley et al. 2002).

Chini e colaboradores (1996), por sua parte, demonstraram que a fenilalanina na
posicdo 103 da cadeia de aminoacidos do OXTR (Phel103-OXTR), localizada na regido
da primeira alca extracelular, ¢ muito importante para a efetivacio da ligagdo com OXT,
especificamente com o oitavo aminoacido, a leucina (Tabela 3). Vale lembrar que ¢
nesse sitio da cadeia de aminoacidos da oxitocina que esta localizada uma das
diferengas entre esse hormoOnio e a vasopressina; na posi¢cao 8, ha uma leucina na
oxitocina e uma arginina na vasopressina (Arg-8-AVP; Figuras 2 e 3).

Um ano antes, o mesmos autores (Chini et al, 1995), descreveram a possivel
interagdo entre AVP ¢ a tirosina 115 do receptor AVPRla (Tyrl15-AVPRI1a).
Curiosamente, Tyrl15 no AVPRIla estd localizado na primeira al¢ca extracelular do
receptor, sendo homologa a posicdo Phel03 do OXTR, mostrando uma interagao
significativa ao substituir esse aminoacido (Tyr) pelo equivalente no OXTR (Phe).
Evidencia-se, desse modo, o papel importante desse sitio na afinidade e na seletividade
do receptor (Tabela 3).

Estudos adicionais mostraram que os aminoacidos Tyr209 e Phe284 do OXTR
apresentavam papel importante na interagdo com o hormdnio, interagindo
possivelmente com o segundo residuo aromatico (Tyr) e o terceiro hidrofobico (Ile) da
OXT (Figura 5). E interessante notar que a Ile na posi¢io 3 (Ile3-OXT) é o residuo que
diferencia a oxitocina da vasopressina (Phe3-AVP) na parte circular da molécula
(Figura 2). Essas diferencas poderiam estar contribuindo ao reconhecimento especifico
da molécula com seu receptor (Chini et al, 1996; Tabela 3). Vale lembrar ainda que a
AVP pode agir como um agonista completo ou parcial do receptor OXTR humano
(Chini et al, 1996).

Deve-se considerar, também, que os aminoacidos Argl37-OXTR e AspS85-
OXTR, entre outros, foram objeto de estudos através de mutagdes induzidas em
organismos modelos e simuladas computacionalmente (Fanelli et al, 1999). Mutagdes
Argl37Ala e Asp85Ala levaram a um receptor constitutivamente ativo e inativo,
respectivamente. Com isso, € possivel inferir seus papéis na ativagdo do complexo, no
reconhecimento do agonista, bem como na interacdo com a proteina G (Fanelli et al,

1999).
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Tabela 3. Aminoacidos importantes de OXTR que interagem direta ou indiretamente na ativagdo do
complexo.

Aminoacido Posiciao (aa) Provavel funcio Referéncia
Arg 34 Unido ao hormdnio (Wesley et al. 2002)
Asp 85 Ativagdo, reconhecimento  (Fanelli et al. 1999)

do agonista, interagdo com

a proteina G

Phe 103 Unido ao hormdnio; (Chini, 1996)
LeuOXT
Arg 137 Ativagao, reconhecimento  (Fanelli et al, 1999)

do agonista, interagdo com

a proteina G

Tyr 209 Unido ao hormonio; (Chini, et al, 1996)
Iso’0OXT

Phe 284 Unido ao hormonio; (Chini et al, 1996)
Iso’0OXT

Trp 288 Ativagao (Fanelli et al, 1999)

Glu 307 Ativagao (Fanelli et al, 1999)

Ao redor de 100 aminodacidos (25%) sdo conservados entre os receptores humanos
AVPR1a, AVPRI1b, AVPR2 ¢ OXTR. A maior homologia entre esses receptores se da
nas alcas extracelulares e nas regides transmembranais. A parte amino-terminal e

carboxiterminal sdo as mais dissimiles (Gimpl et al. 2001).

1.5 Expressao

A expressdo dos receptores pode ser tecido-especifica, possibilitando a
formag¢do do complexo neuropeptideo-receptor. Por exemplo, AVPR1a ¢ sintetizado
numa variedade de tecidos vasculares, artérias, arteriolas e veias, sendo responsavel pela
vasoconstricdo. J& AVPRI1b ¢ sintetizado na pituitaria anterior, mediando a secregao de
ACTH (hormonio adrenocorticotrofico), enquanto AVPR2 ¢ encontrado em tubulos

distais renais e dutos coletores, estimulando a absor¢ao da agua. OXTR, como ja
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comentado, quanto interligado com OXT, medeia em mamiferos placentdrios a
contracdo uterina ¢ a ejecdo do leite, entre outras agdes periféricas ao sistema nervoso

central (Koshimizu et al, 2012).

1.6 Ordem Primates

Os membros da ordem Primates sdo reconhecidos por varias caracteristicas tais
como rosto curto, Orbitas oculares frontais associadas a visdo estereoscopica, capacidade
craniana relativamente grande e polegares oponiveis (Myers 2000) S3ao também
caracterizados por apresentarem uma variedade de comportamentos sociais complexos.
Os primatas estdo entre os animais mais sociais, vivendo em grupos familiares, pares,
haréns com um unico macho e em grupos multimachos/multifémeas (Grueter et al.
2012). Neste trabalho, algumas dessas caracteristicas comportamentais e morfologicas
serdo consideradas em maiores detalhes, visto serem alvo de nossa investigacdo. Além
disso, como veremos abaixo, o foco serdo os primatas do Novo Mundo ou clado
Platyrrhini.

O registro fossil mais antigo dos primatas corresponde ao Eoceno (54-55 mya).
Tavaré e colaboradores sugerem, a partir de dados moleculares, a presenga de um
ancestral comum para esse grupo, cuja existéncia poderia ter ocorrido hd 81,5 mya
(Tavaré et al. 2002).

Dentro dos primatas, dois grandes grupos sao encontrados: Strepsirrhini e
Haplorrhini; os primeiros apresentam nariz longo e desprotegido pela auséncia de uma
estrutura cartilaginosa, ¢ os dentes incisivos inferiores em forma de pente, ¢ nao
dispdem de uma placa 6ssea que separe a 6rbita da fossa temporal. Esse clado encontra-
se dividido em Lemuriformes e Lorisiformes. A maioria das espécies sdo arboreas, mas,
a0 mesmo tempo, algumas possuem uma especializagdo extrema para habitos
particulares de vida (Goodman et al. 1998).

A infraordem anthropoidea inclui as parvordens Catarrhini, ou primatas do
Velho mundo (pVM), e Platyrrhini, também chamada primatas do Novo Mundo (pNM).
Em linhas gerais, os dois grupos se diferenciam anatomicamente dos estrepsirrinos e,

em certos casos, dos tarsiiformes (Kowalewski et al. 2016).
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1.6.1 Parvordem Catarrhini

A designagdo “primatas do Velho Mundo (pVM)” ¢ devida a sua distribuicao
atual nos continentes africano e asiatico. O nome catarrino (do grego kata, para baixo, e
rhinos, nariz) descreve a forma do nariz, com aspecto estreito e aberturas nasais para
baixo (Kowalewski et al. 2016).

Dentro dos catarrinos sao descritas as superfamilias Cercopithecoidea e
Hominoidea. Nos cercopitecoideos se encontram os comumente chamados “macacos”,
ja os hominoideos agrupa os coloquialmente chamados “simios”, isto ¢, os atuais gorila
(Gorilla gorilla), chimpanzé e bonobo (Pan troglodytes e Pan paniscus), orangotango
(Pongo pygmaeus), gibao (géneros Hylobates, Symphahlangus, Nomascus e Hoolock) e

os humanos (Homo sapiens) (Kowalewski et al. 2016).

1.6.2 Parvordem Platyrrhini

A distribuicdo geografica no continente Americano (regido Neotropical) é o
elemento determinante na denominagao dos primatas do Novo Mundo (pNM). Os pNM
atravessaram um processo de irradiagdo adaptativa, produzindo mais de uma centena de
géneros conhecidos. Porém, héd discussdes acaloradas entre os especialistas sobre os
agrupamentos taxonomicos neste clado. Nao sendo o foco do nosso trabalho, as
controvérsias a respeito ndo serdo comentadas aqui. No entanto, reconhecemos a
importancia da classificagdo taxondmica para a discussdo de varios achados presentes
na Tese. Desse modo, consideraremos a priori € como base a classificagdo proposta por
Pelerman et al. (2011). Os referidos autores identificam trés familias: Pitheciidae,

Atelidae e Cebidae.

Pitecideos

Dentro dos pitecideos encontram-se os géneros Pithecia, Chiropotes, Cacajao e
Callicebu, que se caracterizam por possuirem adaptagdes ao salto, denti¢do particular
com incisivos procumbentes, caninos enormes e molares extremamente baixos, que
ajudam no consumo de frutos duros e sementes, principal elemento nutritivo da sua

dieta (Kowalewski et al. 2016).
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Seus sistemas sociais sdo diversos, embora a maioria viva em sistemas fluidos
tipo fissdo-fusdo ou em pequenos grupos de alimentagdo (Norconk & Kinzey 1994;
Defler et al. 2003; Bowler & Bodmer 2009). Interessa destacar que o Callicebus forma
grupos coesivos pequenos de casais com padrdo monogamico social classico (Kappeler

& Van Schaik 2002; Norconk & Veres 2011).

Atelideos

Os atelideos caracterizam-se por serem os maiores platirrinos, a exemplo dos
bugios (genéro Alouatta) e dos muriquis (Brachyteles). Também possuem formas
especializadas de braquiagdo (forma de locomogdo arboricola em que os animais se
deslocam de galho em galho), sendo exemplo o macaco-aranha (Ateles), com sua
reducdo de modo extremo ou total do dedo polegar da mao (Kowalewski et al. 2016).

Nessa familia descreve-se uma ampla variedade de sistemas de organizagdo
social, encontrando-se estrutura de casais, harém e grupos multimacho-multifémea. Os
macacos-aranha, por sua vez, possuem um caracteristico sistema de fissdo-fusao, similar
ao intensamente estudado em chimpanzés (Symington 1990; Asensio et al. 2009),
constituindo grupos grandes que se subdividem em pequenos grupos de forrageio, que

mantém contato auditivo entre si (Kowalewski et al. 2016).

Cebideos

Dentro dos cebideos encontram-se dois grupos ligeiramente divergentes
considerando sua morfologia, comportamento e genética: as subfamilias Cebinae
(Cebus) e Saimirinae (Saimiri) que possuem, proporcionalmente, em relagdo ao peso
corporal, um maior tamanho cerebral entre todos os antropoideos. Recentemente foi
proposta uma divisdo do género Cebus, em Sapajus ¢ Cebus, considerando evidéncias
biogeograficas, comportamentais e genéticas, sendo os Sapajus, da Mata Atlantica, o
grupo dos macacos-prego “robustos”, e os Cebus, os nao robustos, localizados na Bacia
Amazonica (Lynch Alfaro et al. 2012a; Lynch Alfaro et al. 2012b; Alfaro et al. 2012).
Porém, ainda ndo existe um consenso absoluto entre os taxonomistas (Rylands &
Anzenberger 2012). Para uma recente revisdo sobre a classificagdo taxondomica dos
Cebus/Sapajus, ver Lima et al. (2018). Os Sapajus possuem algumas adaptagdes na
denti¢do para abrir nozes; sdo de tamanho médio (até 3,5 kg) e sexualmente dimorficos

(machos com peso aproximadamente 25% superior ao das fémeas), e, em geral,
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apresentam hierarquias lineares de dominancia importantes com machos e fémeas alfa
(Kowalewski et al, 2016).

Os macacos-de-cheiro (Saimiri) sdo primatas que vivem em grupos multifémea-
multimacho de até 300 individuos, embora formem unides temporarias de multiplos
grupos (Boinski 2005; Sussman et al. 2005).

Outra subfamilia dentro dos Cebideos, a dos Callithrichinae, ¢ uma das mais
importantes para o presente trabalho. Dentro dos calitriquinos encontram-se os géneros
Callithrix, Cebuella, Leontopithecus, Saguinus ¢ Callimico. Mais recentemente, os
géneros Mico e Callibella foram reconhecidos, porém seus status taxonomicos ainda
sdo bastante controversos. E importante salientar as caracteristicas dos calitriquinos,
como tamanho corporal reduzido (sendo os menores do Neotropico), duas crias por
parto, presenca de garras em lugar de unhas planas e a perda do terceiro molar (a
excegdo do género Callimico, que apresenta uma cria por parto € conserva seu terceiro
molar). Os calitriquinos se alimentam principalmente de frutas, resinas, exsudatos, seiva,
néctar, insetos e pequenos vertebrados (Corréa et al. 2000; Digby et al. 2010).

Outras caracteristicas interessantes deste clado que gostariamos de destacar dentro deste
trabalho sdo a ovulagdo pods-parto ¢ a ajuda cooperativa na criagdo de filhotes —

incluindo a do pai e de outros machos — e a monogamia social (Digby et al. 2010).

Os saguis (Callithrix) se caracterizam por viverem em habitats com menor
disponibilidade de frutos, de modo que estdo adaptados para explorar o exsudato das
plantas (Rylands 1993), habilidade que ndo possuem os tamarinos (Saguinus). Tal como
os bugios (Alouatta; familia Atelidae), os saguis t€ém a capacidade de viver em
ambientes limitrofes e moderadamente perturbados, convertendo-se em alguns casos,
em espécies invasoras (Callithrix jacchus), enquanto outras encontram-se criticamente
em perigo de extingdo (Saguinus bicolor; Berrada et al. 2008).

Pelerman et al. (2011) identifica ainda a subfamilia Aotinae, onde se encontram
0s unicos macacos noturnos do mundo (género Aotus), de modo que também sio
conhecidos como macacos-da-noite. S3o de um tamanho mediano, ndo apresentando
dimorfismo sexual, e possuindo pernas e caudas relativamente longas. Possivelmente,
uma adaptacdo aos seus habitos noturnos sdo suas grandes Orbitas oculares. Sao
considerados monogamicos sociais (Schneider 2000; Fernandez-Duque 2016), e os
machos participam do cuidado das crias, com um padrdo similar ao encontrado em

Callicebus (Wright 1990).
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As caracteristicas comentadas aqui, além de algumas outras, estdo presentes na

Tabela 4.



Tabela 4. Caracteristicas ecoldgicas de primatas analisados neste trabalho.

29

Espécie Peso(g) gestagio entreparos  da  Lomen"C o vida gjm' Habitat Locomogio  Dieta  Cagador ©oruie Sistemade
(anos) (anos)  ninhada “®9MP®  (anes) - : "-
Homo sapiens 67100 0.8 3.7 1.0 150,0 80,0 DI DV BP oM Y MFFPB Non-MGY
Pan troglodytes 47795 0,6 5.0 1,0 85,0 50,0 DI TE KN oM Y FF Non-MGY
Pan paniscus 39100 0,7 4.7 1,0 4.5 41,0 DI TF KN HB Y FF Non-MGY
Gorilla gorilla 135000 0,5 3.9 1.0 10,0 50,0 DI 1F KN HB N OMMF Non-MGY
Pongo abelii 55000 0,7 8.1 1.0 1.5 55,0 DI TF AB HB N SOL Non-MGY
Nomascus leucogenys 5700 0,6 25 1,0 5.0 28,0 ]| TE AB HB N MFPB MGY
Papio anubis 19500 0,5 2.1 1,0 68,0 25,2 DI DV TQ oM Y MMMF Non-MGY
Cercocebus alys 9125 0,5 1,0 1.0 75,0 26,8 DI TF TQ HB N MMMF Non-MGY
Mandrillus leucophaeus 18250 0,5 1.4 1.0 225 286 DI TF AB oM N MMMEF Non-MGY
Macaca nemestrina 9075 0.5 1,1 1,0 275 27.0 ]| TE AB oM Y MMMF Non-MGY
Macaca fascicularis 4700 0,4 1,1 1,0 30,0 38,0 DI TF AB oM N MMME Non-MGY
Macaca mulatia 7375 0,5 1,1 1.0 80,0 36,0 ]| DV AB oM Y MMMF Non-MGY
Chlorocebus sabaeus 5125 0,4 1,0 1,0 43,5 30,0 DI DV TQ HB N MMMF Non-MGY
Rhinopithecus roxellana 11690 0,6 1,8 1,0 65,0 26,0 8] TE AB HB N OMMF Non-MGY
MNasalis larvatus 15000 0,5 2,0 1,0 12,6 21,0 DI TF AB HB N OMMF Non-MGY
Colobus angolensis 8600 0.4 1,2 1,0 25,0 30,0 DI IF AB HB N OMMF Non-MGY
Aotus nancymaae 787 0,4 0.5 1,0 3.5 20,0 NT TF AB HB N MFFPB MGY
Aotus azarae 1000 1,0 NT TE AB oM MFPB MGY
Callithrix jacchus 330 0,4 0,4 2,0 7.5 16,0 DI TF AB oM Y MFPB MGY
Callithrix geoffroyi 240 0.4 0,6 2.0 9.0 10,0 DI IF AB oM Y MFPB MGY
Callithrix humilis 167 0,4 0,5 1,0 7.0 25,0 ]| TF AB HB N MMMF MGY
Callithrix humeralifer 4735 0.4 0,5 2.0 9.5 125 8] TE AB oM Y OFMM MGY
Callithrix melanura 400 0.4 0,5 2,0 9,0 16,0 DI TF AB oM Y OFMM MGY
Callithrix saterei 435 0.4 0,5 2.0 10,0 12,0 ]| IF AB oM Y OFMM MGY
Callimico goeldii 626 0,4 0,5 1,0 5,0 17,9 DI TF AB oM Y MFPB Non-MGY
Cebuella pygmaea 124 0.4 0,5 2.0 7.0 18.6 8] TE AB oM Y MFPB MGY
Leontopithecus rosalia 654 0,4 0,5 2,0 8.5 22,0 DI TF AB oM Y MFPB MGY
Leontopithecus chrysomd 646.,5 0.4 0.7 2.0 8.0 213 8] IF AB oM Y MFPB MGY
Saguinus martinsi 475 0,4 0,5 2,0 7.5 18,0 ]| TF AB oM Y OFMM MGY
Saguinus niger 450 0.4 0,7 2.0 7.5 7.5 8] TE AB oM Y OFMM MGY
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Intervalo
Periodo de Tamanho Expectativ .. - Sistema de
Espécie Peso(g) gestagdo e omanho adevida CC0%° Habitat "M% pieta  Cagador et acasalament
(anos) F::m) ninhada e (anos) _— [+]

Saguinus bicolor 430 0.4 0.5 2,0 8.5 19,0 DI TF AB OM Y OFMM MGY

Saguinus midas 470 0.4 0.6 20 6.0 21,0 DI TF AB oM Y OFMM MGY

Sapajus apella 4800 1,0 11,5 DI DV AB oM Y MMMF Non-MGY
Sapajus robustus 2800 0.5 1,0 1,0 9,0 44.0 8]} TF AB oM Y MMMF Non-MGY
Sapajus xanthosternos 2725 0.5 1,8 1.0 19,0 30,0 DI TF AB OM Y MMMF Non-MGY
Saimiri boliviensis 700 0.4 20 1,0 45,0 18,0 DI TE AB oM Y MMMF Non-MGY
Brachyleles arachnoides | 13500 0,6 2,8 1,0 75 30,0 8] TF AB HB N FF Non-MGY
Alouatta guariba 5500 0.5 1.7 1.0 10,0 20,0 DI TF AB HB N OMMF Non-MGY
Callicebus donacophilus 950 1.0 4.5 25,0 DI TF AB oM MFPB MGY

Callicebus coimbrai 1317.5 0.4 1,0 1.0 4,0 25,0 DI TF AB HB N MFPB MGY

Cacajao melanocephalus| 2960 0.5 2.0 1,0 25,0 18,0 Dl TF AB HBE N MMMF Non-MGY
Cebus capucinus 3500 1.0 19,0 DI TF AB oM MMMF Non-MGY
Chiropotes albinasus 2800 0.4 20 1.0 22,0 15,0 8]} TE AB HB N MMMF Non-MGY
Chiropotes utahicki 2850 0.4 2,0 1.0 24.0 15,0 DI TF AB HB N MMMF Non-MGY
Pithecia pithecia 1871 1.0 3.0 15,0 DIl TF AB HB Non-MGY
Carlito syrichta 128 0.5 0,5 1,0 3,0 14,0 NT TF AB CN Y MFPB Non-MGY
Microcebus murinus 60 0,2 1,0 2.0 3.5 15,0 NT TF AB oM Ty OMMF Non-MGY
Propithecus coguereli 4000 0.4 1,0 1,0 6,5 27.5 DI TF AB HB N MMMF Non-MGY
Otolemur garnettii 764 0.4 0.6 1.0 4.0 15,0 NT TF AB HB N MMMF Non-MGY

Peso: Peso médio por espécie em gramas, considerando macho e fémea. Periodo de gestacdo: Periodo de gestagdo em anos. Intervalo entre partos: Média do
tempo entre partos em anos. Tamanho da ninhada: Numero médio de crias por parto. Tamanho do grupo: Tamanho médio de grupos. Ciclo de atividade: DI =
diurna, NT = noturna. Habitat: Principal habitat para a espécie - DV = Diversa/cosmopolita, TF = Floresta tropical, TE = climas temperados. Locomogao:
Principal locomogédo - BP = Bipede, KN = apoiam-se sobre os nos dos dedos, AB = Arborea, TQ = Quadripede terrestre. Dieta: Principal dieta para a espécie
- OM = Onivoro, HB = Herbivoro, CN = Carnivoro. Cacador Y= Sim, N=Nao. Estrutura social: Principal estrutura social - MFPB = casal macho fémea, FF =
fissdo-fusdo, SOL = solitario, OMMF = um macho multiplas fémeas, OFMM = uma fémea multiplos machos, MMMF = multiplas fémeas multiplos machos.
Sistema de acasalamento: MGY = Monogamo, Non-MGY = N&o mondgamo. Para simplificar a estrutura, classificamos todos os sistemas

poliandricos/poliginicos/poliginandricos como ndo mondgamos. Espago vazio = Sem informagao.
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1.6.3 Organizacao social

A ordem Primates constitui um clado de mamiferos em que a ocorréncia de
monogamia social € notavel. Convém destacar que a incidéncia de monogamia social
entre os pNM ¢ excepcionalmente alta — mais de 62% das ~177 espécies sdo
classificadas como socialmente monogamicas (Kleiman & Malcolm 1981; Lukas &
Clutton-Brock 2013).

A organizagdo social em Platyrrhini ¢ muito mais diversificada do que a
encontrada nos outros primatas. Muitos dos pNM vivem em grupos sociais mondgamos,
como ¢ o caso dos calitriquinos, embora também sejam descritos casos de poliginia,
poliandria ou poliginandria (Fleagle, 2013). Como veremos em outros momentos da
presente Tese, a estrutura social monogamica estd diretamente correlacionada com
outros comportamentos adaptativos que sdo determinantes na estratégia reprodutiva das

espécies em questdo, tal como o cuidado paternal.

1.6.4 Cuidado parental

O cuidado parental ¢ definido como qualquer comportamento dos pais que
aumenta o valor adaptativo dos descendentes. S3o um conjunto de atividades que
geralmente envolve o gasto de tempo, energia e recursos por parte dos pais (Royle et al.
2012). Na maioria dos vertebrados, ¢ uma atividade realizada unicamente pela fémea,
isto €, através do cuidado materno. Porém, se encontra também o cuidado biparental que
envolve ambos os pais. E interessante notar que o cuidado paternal (que, por sua vez,
determina o cuidado biparental) tem evoluido repetidas vezes em vertebrados e
invertebrados; é um caracter relativamente raro em mamiferos, mas é muito comum em
alguns clados de primatas, mais do que nas demais ordens (Storey & Ziegler 2016).

Existem diversas teorias que explicam o surgimento da monogamia social e o
cuidado paterno nos primatas; uma delas apresenta-os como ferramentas fundamentais
para incrementar o cuidado cooperativo das crias, relativamente imaturas aos nascer
(Hrdy 2010). Lukas e Clutton (Lukas & Clutton-Brock 2013) sugerem que a
monogamia social surge nos mamiferos quando as fémeas ocupam espagos discretos
que ndo se sobrepdem aos espacos das outras fémeas; dessa maneira, os machos ndo

podem monopolizar mais de uma fémea. O risco de infanticidio emerge como uma
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variavel determinante, que ¢ minimizada no momento em que emerge a monogamia
social e o cuidado paterno.

Na maioria dos primatas, os machos podem tolerar as crias ou podem
ocasionalmente interagir de uma maneira afiliativa com elas sem um claro cuidado
paterno envolvido (Fernandez-Duque et al. 2009). Esse ¢ o caso de babuinos machos
(Papio cynocephalus), que, em disputas agonisticas por territorio, fémea, etc, protegem
seus filhotes. Porém interagem pouco com os filhotes em outras circunstancias. O
cuidado paterno direto, por sua vez, pode ser definido como o conjunto de
comportamentos desempenhados por um macho adulto que tém efeitos positivos sobre o
desenvolvimento, sobrevivéncia ou bem-estar dos filhotes. Este comportamento esta
relacionado, dentre outros fatores, a alteragdes hormonais que também estdo envolvidas
no parto e na lactac¢do, ou seja, flutuagdes de estrogeno e de progesterona (Saltzman &
Maestripieri 2011); também as bases hormonais do cuidado paterno aludem, entre
outros neuro-hormoénios, a OXT, AVP, prolactina e testosterona, como fundamentais

para a emergéncia deste fendtipo (Wynne-Edwards & Reburn 2000).
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Figura 6. Primatas que apresentam cuidado paterno direto (em azul). Fonte: Fernandez-Duque et al. 2009.
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A Figura 6 ilustra que o cuidado paterno pode ter se derivado paralelamente em
4 ramos na ordem Primates. Entre os pNM, encontramos nos calitriquineos (familia
Cebidae), além do cuidado paterno, a forma mais comum, o cuidado aloparental
(também denominado cuidado cooperativo), no qual mae, pai, irmaos € outros membros
do grupo cuidam dos gémeos que nascem duas vezes por ano. Ja nos géneros Aotus
(também género da familia Cebidae) e Callicebus (familia Pithecidae), que vivem em
grupos pequenos (2-4 individuos), as fémeas t€ém um unico parto por ano. O macho ¢é o
principal transportador das crias durante cerca de 90% do tempo logo depois do parto,
sendo a cria transferida para a mae em pequenos intervalos somente para a
amamentacdo. Os irmdos interagem pouco no transporte das crias. Curiosamente, as
crias de Callicebus desenvolvem uma acentuada preferéncia pelo pai, demonstrada por
meio de um forte estresse quando sdo separadas dele, o que ndo ocorre quando sao
separadas da mae (Fernandez-Duque et al. 2009). Por outro lado, provavelmente Cebus
e Saimiri, géneros da familia Cebidae, voltaram a apresentar um comportamento

considerado ancestral.

1.7 Conservaciao da OXT em mamiferos placentarios

Revisdes publicadas na ultima década sobre evolucdo e estrutura de
nonapeptideos indicavam que a estrutura da OXT estava conservada em todas as
espécies de mamiferos placentarios investigadas até entdo (Donaldson & Young 2008;
Lee et al. 2009; Insel 2010). Porém, no ano de 2011, Lee e colaboradores sequenciaram
as regides codificantes do gene OXT em cinco espécies de pNM: Cebus apella, Saimiri
sciureus, Aotus nancymaae, Callithrix jacchus e Callicebus cupreus. Encontraram uma
substitui¢ao nucleotidica ndo sindénima no cdédon que codifica o oitavo aminoacido do
nonapeptideo (CTG—CCG; Leu8—Pro8) em todas as espécies de pNM analisadas,
exceto no Callicebus cupreus, descrevendo, assim, pela primeira vez, a forma Pro®!OXT
nos mamiferos eutérios.

A quebra do paradigma da conservacio da OXT num ramo com ampla
diversidade de comportamentos, bem como o conhecimento do papel desse
neuropeptideo em fungdes fisiologicas e comportamentais complexas levaram-nos a

tracar os objetivos da presente Tese, que serdo apresentados no Capitulo II.
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CAPITULO II

2.1 Objetivos

Identificar variantes taxon-especificas nos genes dos sistemas da oxitocina
(OXT-OXTR) e da vasopressina (AVP-AVPRIla, AVPRIb ¢ AVPR2) em primatas e

avaliar seu potencial significado funcional e evolutivo.

2.2 Objetivos Especificos

Constituem objetivos especificos deste estudo:

a) Identificar variagdes espécie ou grupo especificas em OXT, OXTR, AVP, AVPRIa,
AVPRI1b e AVPR2 em primatas;

b) Determinar os padrdes evolutivos no sistema OXT e AVP nos primatas;

c) Detectar processos coevolutivos intra e intermoleculares nos sistemas OXT e
AVP em primatas;

d) Identificar modificagdes em regides estruturais importantes em sitios de interagao
ligante-receptor no sistema OXT e AVP nos primatas;

e) Avaliar computacionalmente alteragdes estruturais nos neuropeptideos (OXT e
AVP)e

f) Sugerir relacdes entre as mudangas nos sistema neuropeptideo-receptor e

caracteristicas reprodutivas e comportamentais nos primatas investigados.
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CAPITULO 111

3.1 Evolucao do Sistema OXT-AVP

Conforme comentado anteriormente, até o inicio da década atual, acreditava-se
que OXT nao variava em mamiferos placentarios. Buscando ampliar os conhecimentos
sobre a variante Pro*OXT descrita por Lee et al. (2011), sequenciamos e analizamos a
regido codificadora do gene OXT de 29 espécies de pNM. Deste conjunto de espécies,
21 foram também investigadas com relagdo a porg¢ao codificadora do gene OXTR.

Os resultados podem ser vistos no primeiro artigo que compde a presente Tese:
“Vargas-Pinilla P, Paixao-Cortes VR, Paré P, Tovo-Rodrigues L, Vieira CM, Xavier A,
Comas D, Pissinatti A, Sinigaglia M, Rigo MM et al. (2015). Evolutionary pattern in the
OXT-OXTR system in primates: coevolution and positive selection footprints. Proc
Natl Acad Sci U S A 112:88-93.”

O material suplementar encontra-se no seguinte link:

www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419399112/—~/DCSupplemental.
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Oxytodin is a nonapeptide involved in a wide range of physiologic
and behavioral functions. Until recently, it was believed that an
unmodified oxytocin sequence was present in all placental mam-
mals. This study analyzed oxytocin (OXT) in 29 primate species and
the oxytocin receptor (OXTR) in 21 of these species. We report
here three novel OXT forms in the New World monkeys, as well
as a more extensive distribution of a previously described variant
{Leu8Pro). In structural terms, these OXTs share the same three
low-energy conformations in solution during molecular dynamic
simulations, with subtle differences in their side chains. A consis-
tent signal of positive selection was detected in the Cebidae fam-
ily, and OXT position 8 showed a statistically significant (P = 0.013)
correlation with litter size. Several OXTR changes were identified,
some of them promoting gain or loss of putative phosphorylation
sites, with possible consequences for receptor internalization and
desensitization. OXTR amino acid sites are under positive selec-
tion, and intramolecular and intermolecular coevolutionary pro-
cesses with OXT were also detected. We suggest that some New
World monkey OXT-OXTR forms can be correlated to male paren-
tal care through the increase of cross-reactivity with its correlated
vasopressin system.

OXT | OXTR | primates | coevolution | behavior

xytocin has crucial functions related to physiological pro-

cesses and social behaviors in primates and other placental
mammals. A nonapeptide (Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-
Gly) (1), oxytocin (OXT-8Leu) is both a neurotransmitter re-
leased by neuronal cells in synapses and a hormone, activating
receptors distant from the site of its synthesis through the cir-
culatory system (2). In mammals, OXT acts as a hormone in
uterine contraction during parturition and in milk ejection while
lactating. It is also a key central nervous system neurotransmitter,
regulating/modulating complex social and reproductive behaviors
(i.e., pair bonding and parental care) (3-7).

Until recently, it was believed that the OXT amino acid chain
was the same in all placental mammals. However, Lee and col-
leagues (8) reported a T > C change in four New World monkeys
(NWms), Saimiri sciureus, Cebus apella, Callithrix jacchus, and
Aotus nancimae, substituting leucine to proline at position 8 (OXT-
8Pro). This form was also found in Tupaia belangeri, a tree shrew
species of Southeast Asia (8). OXT differs from its paralog vaso-
pressin (AVP; Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly) at posi-
tions 3 and 8. Variation at position 8 also identifies nonplacental
OXT/AVP-like nonapeptides, such as mesotocin, present in
some marsupials (7, 9). These findings dispel the notion of
a universal OXT amino acid sequence for placental mammals.
They also suggest that residue variability at position 8, in some
cases associated with variations at positions 2-5, may be con-
nected with the recognition, binding, and activation of receptors,
potentially leading to species-specific functional changes (7, 10).

OXT activity depends on adequate interaction with its unique
receptor, OXTR, although it can also bind to the vasopressin
receptors (AVPR1a, AVPR1b, and AVPR2) with lower affinity
(11-13). Similar to other receptors that use G proteins as
transducer signals across the cell membranes, OXTR is com-
posed of seven transmembrane (TM1-TM7), four extracellular
(N-terminal tail-ECL3), and four intracellular (ICL1-C-terminal
tail) domains. ECL and ICL are important for the interaction
with OXT and G proteins, respectively, whereas TMs are con-
nected with both functions (7, 11).

In contrast to what is observed for placental mammal OXT,
OXTR presents hundreds of variants in regulatory and coding
regions, including at the intraspecific level. In humans, OXTR
single-nucleotide polymorphisms have been associated with
several social behavioral phenotypes (14).

The presence of OXT-OXTR-related systems throughout the
animal kingdom indicates that their typical roles in placental
mammals are likely exaptations of ancient functions, such as
regulation of fluid balance and egg-laying (15, 16). Studies have
attempted to investigate both the interaction of OXT-OXTR-like
systems and their coevolution (11, 17). However, our knowledge
about this nonapeptide-receptor system, including the extent of
its variability in the primate order, remains limited.

Significance

It was previously believed that placental mammals present no
variability in oxytocin (OXT). The present study reports novel
data on the diversity of OXT and its receptor (OXTR) in primate
species, including New World monkeys. Contrary to prior
expectations, we found three novel OXT forms and several
OXTR nonsynonymous changes not previously described. In the
Cebidae family, signals of positive selection were found for an
OXT variant at position 8, which is associated with larger litter
sizes. We detected positive selection for OXTR forms and report
a coevolutionary process between changes in OXT and OXTR.

Author contributions: PV.-P, V.RP.-C, CM.d.AGV., FMS, and M.C.B. designed re-

search; PV.-P, VIRP-C, CMdAGYV, and AX. performed research; A.P. contributed
new reagentsfanalytic tools; PV.-P, V.RP-C, PP, LT-R, M5, MMMR, G.FV., and M.CB.

analyzed data; A.P. provided information about the animals investigated; and P.V.-P,,

V.RP.-C, P.P, D.C, ABL, F.M5., and M.C.B. wrote the paper.

Reviewers incduded: G.B., Universita di Ferrara; and R.5., University of Gdansk.

The authors dedare no conflict of interest.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession nos. KM186262 to KM186285).

1p.v.P. and V.R.P.-C. contributed equally to this work.

*To whom correspondence may be addressed. Email: francisco.salzano@ufrgs.br or maria.
bortolini@ufrgs.br.

This article contains supporting information online at www.pnas.org/look upsupplidoi:10.
1073/pnas. 1419399 112/4DSupplemental.

36

ANTHROPOLOGY



e

/!

.

BN AS PN AN D

B
I

NWm emerged ~30 million years ago. They are classified into 16
genera and ~75 species and present a wide range of reproductive
and social behaviors (18, 19), but little is known about their genetic
variability and concurrent phenotypic variation (20).

The present study reports results about OXT and OXTR di-
versity in 29 primate species, including 20 NWm species. These
analyses include original OXT and OXTR sequences for 16 and
12 NWm species, respectively. We discuss details about the co-
evolution of these systems, as well as possible connections among
reported genetic variability, positive selection, and some key
species-specific biologic traits.

Results

OXT Variants in Primates. Fig. 1 shows that OXT-8Pro is present in
all species from the Cebidae family; furthermore, A > G (iso-
leucine > valine) at position 3 (OXT-3Val-8Pro) in Saguinus. The
Pithecidae family presented two novel OXT forms, both with
changes at codon 8: C > G (leucine > alanine) in Cacajao mela-
nocephalus and Chiropotes utahickae (OXT-8Ala), and C > A
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(leucine > threonine) in one specimen of Chiropotes albinasus
(OXT-8Thr).

All amino acid changes were found to be homozygous. In
species tested with multiple individuals, no intraspecific variation
was found, suggesting these OXT forms are probably species-
or group-specific.

Grantham scores (GSs) were calculated to investigate the
putative functional effects of detected changes in OXT. Cebidae
OXT8-Pro and Pithecidae OXT8-Ala, as well as C. albinasus
OXT-8Thr, are moderately conserved (GS = 95, 96, and 92,
respectively), whereas a Val at position 3 in Saguinus is a con-
servative change (GS = 29). No statistically significant differ-
ences in relation to biochemical properties were found using
PRIME and SIFT tools.

The available 3D structure for OXT (PDB ID code 1NPO)
(21) was used to perform a structural evaluation of the impli-
cations of these changes. OXT-8Leu was in silico with water and
ions at specific physiologic concentrations in a virtual cube. On
the basis of this molecular dynamics simulation, a free-energy

Oxytacin OXTR
DNA Protein 10z 245 368
Tupaia belangeri TGE TAC ATC CAGAAC TGE COC COA GGA Cys-Tyr-le-Gin-Ass-Cys-Pro-Pro-Gly  Tw Leu  Ser | «ﬁyp yg”
[~ Microcebus murinus TGC TAC ATC CAG AAC TGC CCC CTGGGA CysTyrle-GinAsn-CysProleuGly  Pho  Leu  Ser |
L otolemur gamettii  TGC TAC ATC CAG AAC TGC CCC CT/GGA Cys-Tyrlle-Gin-Asn-Cys-Pro-Leu-Gly  Phe  Leu  Ser |ﬁy§w
Tarsius syrichta TGE TAC ATC CAG AAC TGE COC | TG GGA Cys TyrlleGinAsn-Cys-Pro-Leu-Gly  Phe  Leu  Ser | « & 2
Callithrix jacchus® TGC TAC ATC CAG AAC TGT CCC GG GGA Cys-Tyr-lle-Gin-Asn-Cys-Pro-"ro-Gly  Phe  Leu  Ser
Callithrix geoffroyi® Toc TaC ATC CAG AAC TG COC €06 GGA Cys-Tyr-lle-Gln-Aso-Cys-Pro-Pro-Gly  Phe  Leu  Sor
Mico humeralifer® TGC TAC ATC CAG AAC TG CCC COG GGA Cys-Tyr-lle-Gin-Asn-Cys-Pro-Pro-Gly  Phe  Leu  Ser
Mice melanura® TEC TAC ATC CAG ARG TG CCC COG GGA Cys-Tyrlle-Gln-Asn-Cys-Pro-Pi0-Gly = = = =
gl Mico saterei* TGE TAC ATC CAG AAC TG CCE GLG GGA Cys-Tyrlle-Gin-Asn-Cys-ProPro-Gly = = =
Cebuella pygmaea® T TAC ATC CAG AAC TG CEC COG GGA Cys-TyrlleGin-AsnCys Pro-Pro.Gly  Phe  Leu  Ser &
Callimico goeldii TGE TAC ATC CAG AAC TGC CCC CCG GGA Cys-Tyrlle-GinAsnCysPro.io-Gly  Pne  Leu Ser o i
Leortopitheclss rosalia®Toc TAC ATC CAG AAC TOC CCC COG 664 Cys-Tyrlle-Gln-Asn-Cys-Pro-Pro-Gly e
| | L. chrysomefas* TGE TAG ATC GCAG AAC TGE GOC UG GGA Cys-Tyrlle-Gln-Asn-Cys-Pra-fro-Gly = = = i ﬁp’“
Saguinus bicolor®  T6c 1AC GTC GAG ARG TGE CCC COG GEA Cys Tyr Vel GinAsn Cys- Pro ProGly  Pne Leu  Lew )
Saguinus martinsi® TGC TAT CTC CAG AAC TGC CCE COG GGA Cys-Tyr-val-Gln-Asn-Cys-Pro-Fro-Gly  Phe  Leu  Leu
Saguinus niger” TEE TAG GTE CAG ARG TGE COE COG GGA Cys-Tyr-Val-Gin-Asn-Cys-Pro-Pro-Gly  Phe  Leu  Leu
Aolus Nancyrmaae TGC TAC ATC CAG AAC TGC CCC CCG GGA Cys-Tyr-lo-Gln-Asn-Cys-Pro-ro-Gly = = = o
Cebus robustus TGE TAG ATC CAG AAC TG CCC COG GGA Cys-Tyrlle-Gin-Asn-Cys-Pro-Pro-Gly  Pne  Leu  Ser
Cebus xanthosternos TGC TAT ATC CAG AAC TGT CEE CUG GGA Cys-Tyrlle-GIn-Asn-Cys-Pro-Pro-Gly  Phe  Leu  Ser &
Saimirl sciureus TGE TAC ATC CAG AAC TGE CLC CCG GGA Cys-Tyrlle-Gin-Asn-Cys-Pro-Pro-Gly  Tyr Leu  Ser ,._..-@N
— Callicebus cUpreus TGC 1AC ATC CAG AAC TGC CCC CTG GGA Cys TyrlleGinAsn-CysProLeuGly - — = LF__#““
Cacaao melanocephaluSTEE TAL ATC CAG AAC TGE CCC COG GGA Cys- Tyrlle-Gin-Asn-Cys-Pro-la-Gly  Phe Mol Ser ; M
- -E Chiropotes utahickae Tee TAT ATC CAG AAL TGE BEC G0 G GEA CYs Tyrlle GinAsn-Cys Pro-fie Gly  Phe Mot Ser é@if“
Chirapotes albinasus 16C TAC ATC CAG AAC TGC COC ACG GGA Cys Ty le-GinAsn-Cys Pro-THEGlY  Phe  Met  Ser -
I Papio anubis TGC TAG ATC CAG ARG TGC COC CTG GGA Cys-Ty-le-Gin-Asn-Cys-Pro-Leu-Gly  Phe  Leu  Ser _ﬁ&nﬁ‘f
Macaca mulalta TGE TAGC ATC CAG AAL TGE CCC CTG GGA Cys-Tyr-le-Gin-Asn-Cys-Pro-Leu-Gly — Pne  Leu  Ser h&ﬁﬁ N
Nomascus BUCOgENYs TGC TAC ATC CAG AAC TGE COC CTG GGA Cys- Tyrlle-Gin-Asn-Cys-Pro-Leu-Gly  Phe  Leu  Ser | &
Paongo abelii TGE TAC ATC CAG AAC TGC CCC CTG GGA Cys-Tyrlle GinAsn.Cys-Pro.Leu-Gly  Phe  Lew Ser
Pan troglodytes TGE TAC ATC CAG AAC TGC COC CTG GGA Cys-Tyrlle-Gin-Asn-Cys-Pro-Leu-Gly  Phe  Lew Ser M‘P
Homo sapiens TG TAC ATC CAG AAC TGE CCC CTG GGA Cys-Tyr-lle-Gin-Asn-Cys-Pro-Leu-Gly  Phe  Leu  Ser

Fig. 1. Oxytocin nucleotide and amino acid sequences observed in primates, with the OXTR positions coevolving with OXT. The maximum likelihood
phylogenetic tree was based on an ~8-Mb genomic sequence reported by Perelman and colleagues (19). Nonsynonymous nucleotide and amino acid changes
are shown in red. Taxonomic families and subfamilies are indicated, as well as species with common male care (in bold) and those with twin pregnancies
(asterisks). The trace (-) indicates that no information is available.
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surface analysis revealed three main low-energy conformations:
type 1, type 2, and type 3 (5] Appendix, Figs. 51 4 and B and 52
and Table 51). Type 1 has a more open conformation than the
others, whereas type 2 and type 3 are more compact. Type 2 also
shows hydrogen bonds between the Tyr2/Cys6 and Tyr2/Asn5
residues, which lead to the typical ring structure that resembles
oxytocin complexed with neurophysin, its molecular carrier (21,
22). All OXT forms showed the presence of the same three
conformational types, with some small differences in the side
chains (ST Appendix, Fig. S14).

The same experiment was conducted with AVP. ST Appendix,
Fig. 51B shows that these three conformational types are also
observed there, with small changes in the side chains. This sug-
gests preservation of the 3D conformations that allow non-
apeptide transport (through connection with neurophysin) and
adequate coupling with receptors.

It is difficult to imagine these OXT changes have no evolu-
tionary implications. Thus, we tested whether they might have
been under selection through two different approaches. The
NsSites model failed to detect codons under positive selection.
However, when considered site by site, a nonsynonymous/syn-
onymous ratio (w) of ~1 was found for OXT at position 8. This
site was also recovered by the Branch-site model, indicating re-
laxation (SI Appendix, Fig. 53). This last model detected evi-
dence for positive selection in the Cebidae family. Clade Model
D had a better performance compared with the neutral model,
using a likelihood ratio test (P = 0.0368 @ = 125.99; S1 Appendix,
Table 52). This result indicates that the primate w values can
vary between branches, suggesting a distinctive evolutionary
pattern for the Cebidae family.

In addition, when the species phylogenetic tree (Fig. 1) is vi-
sually compared with the OXT maximum likelihood tree, dif-
ferent topologies can be clearly observed (5] Appendix, Fig. S7).
When an incongruence of this nature is detected, a simple
neutral model of mutation and drift is insufficient to explain the
pattern found.

We assessed significance associations between molecular OXT
forms and specific NWm social behavior and ecological traits,
using Mann-Whitney or Fisher exact tests (23). Proline at posi-
tion 8 was significantly associated with larger litters (P = .013),
but not with other ecological/social primate traits (S Appendix,
Tables 83 and S4).

OXTR. Our analyses reveal 73 nonsynonymous OXTR changes, 17
of which have not been previously described, to our knowledge
(ST Appendix, Table 55), whereas others are located in known
human polymorphic sites. Of the 73 sites, 18 (five novel) are
located in the N-terminal tail, one of the most relevant domains
for the interaction with OXT. Thirty-eight changes (six novel)
are present in the intracellular domain 3 and C-terminal tail, and
10 (six novel) are found along TM1 and TM3-TMS5 (51 _4ppendix,
Fig. 54). The highest number of nonsynonymous changes was
found in Cebus xanthosternos, Saguinus niger, and C. utahickae
(27 each), and S. sciwreus and C. wtahickae have the higher
number of singletons (four each).

According to the GS, 4% of the OXTR changes are considered
radical changes: Gly22Trp (located at the N-terminal tail; GS =
184), Trpl61Gly (TM4; GS = 184), and Cys383Gly (C-terminal
tail; G5 = 159). Twenty percent of the changes lead to moder-
ately radical changes and are present in the N-terminal tail,
TMI1, ICLZ, and C-terminal domains. The amino acid change
at position Trpl6lGly (C. xanthosternos) was also predicted as
damaging, using SIFT (81 Appendix, Table §5).

Although homology modeling and docking experiments are
important for understanding the OXTR-OXT system interaction,
the G protein coupled receptor (GPCR) signaling regarding in-
tracellular domains is also fundamental to elucidating receptor
response. On this basis, we analyzed the level of OXTR protein
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disorder, secondary structure, and solvent accessibility, as well as
the putative phosphorylation sites in the intracellular domains.
Our analyses indicated that OXTR has long disordered
regions on N, C-terminal tails and a portion of ICL3. The
analyses showed that the changes do not introduce any important
difference in flexibility or accessibility. Taking into account the
available information for two GPCRs (protein kinase C and the
G protein coupled receptor kinase), 13 putative phosphorylation
sites were identified (ST Appendix, Table 56). Argl49Ser is suf-
ficient to create a new phosphorylation site in C. jacchus and
C. geoffrovi, Cebuella pygmea, C. xanthosternos, and C. albinasus,
probably compensating for the loss of the phosphorylation site at
position 152, Papio anubis and Macaca mulatta also gained
a phosphorylation site (Phe362Thr). In contrast, the Ser368Leu
form present in three Saguinus species disrupts an important
phosphorylation site from one of the two known OXTR serine
clusters (Ser368-Ser370 and Ser377-5er379; SI Appendix, Fig.
54). These clusters are relevant for P arrestin binding, a protein
involved in the desensitization of GPCRs (11, 24). These findings
suggest that some of the OXTR changes may be functional.

The NsSites maximum likelihood model (51 Appendix, Table
57) indicated that the best-fit model (M2a) allows for sites under
positive selection. In OXTR, 91% (P0) of the sites are under
selective constraint (w0 = 0.036), 8% (P1) with indication of
selective relaxation (w1 = 1), and 1% (P2) with positive selection
(02 = 5.157). Results in the same direction were obtained with
another model (M8) that admits positive selection (81 .4ppendix,
Table 57). The Bayes Empirical Bayes test indicated that two sites,
6Ala (N-terminal) and 255Val (ICL3), present signals of positive
selection, with a probability of 98% (SI Appendix, Fig. S5).

In addition, the Selecton software detected three positively se-
lected OXTR sites, 6Ala, 255Val, and 251Gly (ICL3), two of which
NsSites also detected. All are located in important regions that
interact with the nonapeptides or G proteins (81 Appendix, Fig. 54).

These results reveal that the degree of conservation and
evolutionary rates were unequally distributed across the OXTR
domains. The N-terminal and ICL3 regions were most variable,
whereas TMs were most conserved. This may be because TMs
have the double function of interaction with nonapeptides and G
proteins (7, 11).

OXT-OXTR Coevolution. Intramolecular coevolution analyses (ST
Appendix, Table 58) showed that C. geoffrovi, C. jacchus, Cebuella
pyemaea, C. xanthosternos, and C. albinasus are coevolving at
OXTR positions 23 (N-terminal) and 149 (ICL2). When a serine is
found at position 23, a serine is also found at position 149 (posterior
probability, 819), creating a new putative phosphorylation site
recognized by protein kinase C (SI Appendix, Table S6).

Other important results emerged regarding OXTR binding
sites (Arg-34, Phe-103, Tyr-209, and Phe-284) (25-28). These
sites are conserved in the species sampled, with the exception of
§. sciureus, which showed the Phel03Tyr change (7). OXTR-103
is a binding site for OXT at position 8 (51.4ppendix, Fig. 54) and
a homolog of the binding site for AVPR1a at position 115. Re-
matkably, when the AVPR1a-115 site is artificially mutated in
rat cells (Tyr115Phe), the affinity of AVPR1a for OXT increases
(29). Keeping in mind that Tyr is the most common amino acid
present in AVPR1a, the presence of a Tyr at OXTR position 103
could increase its affinity for AVP at least in 8. sciureus. These
findings suggest that coevolutionary processes might involve not
simply OXT and OXTR, or AVP and its three receptors, but
rather, a cross-reaction between these systems.

The Spidermonkey software showed two coevolutionary pro-
cesses in intermolecular analyses: OXT at position 3 coevolves
with OXTR (position 368, C-terminal, posterior probability of
56%), whereas OXT at position & coevolves with OXTR at po-
sition 345 (C-terminal, posterior probability of 80%; SI Appen-
dix, Fig. 56 and Table 58). More specifically, the three species of
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Saguinus have a Val at position 3 concomitantly with a Leu at
OXTR 368. As mentioned, the latter change removes an im-
portant phosphorylation site from one known OXTR serine
cluster, which could modify the desensitization of G protein-
coupled receptors (11, 24).

In addition, a correlation analysis revealed that species that
have the highest OXT genetic distances tend to show a similar
pattern with OXTR (p =0.52; P < 0.001; 51 Appendix, Table 59),
independent of their position on the phylogenetic tree. This re-
sult suggests similar evolutionary tendencies, which can be a re-
sult of natural selection.

Discussion

The nonapeptide oxytocin and its paralog vasopressin perform
crucial functions in physiologic processes and social and re-
productive behaviors in placental mammals. During the roughly
~70 million years of evolution that separate the human and
mouse lineages, no amino acid replacement occurred in OXT. In
contrast, NWms present five forms of OXT, with changes found
exclusively at positions 3 and 8. These positions are the most
important for highly selective binding to different receptor sub-
types (29). Interestingly, AVP is conserved in the NWm branch
(5] Appendix, Fig. 56), at least according to 15 species studied
recently (30).

Prominent examples of positive selection in the NWm lineage
are rare (20). Here we obtained consistent evidence for positive
selection in OXT for the Cebidae branch (OXT-8Pro and OXT-
3Val-8Pro). For OXTR, we identified sites that seem to be rel-
evant for the function of the OXT-OXTR system beyond those
previously identified (25-28). For three of them (sites 6, 251, and
255), signals of positive selection were detected. Intermolecular
coevolutionary analysis also revealed that Saguinus presents
a Val at position 3 of OXT that seems to have coevolved with
a Leu at 368 of OXTR. It is noteworthy that Smith and Ginsburg
(31) demonstrated through in vivo and in vitro experiments that
a Val at position 3 of OXT increases uterus contraction, in-
dicating its functionality at least for this trait.

Because natural selection acts on phenotypes, we verified
whether the amino acid changes described here would have
phenotypic implications. Although the GS predictions for the
new NWms-OXTs showed moderate/conservative values and no
significant alteration in some physicochemical properties, all
changes deserve to be investigated. For instance, comparing isotocin
(present in fishes) (2) with mesotocin (found in birds, lungfish,
reptiles, amphibians, and some marsupials; 2) identified two amino
acid changes, Ser > Gln (GS = 68) and Leu > Ile (GS = 5), at
positions 4 and 8, respectively. In addition, the difference between
mesotocin and OXT consists of only one alteration at position
8: Ile > Leu (GS = 5). These changes have lower GS values than
those we report here in the NWm group.

Furthermore, our analysis reveals that the five OXT forms
present three preferential conformations in solution, suggesting the
preservation of basal characteristics of these molecules and, con-
sequently, of their primordial functions in placental mammals.

As for OXT-OXTR affinity, an instigating example of co-
evolutionary analysis can be cited: §. sciureus presents both OXT-
&Pro and OXTR-103Tyr forms. The presence of the Tyr residue at
position 103 could increase affinity with AVP at position 8, similar
to what occurs with OXT and AVPRI1a when changes are in-
troduced in homolog sites (29). Considering receptor activation
and signaling, a leucine at OXTR-368 in Saguinus (coevolving with
a Val at OXT position 3) destroys an important phosphorylation
site. This could lead to instability of the OXTR- p-arrestin in-
teraction and consequent changes in OXTR internalization and
desensitization. Also, a serine at OXTR position 149 (coevolving
with a Ser at position 23 in several species) creates a new putative
phosphorylation site recognized by protein kinase C.

d4of 6 | www.pnas.orgicgildoi10.1073/pnas. 1419399112

The processes described here can be connected to ecological
and social behavior traits, particularly in the Callitrichinae sub-
family, where we found an association between larger litter size
and a proline at position 8.

Both OXT and AVP are related to pair bonding and parental
care, but apparently the OXT system plays a more important role
in females and the AVP system primarily influences males. This
suggests an interesting sexually dimorphic pattern (32), which
has been described in C. jacchus (33). Another study showed that
AVPR1a increases in dendritic spines of the prefrontal cortex
during C. jacchus fatherhood (34). Furthermore, experimentation
with prairie voles showed the importance of AVP and AVPR1a in
complex male behaviors, including monogamy and paternal care
(2, 35). Thus, our finding of the OXT-8Pro and OXT-3Val-8Pro
in the Cebidae could increase OXT affinities to AVP recep-
tors (especially AVPR1a). Meanwhile, changes in OXTR (i.e.,
OXTR-103Tyr) could increase its affinity to AVP.

In Callitrichinae, the subfamily of the Cebidae to which
Saguinus and Callithrix belong, it is well documented that males
(fathers, siblings, and unrelated) provide important support for
infant survival (36). Studies also demonstrate that male exposure
to newborns increases responsiveness for care in inexperienced
alloparental Callitrichinae (37). There are well-known reasons
that could justify this pattern of multiple helpers: first, the high
energetic costs of reproduction (birth weight of twin infants is
~30% of Callitrichinae females’ body weight), and second,
females have a postpartum estrus and may become pregnant
while still nursing. The result is that infant survival rates of ex-
perienced mothers with inexperienced fathers and no siblings are
lower than those observed when both parents are experienced
and siblings are present (36). In addition, even in some Cebidae
species in which twin births are rare, paternal care is present,
which could be connected to a strategy that promotes the evo-
lution of genetic monogamy, such as observed in Aotus azarae
(38) and Callimico goeldii (20).

Paternal care seems to have evolved independently at least
four times in the radiation of the primate order, one of which is
in the Cebidae branch (39). Thus, OXT-8Pro and OXT-3Val-
SPro forms could influence behaviors through increase of affin-
ity, at least with AVPR1a. These behaviors include parental male
care in Cebidae species with twin pregnancies or in other re-
productive and social circumstances in which male care (both
parental and alloparental) is fundamental for adaptive success.

Several studies reveal intense male and female parental, as well
as alloparental, care in the Callitrichinae subfamily (20). Thus,
Cebidae OXT-8Pro and OXT-3Val-8Pro forms can be also con-
nected with female behaviors. Recently, Cavanaugh and colleagues
(40) showed that treatment with OXT-8Pro in C. jacchus facilitated
fidelity in females, but not in males, but they unfortunately did not
test other behaviors, including parental care.

Curiously, the shrew T. belangeri presents both OXT-8Pro and
OXTR-103Tyr, as observed in §. sciwrens. The simultaneous
presence of these two forms in different taxa suggests parallel
evolution, providing a potential example of positive selection and
adaptive evolution (41). T. belangeri males do not take care of
their offspring. A similar behavior is observed in Saimiri, one of
only two genera of the Cebidae family without paternal care (39),
indicating a possible reversion from the ancestral state (Fig. 1).
Another parallelism involves the OXTR Ala218Thr (652C > T)
change found in §. sciureus. It is also reported as a human
polymorphism (rs4686302), with implications in ligand-receptor
affinity and preterm births (42). The implication of this change
to S. sciureus is unknown.

Finally, although some species studied here share similar re-
productive and parental care behaviors, they have also intra- and
interspecies differences (43, 44). Thus, the general genotype—
phenotype connections suggested in the present study should
be considered with caution and can only be confirmed with
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additional population and functional studies, as well as inves-
tigations with related genes.

Conclusion

We reported novel OXT forms in NWms and a previously un-
recognized lack of sequence conservation in placental mammals.
Signals of positive selection and of coevolution at inter- and
intramolecular levels were detected. Some changes in the OXT-
OXTR system seem to be connected to specific ecological/social
behavior traits, such as intense parental care.

Materials and Methods

DNA Samples, Sequencing, and Sequence Alignment. Blood samples from 41
individuals belonging to 16 NWm species (5/ Appendix, Table 510) were
provided by Rio de Janeiro's Primatology Center (mapadecultura.rj.gov.br/
guapimirim/centro-de-primatologia-do-rio-de-janeirof).

Genomic DNA was extracted and PCR products were purified and se-
guenced (27 and 1,167 nucleotides coding for the OXT nonapeptide and
OXTR systems, respectively), using Applied Biosystem Genetic Analyzer
sequencers (GenBank accession nos. KM186262 to KM186289).

DMNA sequences from genomic databases were also included in the analyses
(5! Appendix, Table 510), for a total of 29 primate species for OXT and 21 for
OXT and OXTR.

Multiple alignments were performed in the Mega software (5.1 version),
using amino acid sequences with the MUSCLE algorithm (45). The alignments
were also visually checked.

Evolutionary Analyses. We used the phylogeny-based maximum likelihood
analysis, as implemented in the CODEML program of the PAML 4.7 package,
to test for positive selection and/or relaxation of functional constraints (46).
Two approaches using the nonsynonymous/synonymous ratio (dN/dS = ,
where @ < 1 indicates negative or constraint selection, @ 2 1 indicates
neutral or relaxing selection, and w > 1 indicates positive selection) were
applied: the NsSites codon substitution model, which allows @ values to vary
among sites, and the Branch-site Models, which enable o variation in dif-
ferent branches of the phylogeny. Unrooted trees, necessary for the con-
struction of the input files, were created on the basis of the primate
phylogenetic tree provided by Perelman and colleagues (19). Coevolution
was tested at the intramolecular {within single molecules or genes) or in-
termolecular (between different molecules or genes) levels (47). First we
considered recognized specific binding sites, OXT amino acid chain positions
3 and 8, and OXTR amino acid chain positions 34, 103, 209, and 284 (25-28).
Second, we examined coevolutionary processes through the Bayesian
Spidermonkey tool (48), available at the Datamonkey server (www.
datamonkey.org/). This test furnishes the posterior probability of a change
in a site as dependent on a change or changes in another site or sites.
Intramolecular (inside the same gene) and intermolecular (between different
genes) analyses were performed. Third, we calculated pairwise Nei-Gojobori
(49) OXTIOXTR distances for the 21 primate species with MEGA 5.2. Corre-
lation between genetic distance matrices was calculated using the Mantel
test (GenAlEx 6.5) (50).

Molecular Characteristics and Predicted Functionality. Changes found in NWm
species were compared with the amino acid residue present in Otolemur
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garnettii and classified according to Grantham scores (51) as conservative (0-50),
moderately conservative (51-100), moderately radical (101-150), or radical (>151)
(52). Changes in physicochemical properties were also evaluated using PRIME
(53) and SIFT (54).

The structures of OXT and AVP variants were modeled starting from the OXT-
8lLeu crystal 3D structure (PDB ID code 1NPO). A molecular dynamics simulation
was applied to the six structures (five OXT and one AVP) along 400 ns to evaluate
the effect of amino acid changes in solution (two independent simulations for
each system, using the GROMACS package v. 4.5.1) (55). To retrieve low-energy
conformers, which can reflect stable conformations in solution, a Free Energy
Surface was calculated for the OXT and AVP molecules. In addition, a dustering
approach was applied to determine the most frequent conformational states
over the simulation of each peptide hormone.

Although 3D crystal structures of GPCRs are known, they present less than
29% similarity with OXTR. This level of similarity can be used to model G
protein-coupled A class receptors (13, 27). However, we opted for a more
conservative approach to evaluate the OXTR changes. We took into account
functional information for OXTR intracellular domains {loops and C-terminal
portion) to search for phosphorylation posttranslational modifications, as
they are very important for GPCR regulation, as well as dimerization (24, 56,
57). Three available software packages were used to obtain a consensus
result: PPSP 1.06 Prediction of PK-specific Phosphorylation site (58), Met-
Phosk 1.0 (58), and GPS 2.1 Group-based Prediction System (58). For pre-
dictions, only consensus sites for kinases experimentally known to interact
with OXTR, namely, Protein Kinase C (60) and G protein-coupled receptor
kinase (61), were considered. In addition, we analyzed the pattern of protein
disorder, secondary structure, and solvent accessibility in the OXTR in-
tracellular domains to assess the effect of changes on loop flexibility and to
offer further support for phosphorylation analysis, using PONDR-FIT (in-
trinsic protein disorder) (62), PSIPRED and NetSurfP v.1.1 (secondary struc-
ture) (63,64), and NetSurfP v.1.1 (solvent accessibility) (64).

OXT/OXTR Forms and Ecological/Sodial Behavioral Traits Analysis. We assessed
significance associations between molecular OXT and OXTR changes and
seven NWm social behavior and ecological traits (S/ Appendix, Table 53),
using Mann-Whitney or Fisher exact tests (23). Differences were considered
significant with a P value < 0.05 after Bonferroni correction.

A complete description of all procedures listed here is found in the 5
Appendix.
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CAPITULO IV

4.1 Novas formas de OXT, novas fun¢oes

Os achados aos quais o Capitulo III desta Tese faz referéncia estimularam a
busca por uma abordagem funcional interdisciplinar. Os resultados de testes in silico, in
vitro e in vivo estdo presentes no proximo artigo que compde a presente Tese:
“Parreiras-e-Silva LT, Vargas-Pinilla P, Duarte DA, Longo D, Espinoza Pardo GV,
Dulor Finkler A, Paixao-Coértes VR, Paré P, Rovaris DL, Oliveira EB et al. (2017).
Functional New World monkey oxytocin forms elicit an altered signaling profile and
promotes parental care in rats. Proc Natl Acad Sci 114:9044-9049.”
O material suplementar encontra-se no seguinte link:

www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711687114/—/DCSupplemental.
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The neurchormone oxytocin is a key player in the modulation of
reproductive and social behavioral traits, such as parental care.
Recently, a correlation between different forms of oxytocin and
behavioral phenotypes has been described in the New World
Monkeys (NWMs). Here, we demonstrate that, compared with the
Leu®OXT found in most placental mammals, the Cebidae Pro®OXT
and Saguinus Val’Pro®0XT taxon-specific variants act as equi-
efficacious agonists for the Gg-dependent pathway but are
weaker agonists for the p-arrestin engagement and subsequent
endocytosis toward the oxytocin receptor (OXTR). Upon interac-
tion with the AVPR1a, Pro®0OXT and the common Leu®OXT yielded
similar signaling profiles, being equally efficacious on Ggq and
p-arrestin, while Val’Pro®OXT showed reduced relative efficacy to-
ward p-arrestin. Intranasal treatment with either of the variants
increased maternal behavior and also promoted unusual paternal
care in rats, as measured by pup-retrieval tests. We therefore sug-
gest that Val’Pro®OXT and Pro®0XT are functional variants, which
might have been evolutionarily co-opted as an essential part of
the adaptive genetic repertoire that allowed the emergence of
taxon-specific complex social behaviors, such as intense parental
care in the Cebidae and the genus Saguinus.

paternal care | biased agonism | primates | oxytocin variants | social
behaviors

n placental mammals, the nonapeptides oxytocin (Leu®0XT)

and arginine vasopressin (AVP) differ by two amino acid res-
idues at positions 3 and 8 (OXT: Cys-Tyr-lle-Gln-Asn-Cys-Pro-
Leu-Gly; AVP: Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly). Both
act as hormones and neurotransmitters and play a key role in the
modulation of reproductive and social behavioral traits, such as
parental care and bonding between sexual partners. It is thought
that the oxytocin system plays a greater role in females, while the
AVP system primarily influences bonding and parental care in
males (1-4).

Until a few years ago, it was thought that the nine amino acid
sequence of oxytocin, known since the 1950s (5), was strictly
conserved across all placental mammals. Recently, this para-
digm was challenged when several taxon-specific forms of oxy-
tocin were identified in New World monkeys (NWMs). In a first
instance, Lee et al. (6) repnned a Leu-to-Pro substitution at posi-
tion 8 (Pro®OXT) in four sgec]es Later, four more NWM forms
of oxytocin, Al.isOXT Thr*0OXT, Phe?0XT, and Val*Pro®OXT
were identified by our group (7) and by Ren et al. (8). On the
other hand, the AVP amino acid sequence was shown to be
conserved in species expressing the novel oxytocin forms (9, 10).

www_pnas.orgfcgifdoi10.1073/pnas. 1711687114

The Pro®OXT variant emerged at least ~20 Mya (10) and is
expressed by all genera of the Cebidae family. In the genus
Saguinus (family Cebidae, subfamily Callitrichinae) (11), an ad-
ditional mutation led to the substitution of Ile to Val at position
3 (VaPPro®OXT). These two variants might form an essential
part of the genetic repertoire which allowed certain NWM to
evolve behavioral traits that are otherwise rare among mammals,
such as social monogamy (8) and intense caregiving behavior by
males (7). These behaviors are typical of the Cebidae family,
which is also characterized by small body size and, in some
subfamilies such as Callitrichinae, twin births. Furthermore, a
clear positive selection signal was detected for the Pro®OXT
variant in the Cebidae (7). Based on these findings, it seems
plausible that these recently described taxon-specific oxytocin
variants might have relevant functional and evolutionary impli-
cations. In this context, it is noteworthy that an independent
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Leu-to-Pro substitution at position 8 occurred ~11 Mya in the
family Atelidae, leading to the convergent occurrence of the
Pro®OXT variant in the genus Ateles (10).

The activity of the oxytocin and vasopressin systems depends
on the interaction of these neuropeptides with their respective G
protein-coupled receptors (GPCRs), namely, OXTR, AVPRI1a,
AVPR1b, and AVPR2, although it is known that some level of
cross-interaction can occur among them (12, 13). The GPCRs
are the largest family of signal transducers. The classical GPCR
activation model posits that, after agonist binding, a signaling
cascade is started by the interaction with, and thereby activation
of, heterotrimeric G proteins. Under this classical model,
GPCRs are phosphorylated by GPCR kinases after activation,
promoting the recruitment of f-arrestin proteins to the receptor,
which in turn evokes receptor internalization and termination of
G-protein signaling (14, 15). More recently, f-arrestins were also
shown to serve as scaffolds for other effectors, such as kinases
(16, 17), and several groups have reported that some compounds
can trigger f-arrestin—mediated cellular responses even in the
absence of G-protein activation (18-21). The finding that dif-
ferent molecules can selectively or preferentially trigger different
pathways after interacting with the same receptor led to the
concept of biased agonism or functional selectivity (22). As a
result, ligands are now often referred to as *f-arrestin-biased” or
“G protein-biased” agonists to indicate their preferential trig-
gering of f-arrestin-dependent or G protein-dependent signaling
pathways, respectively.

The correlation between taxon-specific oxytocin variants and
behavioral phenotypes suggested by us and others (7, 8), paired
with the current knowledge of GPCR signaling diversity (22),
prompted us to hypothesize that the Val’Pro*OXT and Pro®OXT
variants might display distinet signaling profiles, which could be
correlated to the complex social behaviors observed in some
NWM clades, such as paternal care, which are unusual among
primates and mammals in general.

In the present study, we explored the functional selectivity of
the Cebidae Pro®OXT and Saguinus Val’Pro®OXT variants by
performing cell-based pharmacological characterization and in
silico analyses. Additionally, we evaluated the role of VaPPro®OXT
and Pro®OXT in parental behavior in male and female rats using
intranasal spray treatment. The distinct in vivo behaviors observed
are well correlated with the signaling profiles and the in silico
analyses, reinforcing the evidence that VaPPro®OXT and Pro®OXT
are functionally distinct variants that may underlie the unusual
caregiving behaviors observed in some NWM clades.

Results

Pro®OXT and ValPPro®0XT Are Full Agonists of the G-Protein Pathway
but Are Less Efficacious Toward p-Arrestin at the OXTR. To func-
tionally characterize the NWM oxytocin forms, we invest‘isgated
the abilities of the Saguinus Val’Pro*OXT and Cebidae Pro°OXT
variants to trigger distinct signaling cascades when binding to
the OXTR and to AVPRI1a. In an initial approach, we used
HEK293T cells expressing the human OXTR to evaluate Gy
coupling, the classical pathway triggered by OXTR, through the
intracellular mobilization of calcium. Fig. 14 shows that both
variants behave as full agonists, yielding the same maximal
response as the ancestral Leu®OXT, with potencies similar to
that of Lev®OXT (1.3 oM, 1.7 nM, and 5.6 nM, respectively, for
Leu®OXT, Pro®OXT, and Val’Pro®*0XT) (SI Appendix, Table S1).
To evaluate if the varants could promote OXTR coupling to
other G proteins, we also evaluated the activation profiles of Gy,
Giz, Gy, and G, using bioluminescence resonance energy transfer
(BRET)-based G-protein activation assays (23, 24). Fig. 1B shows
that the variants behave similarly to Leu"OXT and are mainly
coupled to Gy (P < 0.001).

We also addressed p-arrestin engagement by measuring the
OXT variants-promoted recruitment of f-arrestinl and 2 to the
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Fig. 1. ProOXT and Val*Pro®0XT are better agonists toward the calcium
signaling than the arrestin pathway at the OXTR. The different OXT forms
and AVP were functionally analyzed for calcium mobilization (A); G, Gi,,
Giy, and Gis coupling (B); p-arrestin1 (C) and p-arrestin2 (D) recruitment; and
OXTR internalization kinetics (E) induced by 100 nM of ligands. f-Arrestin
recruitment and receptor internalization were monitored by BRET as shown
by the diagram on the left side of C and D, respectively).

OXTR by BRET (25). As shown in Fig. 1 C and D, Leu®OXT in-
duced robust p-arrestinl and 2 recruitment to the OXTR, resulting
in clear dose-response curves with potencies of 4.8 nM and 3 nM,
respectively. Interestingly, the Pro®OXT variant yielded decreased
potencies for recruitment of p-arrestinl (33.9 oM, P < 0.01) and 2
(158 Nm, P < 0.05) as well as reduced maximal response for
p-arrestinl (72% of the response induced by Leu®OXT, P < 0.05).
The Val*Pro®OXT-induced arrestin recruitment was even more re-
duced, yielding lower potencies for p-arrestinl (125.8 nM, P < 0.001)
and f-arrestin? (45.7 oM, P < 0.001) as well as smaller maximal
responses (62%, P < 0.01 and 70%, P < 0.05, respectively) (Fig. 1 C
and D and ST Appendix, Table S1). To confirm this observation,
we monitored the kinetics of f-arrestin recruitment to the plasma
membrane using an enhanced bystander BRET-based assay
(ebBRET) (26). In agreement with the results described in Fig. 1 C
and D, the NWM Pro®OXT and Val’Pro®OXT variants are clearly
less efficacious than Leu®OXT in promoting f-arrestinl and 2 re-
cruitment to the plasma membrane (5] Appendix, Fig. S1 A and B).
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One of the first consequences of arrestin engagement is the de-
sensitization of G-protein signaling followed by receptor in-
ternalization. As illustrated in Fig. 1E, Leu®OXT induces a robust
and time-dependent loss of plasma membrane receptor as assessed
by ebBRET (26) that reflects agonist-promoted internalization. In
contrast, Pro"OXT evokes 01113}' a moderate decrease of the plasma
membrane receptor, and Val’Pro®OXT and AVP induce virtually
no detectable internalization (Fig. 1E), consistent with their lower
propensity to recruit f-arrestins.

In the calcium mobilization assay, the Val’Pro®OXT and
Pro®OXT variants presented a maximal response similar to
that of Leu®OXT, whereas for arrestin recruitment they showed
significantly decreased maximal responses and potencies. Taken to-
gether, these data provide evidence that VaPPro’OXT and Pro®OXT
variants display a clear, distinct functional profile, acting as biased
agonists toward the Gy and calcium signaling pathway at OXTR.
Because the assays were performed using different biosensor cellular
systems, a possible source of the differences observed in the effi-
cacies and potencies could be different levels of receptor expression.
To rule out this possibility, calcium responses and p-arrestin re-
cruitment assays were carried out in the same cells, eliminating any
possible contribution of different expression levels. As shown in S7
Appendix, Fig. 82, both Pro®OXT, Val'Pro®OXT showed similar
propensities to promote calcium mobilization but showed reduced
fi-arrestin recruitment compared with Leu®OXT.

Pro®OXT Signaling Through AVPR1a Is Similar to Leu®0XT, While Val®
Pro®OXT Presents an Altered Activation Profile. AVPR1a is the main
receptor through which AVP promotes pair bonding and pa-
ternal care (1, 2, 27). Based on the results described above, which
show that Val’Pro®OXT and Pro®OXT variants display a more
efficacious profile toward the calcium-signaling pathway at the
OXTR receptor, and on studies that have reported that Leu®OXT
can bind to AVPR1a (12, 13), we evaluated the signaling profiles
of these NWM variants at the AVPR1a. As shown in Fig. 24,
native Leu®OXT and the Pro®OXT NWM variant yielded clear
dose-response curves in intracellular calcium-mobilization assays,
reaching maximal responses similar to that induced by AVP but
with lower potency values (15.1 oM, P < 0.001 and 39.8 nM, P <
0.001 for Leu®OXT and Pro®OXT, respectively, compared with
0.2 nM obtained for AVP). Val’Pro®OXT also acted as a full
agonist, inducing a maximal response similar to AVP, but dis-
played the lowest potency (151.3 nM, P < 0.001), showing that the
presence of a valine at position 3 might have added novel func-
tional characteristics to the nonapeptide.

To evaluate if the variants could induce coupling of AVPR1a to
other G proteins, we evaluated the activation profiles of Gy, Giz, Gas,
and Gg. Fig. 2B shows that the major signaling pathway triggered
by AVP, as well as by Leu® OXT, Pro®OXT, and VaPPro®0OXT, is
Gy (P < 0.001). AVP was also found to promote moderate activation
of Gy (P < 0.05) and Giz (P < 0.001). Dose-response experiments
for assessment of f-arrestinl and 2 recruitment to AVPR1a (Fig. 2
C and D) showed that only AVP was able to induce a maximal
response, also with high potency values (both 1.4 nM). Native
Leu®OXT and the NWM variants Pro®OXT and Val’Pro®OXT
presented smaller maximal responses (respectively 64%, P < 0.05;
59%, P < 0.01; and 46%, P < 0.01 of AVP-promoted responses
for p-arrestinl and 65%, P < 0.05; 56%, P < 0.05; and 65%, P <
0.05 for p-arrestin2), as well as lower potencies (respectively
63.1 nM, P < 0.001; 123 oM, P < 0.001; and 3,548 nM, P <
0.001 for p-arrestinl and 50.1 nM, P < 0.001; 74.1 nM, P < 0.001;
and 2,291 oM, P < 0.001 for p-arrestin2) (ST Appendix, Table S1).
Kinetic analyses of p-arrestinl and 2 translocation to the plasma
membrane using ebBRET confirmed that all OXT variants had
reduced ability to promote f-arrestin translocation compared with
AVP, with Val’Pro®OXT having the lowest ability (SI Appendix,
Fig. 81 C and D). Agonist-promoted internalization as assessed
by the loss of plasma membrane receptor using ebBRET was
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Fig.2. The Pro®OXT signaling profile when activating the AVPR1a is similar to
Leu®OXT, while VaPPro®OXT presents decreased potendes of activation. The
different QXT forms and AVP were functionally analyzed for calcium mobili-
zation (A); G, Giy, Giz and Giz coupling (B); p-arrestini (C) and p-arrestin2 (D)
recruitment; and AVPR1a internalization kinetics (E) induced by 100 nM of
ligands. p-Arrestin recruitment and receptor internalization were monitored
by BRET as shown by the diagram on the left side of C and D, respectively).

detected only for AVP stimulation (Fig. 2F), consistent with AVP
having lowest propensity of the OXT variants to promote
f-arrestin recruitment.

Intranasal Treatment with Val®Pro®0XT and Pro®0XT Induced Changes
in Rat Parental Behaviors. The distinct pharmacological profiles of
Pro®OXT and ValP’Pro®OXT compared with Leu®OXT, as described
above, prompted us to explore the possible functional role of the
NWM variants in vivo through behavioral assays (S Appendix, Fig.
53). To this end, we conducted tests using rats (Ratfus norvegicus;
Wistar strain) subjected to intranasal treatment with either one of
the two NWM variants or the ancestral Leu®OXT.

We tested whether the NWM oxytocin forms could trigger
changes in paternal and maternal behaviors (51 4ppendix, Tables
52 and 53). Fourteen behaviors related to female—pup, male-
pup, and male—female interactions were evaluated and scored.
We used generalized linear models to compare group means,
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selecting the appropriate distribution for each outcome evalu-
ated (ST Appendix, Tables 54 and S5). Statistical significances of
the differences were then assessed by a Dunn’s test for multiple
comparisons (5] Appendix, Tables S6 and §7). To perform sta-
tistical analyses, the scores obtained for individual variables were
clustered into three major sets of variables: parental care, couple
bonding, and aggression/dominance (51 Appendix, Table S3). We
found no significant differences between treatment groups in
maternal care, couple bonding, or aggressive behavior toward
male partners (ST Appendix, Table 54).

Caregiving behavior was additionally evaluated in males and
females by measuring their motivation to recover their own
pups using a known pu]g-retﬁe-va] test (28). Females treated with
Val’Pro®OXT and Pro®OXT showed faster pup retrieval (total
time to grouping) than females treated with Leu®OXT (Fig. 34
and SI Appendix, Tables S6 and S7). Although paternal care has
been observed in mice under certain circumstances (29, 30), it
has never been described in rats. In our study, males contacted
their pups significantly faster when treated with Leu®OXT or
with Pro®OXT and Val’Pro®OXT, compared with those treated
with saline, indicating increased motivation to contact pups
(contact latency, Fig. 3B and SI Appendix, Tables 56 and 58).
Females showed a shorter time to group the litter (total time to
grouping, Fig. 34 and Sf Appendix, Tables 56 and S7).

Physicochemical Analysis and Molecular Dynamics Simulation of OXT
Forms. To investigate possible physicochemical or conforma-
tional properties of OXT wariants that could correlate to the
observed different functional profiles, we analyzed their se-
quences and molecular dynamics compared with those of other
nonapeptides. Our molecular dynamics analysis revealed only
subtle conformational changes, indicating that the NWM OXT
forms preserve conformational features similar to those of the
ancestral Leu®OXT. On the other hand, physicochemical anal-
ysis of peptide sequences showed that the introduction of a
proline residue in position 8 and valine in position 3 of Leu*OXT
clearly altered their hydrophilicity indexes (ST Appendix, Fig. 54).
Therefore, it is seems plausible to infer that the adaptive taxon-
specific traits discussed in this study might be at least partially
related to the altered hydropathic properties of the OXT forms.

Discussion

One of the greatest challenges of biological systems is unveiling
the complex connection between molecular findings and phe-
notypic traits. Recently, our group and others have reported the
dimverg of the oxytocin variants Pro®OXT in the Cebidae and
Val’Pro”OXT in the Saguinus genus (Cebidae, subfamily Calli-
trichinae) (11), which are characterized by complex social be-
haviors such as intense maternal care, male parental care, and
social monogamy (7, 8). At least two of these behaviors (male
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parental care and social monogamy) are rare in mammals but are
evolutionarily relevant in contexts where reproduction bears a
high energetic cost. For example, in the Callitrichinae, the birth
weight of twin infants is ~30% of the female’s body weight (31,
32). As a result, the investment in caregiving behaviors by both
parents, as well as sibs, increases the infant survival rate in the
Callitrichinae (31).

Leu®OXT is a known agonist of the GPCR OXTR. Based on
the current knowledge of the intricate and diversified signaling
profiles triggered through GPCRs (22), we decided to explore if
the taxon-specific oxytocin variants Pro®OXT and Val’Pro*OXT
could lead to different signaling profiles, which might play a role
in the complex behavioral traits described above. To that end, we
synthesized both oxytocin variants and investigated their signal-
ing profiles upon the activation of OXTR or AVPR1a with a
particular focus on G4 and p-arrestin pathways.

The cell-based characterization showed that both Pro*OXT
and Val’Pro®OXT are equi-efficacious to Leu®OXT for the
Ggy-dependent pathway (EFig, 1.4 and B) while being significantly
less efficacious than Leu®OXT in inducing f-arrestin recruitment
to the OXTR (Fig. 1 C and D). As would be expected from the
role of p-arrestins in agonist-promoted endocytosis, both Pro*OXT
and Val’Pro®OXT showed significantly reduced ability to pro-
mote time-dependent loss of cell-surface OXTR (Fig. 1E),
therefore possibly maintaining high receptor levels at the plasma
membrane and allowing extended signaling of G -dependent
pathways. Upon interaction with the AVPR1a, Pmséxr yielded
a signaling profile similar to that obtained for Leu®OXT, but the
Saguinus Val’Pro’OXT showed changes in its activation profile
(Fig. 2 C and D and SI Appendix, Fig. S1 C and D). These data
suggest that the adaptive behavioral phenotypes observed in
monkeys that present a proline at position 8 of their OXT amino
acid sequences could be related to taxon-specific altered signaling
pathways mainly triggered downstream of OXTR, while an addi-
tional change at position 3 (Val) also modified signaling pathways
triggered downstream of AVPR1a.

The relative hydrophilicity of the oxytocin residues in positions
3 and 8 could determine the type of ligand-receptor interaction (7,
10, 33), thereby affecting their downstream activation pathways. In
this context, it is of interest that Busnelli et al. (34) have described
two synthetic oxytocin analogs that share the same critical change at
position 8 that increases hydrophilicity. Like the NWM variants
discussed here, these variants have low performance for fi-arrestin
recruitment and OXTR internalization, supporting the importance
of the position 8 (Leu in the ancestral OXT) in selectively triggering
[p-arrestin recruitment. We also detected that valine at position 3 in
Saguinus has a possible implication for f-arrestin recruitment at
AVPR1a (Fig. 2 C and D). Thus, two successive mutations in the
OXT gene over the past ~20 My led to amino acid changes with key
functional alterations concerning f-arrestin recruitment. From an
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Fig. 3. (A) Female total time to group all pups at nest; *P < 0.05 for Dunn comparisons with Leu®0XT. (B) Time latency of male contact with first pup; *P <

0.05, **P < 0.01 for Dunn comparisons with saline treatment.
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evolutionary perspective, they were likely selected to allow the
emergence of successive behavioral adaptive novelties in Cebid
monkeys without influencing this neurohormone’s basic functions in
placental mammals, such as lactation and uterine contractions,

Adding to these findings, there is evidence for a coevolutionary
process between oxytocin variants and their receptors in NWMs (7).
In Saguinus, for instance, the OXTR Leu™ residue and the oxy-
tocin Val® residue seem to be the result of coevolution (7). From a
functional perspective, the replacement of Ser’® by Leu in a Ser
cluster in the OXTR C terminus disrupts an important phosphor-
ylation site that has been reported to contribute to p-arrestin
recruitment in many GPCRs (13). Our current results and the
above-described data reveal an important evolutionary tendency in
the NWM OXT-OXTR system, moving toward reduced p-arrestin
recruitment and a possible loss of G-protein desensitization by
altering key residues in the ligand peptides (e.g., Pro®OXT and
Val’Pro®0OXT), in the receptor (e.g., OXTR-Leu’® in Saguinus),
or in both. Of note, the experiments reported here were performed
with human OXTR, in which the C-terminal Ser cluster is preserved.
Our work therefore highlights that alterations in ligand peptide
structure seem to be sufficient to significantly decrease p-arrestin
engagement and diminish OXTR internalization. Taken together,
our results suggest that molecular changes in the OXT-OXTR
system in Cebidae and Sagudnus could produce a sustained G-pro-
tein—activated system due to their lower capacity to promote OXTR
internalization. This hypothesis is further supported by earlier ex-
periments in rats, in which synthetic oxytocin analogs characterized
by Val® (35) or Pro® (36) substitutions were found to lead to a sig-
nificant increase in the peptide’s half-life in in vivo assays compared
with ancestral ux{lncm In the context of our work, such observations
suggest that Pro’OXT and VaPPro®OXT might also have an in-
creased half-life, representing a complementary way to lead to
sustained activation of Gg-protein—dependent signaling pathways.

Kosfeld et al. (37) suggested that synthetic Leu®OXT admin-
istered by intranasal delivery increased interpersonal confidence
in humans. Although these and other results regarding this kind
of treatment have been controversial (10), several studies have
since reported an effect of intranasal oxytocin administration on a
range of complex social behaviors in humans and other mammalian
species (35-40). Black-tufted marmosets (Callithrix penicillata) sub-
jected to intranasal treatment with Pro®OXT showed reduced al-
truistic food sharing with opposite-sex strangers, while altruistic
food sharing with their long-term pair-mates was unaffected (10). A
recent study by Calcagnoli et al. (;11) in male rats demonstrated that
intranasal administration of Leu®OXT was effective in stimulating
prosocial behavior, while parental care was not addressed.

Interestingly, we were able to show that rats treated intranasally
with Pro®OXT or Val’Pro®OXT changed their behavior in a pup-
retrieval test. Mothers treated with these variants showed faster
pup retrieval (total time to grouping) than mothers treated with
Leu®OXT (Fig. 34). It is important to note that after delivery and
during lactation females already bear high endogenous levels of
Leu®OXT. As shown in Fig. 1 C and D, Leu®OXT is able to effi-
ciently induce p-arrestinl and 2 recruitment and internalization of
OXTR (Fig. 1E). We therefore believe that intranasal treatment
with additional Leu®OXT might result in a desensitization effect,
decreasing pup retrieval. In contrast, treatment with the NWM
variants, which induce less efficacious p-arrestin recruitment (Fig. 1
C and D) and decreased (Pro®OXT) or no (Val’Pro®0OXT) OXTR
internalization (Fig. 1F), did not have the same effect. This sug-
gests that this difference in the signaling profile could be related to
the observed maternal care behavior. In this context, it is important
to note that rats treated with the NWM variants produce endog-
enous Leu®OXT, which can attenuate the variants’ effects. We can
therefore speculate that in Cebidae and Saguinus, which express
only Pro®OXT and Val’Pro®OXT, respectively, the behavioral ef-
fects could be even more pronounced.

Parreiras-e-Silva et al.

When investigating the effect of the NWM oxytocin variants
on rat male parental care behavior, we found that fathers contacted
their pups significantly faster after treatment with Leu®OXT,
Pro®OXT, or Val’Pro®OXT than after treatment with saline (Fig.
3B). Unlike lactating females, the OXT-OXTR system in males is
not over-activated, meaning that it is not desensitized by treatment
with exogenous Leu®OXT. Additionally, when rat males were
treated with Val?Pro®OXT, the variant with the most altered phar-
macological profile, they contacted their pups faster than those
with any other intranasal treatment (P < 0.01).

Importantly, as discussed before, the effect of oxytocin on this
particular kind of behavior seems to be related to G, activation
followed by calcium mobilization, a pathway efficaciously trig-
gered by all ligands studied here. Recent research on genetically
modified animals has shown a clear link between calcium-
dependent signaling pathways and behavioral modulation. For
instance, mice lacking the Jtpka gene involved in inositol 1.4,5-
trisphosphate (IP3) regulation show sustained high calcium levels
in central amygdala and display alterations in control of fear and
anxiety (42). Calcium signaling has also been reported to be
involved in presynaptic degranulation and neurotransmitter re-
lease, including oxytocin, thereby contributing to prolonged
OXTR stimulation in postsynaptic neurons (43). Although the
effectors, pathways, and the behaviors described above are dif-
ferent from the ones investigated here, we believe that they
highlight the importance of calcium signaling in behavior mod-
ulation, in agreement our hypothesis that the reduced ability to
desensitize OXTR may be a key mechanism by which the NWM
oxytocin variants are involved in the origin of specific adaptive
behaviors. It is noteworthy that although Val*Pro® OXT pro-
motes a weaker recruitment of f-arrestins to AVPRI1a (Fig. 2 C
and [7), it is unable to promote receptor internalization as assessed
by the loss of plasma membrane receptor using ebBRET (Fig. 2E).
One of the possible explanations for this result is that, although
arrestins can reach the AVPR1a, they could be stabilized in distinct
conformations (44, 45) that might not be suitable for allowing re-
ceptor internalization. Taking these findings together, we can hy-
pothesize that AVPR1a, when activated by Val'Pro®OXT, might
also play a role in the parental behaviors considered in this study.

Nevertheless, it is clear that a range of other molecular and
biological processes is involved in the modulation of social
complex behaviors. For example, OXT and OXTR present dis-
tinct brain distribution patterns in different mammal species (2,
10, 27, 46). By extension, genetic and molecular changes in-
volving biological systems and signaling pathways beyond those
discussed here may play an important role in these complex
behavioral traits. Interestingly, the NWM Callicebus (family
Pitheciidae), which is characterized by social monogamy and
paternal care and which expresses the native (ancestral) Leu™OXT,
has a large number of progesterone-response elements in the
OXTR promoter region. This is similar to what is found in Cebidae
(47) and might be another way to contribute to increased care-
giving behaviors. On the other hand, Pro®OXT is present in the
large-bodied spider monkey (genus Afeles; family Atelidae). Al-
though the males of this species are not involved in raising the
offspring, it is interesting that females present the longest breast-
feeding time among all NWMs.

Finally, despite of the contribution of other elements and pro-
cesses such as gene regulation and epigenetic mechanisms, it is
likely that the Cebidae Pro®OXT and Saguinus Val’Pro®OXT var-
iants represent key components of a genetic repertoire that allowed
the emergence of taxon-specific complex behavioral phenotypes.

Materials and Methods

Peptide Synthesis and Cell-Based Pharmacological Characterization. The Pro®OXT
and Val*Pro®OXT variants were synthesized by solid-phase peptide syn-
thesis and purified by HPLC. The efficiency of synthesis was assessed by amino
acid composition analysis. HEK293T cells were cultured in supplemented
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DMEM and transfected with OXTR- or AVPR1a-encoding plasmids using
polyethylenimine. After transfection, cells were transferred to specific
plates for development of different cell-based functional assays.

In Vivo Tests. Forty-two pairs of Ratfus norvegicus were mated randomly, and
pregnancy was confirmed on the day after mating by the presence of sperm in
vaginal smears. Pairs were assigned to four experimental groups and received
intranasal treatment with saline or the Leu®0XT, Pro®OXT, or Val*Pro®OXT
variants. A total of 14 behaviors related to female-pup, male-pup, or male-
female interactions were scored. Maternal and paternal motivations were
evaluated in the pup-retrieval test. Results were analyzed by a pairwise
comparison (Dunn's test).

In Silico Analyses. The starting structure of oxytocin was obtained from the
Protein Data Bank (48). Molecular Dynamics simulations were performed
for Leu®OXT, Pro®OXT, ValPPro®0XT, Ala®OXT, Thr®OXT, Phe®OXT, and AVP,
and their structural and physicochemical parameters were compared using
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CAPITULO V

5.1 Evolucio da regiao regulatoria
Para entender os mecanismos moleculares que regem o sistema OXT-AVP, ndo ¢
suficiente somente o estudo da porgdo codificadora dos genes. E importante desvendar
os elementos regulatorios associados a cada gene, que podem explicar seus diferentes
padroes de expressdo. A regido promotora de OXTR humano estd bem caracterizada
(Gimpl, 2001). Sabe-se, por exemplo, que elementos de resposta a interleucinas ou a
estrogenos sao comuns tanto na regido 5'do gene OXTR humano quanto na do gene do
rato. Porém, nenhuma descrigdo mais ampla havia sido feita nesta regido considerando
espécies de pNM, o que motivou nosso estudo, cujos achados podem ser vistos no
terceiro artigo que compde a presente Tese: “Vargas-Pinilla P, Babb P, Nunes L, Paré P,
Rosa G, Felkl A, Longo D, Salzano FM, Paixao-Cortes VR, Gongalves GL et al. (2016).
Progesterone Response Element Variation in the OXTR Promoter Region and Paternal

Care in New World Monkeys. Behav Genet 1-11.”
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Abstract Paternal care is a complex social behavior com-
mon in primate species with socially monogamous mating
systems and twin births. Evolutionary causes and conse-
quences of such behavior are not well understood, nor are
their neuroendocrine and genetic bases. However, the neu-
ropeptide oxytocin (OXT) and its receptor (OXTR) are
associated with parental care in mammalian lineages. Here
we investigated the interspecific variation in the number of
progesterone response elements (PREs) in the OXTR pro-
moter region of 32 primate species, correlating genetic data
with behavior, social systems, and ecological/life-history
parameters, while controlling for phylogeny. We verified
that PREs are only present in New World monkeys and that
PRE number is significantly correlated with the presence of
paternal care in this branch. We suggest that PRE number
could be an essential part of the genetic repertoire that
allowed the emergence of taxon-specific complex social
behaviors, such as paternal care in marmosets and tamarins.
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Introduction

Parental care is a complex social behavior associated with
animal breeding systems, life history, and ecology (Hous-
ton et al. 2005; Kokko and Jennions 2008; Alonzo 2010).
Parental care is fundamental for offspring fitness in many
animal taxa, and thus can also be characterized as an
effective evolutionary strategy.

In mammals, behavioral differences among taxa rely not
only on the type of care associated with different stages of
offspring development and survival but also on the relative
contribution of males and females to paternal and maternal
care, respectively. Lactation, for instance, is an exclusive
maternal attribute linked to the first infancy, but other
activities such as carrying, grooming, sharing food, feed-
ing, defending, and teaching can be provided by the father
and/or other group members.

Fathers that regularly contribute to offspring care occur
in only ~5 % of mammals but evolved independently at
least sixty times within these lineages, including four times
within the primate order (Lukas and Clutton-Brock 2013).
This kind of male behavior is thus equally interesting from
an evolutionary perspective when compared with the much
more usual maternal care observed in mammals.

Environmental, physiological, epigenetic, and genetic
factors promote the neuroendocrine changes associated
with parental care in different taxa (Adkins-Regan 2005;
Székely et al. 2010; Lucion and Bortolini 2014; French
et al. 2016). For this reason, it is not a trivial task to
identify the genetic factors involved in both maternal and
paternal care, their specific (e.g., breast-feeding) and
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shared (e.g., infant protection) characteristics, the connec-
tions with the other above-mentioned factors, and elements
linked to ecological and evolutionary contexts (e.g.,
specific selective pressures) of the investigated taxa.

New World monkeys (NWM, or platyrrhines) are a group
of particular interest for addressing the genetic basis of these
complex traits because they present a well-known coopera-
tive breeding system, including paternal and alloparental
care, essential behaviors in a context where twin birth is
common, especially in the small marmosets and tamarins
(Callitrichinae subfamily) (Goldizen 1990; French et al.
2016). Male caregiver behavior has been associated with a
high energetic cost of female reproduction in Callitrichinae.
For instance, the birth weight of marmoset and tamarin twin
infants is ~30 % of the female’s body weight (Cleveland
and Snowdon 1984; Cavanaugh and French 2013). There-
fore, mothers have large twin neonates relative to their body
weight. In this context, infant survival rates are higher when
both parents are present (Cleveland and Snowdon 1984).

Recent studies, based on promising candidate genes (and
pathways), have revealed insights into paternal care and
correlated behaviors (e.g., monogamy). For example, Lee
et al. (2011), Vargas-Pinilla et al. (2015) and Ren et al.
(2015) investigated the nonapeptide oxytocin (OXT) and
its receptor (OXTR), a system long known to induce labor
and breastfeeding and that is also associated with the reg-
ulation and/or modulation of complex social behaviors.
These authors described five new OXT forms in NWMs,
suggesting that at least some of these variants could pro-
mote male (i.e., father, sibling, and unrelated; Vargas-
Pinilla et al. 2015) care, as well as social monogamy (Ren
et al. 2015). Furthermore, Vargas-Pinilla et al. (2015)
verified that amino acid changes in NWM OXTRs are
under positive selection and are coevolving with some of
these taxon-specific OXT forms. For instance, in the three
species of tamarins, a valine at OXT position 3 coevolves
with a leucine at OXTR position 368 (posterior probability
of 80 %). On the other hand, Babb et al. (2015) showed
that genetic variation in this system is not limited to the
OXT and OXTR coding regions because they found sub-
stantial variation in the putative OXTR 5’ regulatory region,
with marked structural differences across primate taxa,
particularly humans and chimpanzees.

There is also evidence that a paralogous system, vaso-
pressin and its three receptors (AVP-AVPR1a/AVPRI1b/
AVPR?2), is also involved with monogamy and paternal care
(Fernandez-Duque et al. 2009). Hammock and Young
(2005) suggested that variation in the AVPRIa regulatory
region could be involved in social bonding among primates,
including humans. Similarly, repetitive variation in this gene
was linked to monogamous mating in voles (Lim et al. 2004).
OXT can also bind to AVP receptors and AVP to OXTR, but
with less affinity (Zingg and Laporte 2003; Koshimizu et al.
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2012; Slusarz et al. 2013). Based on this information, Var-
gas-Pinilla et al. (2015) suggested that some NWM OXT
forms could promote paternal/male alloparental care through
increased affinities with AVPR1a.

The endogenous steroid hormone progesterone (PG),
which plays a role in regulating expression of genes in female
reproductive traits as well as in organs and tissues present in
both males and females, including the brain (Kyurkchiev
etal. 2010; Wolfsonet al. 2015), also interacts with the OXT-
OXTR system. For instance, in placental mammals, PG can
block OXTR and/or OXT signaling, preventing their binding
capacities with G proteins through complex mechanisms that
are not completely known (Bishop 2013).

The broad spectrum of functions promoted by PG,
including regulation of target genes, is primarily mediated by
interaction with its receptor PR, a member of the nuclear/
intracellular superfamily of ligand-dependent transcription
factors (Leonhardt et al. 2003). The regulatory action of the
PG-PR complex is relatively well known, at least compared
with the independent action of PG. The PG-PR complex binds
to  specific palindromic DNA sites (5-RGNA-
CANRNTGTNCY-3) called progesterone response elements
(PREs), which are located at the promoter region of target
genes (Lieberman et al. 1993; Leonhardt et al. 2003; Jacobsen
and Horwitz 2012). After binding, transcription of the target
gene is initiated through recruitment of RNA polymerase 11
and several other transcription elements (Jacobsen and Hor-
witz 2012). Functional studies have demonstrated the
importance of both the PG-PR complex and PREs in the
transcriptional activity of many target genes (Choetal. 2011).

Although studies with myometrium of rats have
demonstrated that OXTR levels are regulated by PG
(Soloff et al. 2011), no direct connection with the presence
of PREs at the OXTR promoter region has been suggested
to date. Therefore, to determine the potential interaction
between PREs and OXTR, we investigated variation at the
OXTR 5' regulatory region in 32 primate species, predicted
the occurrence of PREs, and compared their presence and
number with behavioral social traits and ecological/life-
history parameters, while controlling for a phylogenetic
effect. We hypothesized that the variable number of PREs
at the OXTR promoter region among primate taxa is non-
neutral and could be an essential part of the basic genetic
repertoire that was coopted during evolution allowing the
emergence of taxon-specific complex social behaviors.

Materials and methods
Molecular analyses

We analyzed 2095 base pairs (bp) of the OXTR 5 regula-
tory region in 32 species of primates, including 1 galago,
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22 NWM, and 9 catarrhines, including Homo sapiens. We
performed an analysis focused on the NWM, specifically
the Callitrichinae (i.e., marmosets and tamarins; here we
adopted the classification proposed by Schneider 2000 and
Perelman et al. 2011). This subfamily consists of approx-
imately 15 species belonging to two genera of marmosets
(Cebuella and Callithrix) and two genera of tamarins
(Saguinus and Leontopithecus) (Hershkovitz 1977). The
Callitrichinae subfamily is also characterized by the fre-
quent occurrence of twin births (Gengozian et al. 1978).

The data were retrieved from GenBank (NCBI), the
University of California-Santa Cruz Genome Browser
(UCSC GB), and the European Bioinformatics Institute’s
ENSEMBL browser (Table S1). The sequences were
aligned using ClustalW under strict (>90 %) agreement
thresholds with the Geneious R8 software package (Kearse
et al. 2012), and alignment gaps were manually checked.

Different binding site matrices from the TRANSFACT:
EMBOSS (Rice et al. 2000), and PROMQO databases
(Messeguer et al. 2002) were used to search for transerip-
tion factors across all sequences. Summary statistics were
generated through programs written in R (R Development
Core Team 2008). An intraspecific characterization of the
OXTR regulatory region was performed in 25 individuals of
Azara’s night monkey (Aotus azarae), using similar
methods to evaluate whether the variations found could be
assumed to be taxon-specific.

The joint correlation and ancestral state trait recon-
struction were implemented using BEAST v1.8 software
(Drummond et al. 2012). Complete mitochondrial genome
(mtDNA) sequences were used to recover the phylogenetic
relationships among species. Data were compiled from
GenBank (Table S1) for each surveyed species. For those
few taxa for which complete mtDNA genomes were not
available, we used the cytochrome b mitochondrial gene
sequence. The nucleotide substitution model (general time
reversible with gamma-distributed rate variation across
sites) was obtained in Modeltest 2 (Darriba et al. 2012),
using the Akaike information criterion (Akaike 1974).
BEAST was run for 60,000,000 Markov chain Monte Carlo
(MCMC) cycles and parameters were sampled every 6000
cycles. The analysis was repeated four times to test for
MCMC convergence, and priors exceeded 200 to ensure
effective sample sizes (ESS). Burn-in was determined in
Tracer 1.5 (Drummond and Rambaut 2007) based on ESS
and parameter trajectories, and 10 % of the first trees were
then removed with TreeAnnotator. The consensus tree was
visualized and edited in FigTree 1.4.2 software (Rambaut
2014) to illustrate the changes in PRE numbers along
branches.

To detect signals of positive selection in noncoding
sequences, we measured their rate of nucleotide substitu-
tions relative to the rate of synonymous substitutions in

coding sequences were measured by the parameter { using
EvoNC (Wong and Nielsen 2004). The OXTR exon 3 (first
coding exon) was selected for this analysis because it is
adjacent to the promoter region being investigated. The
coding sequence was concatenated to the 2095 bp of the
OXTR 5' regulatory region. Additional analyses were per-
formed with different sequence segments containing the
PREs. According EvoNC, sequences evolve neutrally when
{; = 1, whereas £, < 1 and {; > | suggest negative and
positive selection, respectively (Wong and Nielsen 2004).

Genotype—phenotype correlations

Two behavioral social systems were investigated in this
study. These included the mating system (monogamy as a
single couple formed for more than one mating season,
inhabiting the same home range, with or without non-
breeding offspring; or non-monogamy) and paternal care
(fathers regularly contributing to activities such as carry-
ing, grooming, sharing food, feeding, defending, and
teaching, with a clear purpose of benefitting the offspring;
or its absence). Additionally, five selected ecological and
life-history parameters were assigned to each primate
species: population density, body mass, gestation duration,
weaning duration, and number of offspring per birth (1 or
2). These two sets of potentially correlated characteristics
were compiled from Fernindez-Duque et al. (2009), Lukas
and Clutton-Brock (2013), Vargas-Pinilla et al. (2015), the
Animal Diversity (Myers et al. 2015) and Primate Info Net
(Gron 2008) websites.

It is not a trivial task to define species-specific charac-
teristics such as those listed above, since observations
should be made in nature, and there is always some level of
intraspecific variation. Thus, some a priori criteria were
formulated. For instance, Lukas and Clutton-Brock (2013)
classified a species as socially monogamous if the majority
of breeding females (=50 %) shared a home range with
only one male and with no other breeders for more than 1
year. The same authors classified behavior as paternal care
if males regularly contributed to feeding or carrying their
offspring, considering only behaviors that were clearly
adapted to the offspring’s benefit. We employed these
definitions in this study.

It should be mentioned that Lukas and Clutton-Brock
(2013) classified the Goeldi’s marmoset (Callimico goeldii)
as non-monogamous, while we classified it as a monoga-
mous species in our earlier study (Vargas-Pinilla et al.
2015). Here we continue to treat social monogamy as the
modal grouping pattern for this species because it is esti-
mated that roughly two in three Goeldi’s marmoset groups
are formed by monogamous pairs (Gron 2008). Anzen-
berger and Falk (2012) also consider Goeldi’s marmoset to
be monogamous in nature.

Y Cie oy
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Comparative analysis across species requires explicit
consideration of evolutionary history. Phenotypic similarity
in different taxa might reflect either convergent evolutionary
responses to a similar underlying cause, or limited diver-
gence from a shared common ancestor (Felsenstein 1985;
Harvey and Pagel 1991; Hadfield and Nakagawa 2010). The
correlation between PREs and the above-mentioned traits
were assessed through a recently developed Bayesian inte-
grative method: the multivariate phylogenetic latent liability
model (MPLLM), which simultaneously controls for shared
evolutionary history through putatively neutral DNA
sequences (Cybis et al. 2015). This approach is similar to the
phylogenetic threshold model developed by Felsenstein
(2012), but MPLLM allows joint reconstruction using data
types that are not just binary or continuous, including evo-
lutionary rates and discrete data with multiple (un)ordered
states. Thus, parameters were modeled as a multivariate
Brownian diffusion process along the phylogenetic tree,
taking into account their covariance and the presence of
possible phylogenetic uncertainty. In other words, MPLLM
estimates the correlation between characteristics while
simultaneously controlling for the correlation of character-
istics shared by descent. Failing to control for descent can
confound results, as false inferences weaken association
analyses when population substructure or relatedness among
individuals are not considered (Cybis et al. 2015). We used
the “gplots” package v.2.11.0 (Warnes et al. 2012) in R to
plot the significant posterior mean correlation matrices from
the BEAST analysis in a heatmap.

Results

The data concerning the number of predicted PREs, OXT
forms, as well as the log-transformed reproductive and
ecological-life history parameters used for the statistical
calculations are presented in Table 1.

We found 24 classes of transcription factor binding sites
within the 2095 bp of the OXTR 5' promoter region. The
most abundant were CP2 (85), PRE (70), Pitla (61), MEPI
(60), and myogenin (45) (Table S2). The highest numbers
of binding sites were observed in the northern white-
cheeked gibbon (Nomascus leucogenys, 24) and the white-
bellied spider monkey (Ateles belzebuth, 20). PRE copy
numbers varied in the OXTR 5’ promoter regions of all
NWM species surveyed except the bald uakari (Cacajao
calvus), which had no predicted PREs. We observed a
range from one in spider monkeys (Afeles) to the highest
number of predicted PREs, five, in marmosets (Callithrix
and Callimico) and woolly spider monkeys (Brachyteles)
(Fig. 1). The marmosets belong to the Callitrichinae sub-
family, together with the tamarins (Saguinus and Leonto-
pithecus, both having four predicted PREs).

‘E’_} Springer

A Bayesian posterior probability test compared the
number of PREs to two ecological (body mass, population
density), three reproductive (number of offspring, gestation
and weaning), and two behavioral (paternal care, mating
system) characteristics; the results are presented in Table 2
and Fig. 2. The correlations were generally non significant,
and only the relationship between paternal care and PRE
number was statistically significant (posterior probability
0.98). The relationship between PRE number and number
of offspring approached the 0.95 significance level, with a
value of 0.91.

Since Lukas and Clutton-Brock (2013) classified Goel-
di’s marmoset (Callimico goeldii) as non-monogamous, we
tested whether our decision to consider them monogamous
could have influenced the general results by rerunning the
analysis with this species coded as non-monogamous. The
results did not differ. We also tested the number of other
predicted transcription binding sites (Table S2) against
these same variables using association tests (Mann and
Whitney 1947; Kruskal and Wallis 1952) and observed no
significant results.

Additional analyses were performed to reconstruct the
PRE state of the primate lineages (Fig. 1). PRE numbers at
the nodes and branches suggest that the first PREs probably
originated before the three NWM families split from each
other (Cebidae, Pitheciidae, and Atelidae) about 25 million
years ago (Schneider and Sampaio 2015). More recently,
the number of PREs has progressively increased (Table 1;
Fig. 1), except in the bald vakari (Cacajao calvus), which
presents a probable reversion to the ancestral state (PRE
absence in the OXTR promoter region).

All Cebidae species had at least three predicted PREs,
suggesting a connection with paternal care, a common
social behavior found in lineages within this clade (Fig. 1).
However, although the tufted capuchin (Sapajus apella)
and the common squirrel monkey (Saimiri sciureus) had
three and four PREs, respectively, paternal care is not
present in these species.

Our intraspecific analysis revealed no variation in the
number of predicted PREs in the OXTR promoter region in
the Azara’s night monkey (Aotus azarae), indicating that
four PREs characterize this species. In addition, no varia-
tion was detected in the other predicted binding sites,
confirming reports of low nucleotide diversity in these
regions (Babb et al. 2015), and suggesting that intraspecific
variation in the OXTR promoter is rare or absent. The lack
of intraspecific variation could signal an evolutionary
constraint that might be connected to specific key func-
tional properties.

Comparative analysis of the molecular evolution of
PREs within the OXTR promoter region demonstrated a
pattern of purifying selection (Fig. 1). The likelihood ratio
test (Table S3) indicates this pattern, as {, < 1 values were
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Log weaning

duration®

Log gestation

duration®

Log population
density®

Log body
mass®

Paternal Number of
offspring

car eb

Monogamou s?

Number of

Species
PRE

Subfamily®

Table 1 continued

Family*
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Leu8

2.310 2.740

0.820

3.773

0

Nomascus

Hylobatidae

leucogenys

NA NA Leu8

0212

4.616

0

0

Pan troglodyies

Homininae

Hominidae

3.030 Leu8

NA

2.380

NA

0.301
NA

4.560
NA

0

Pan paniscus

Leu8

0
0
0

Homo sapiens

Leu8

2.410 3.110
2.860

£.229

NA

5.081

NA

0

Gorilla gorilla

Leu8

2.400

Pongo abelii

Ponginae

0 absence, I presence

The human sequence is 1Cys-2Thr-31le-4Gln-5Asp-6Cys-7Pro-8Leu-9Gly represented by Leu8. Only the amino acid at the 8th position is indicated for the other taxa, with the exception of A.

caraya (Phe2)

# Classification according to Perelman et al. (2011)

" Ecological traits according to Lukas and Cluton-Brock (2013)

¢ Oxytocin forms according to Vargas-Pinilla et al.(2015) and Ren et al. (2015)

detected for all OXTR promoter (2095 bp) region and those
segments containing the PREs (p < 0.001 and p = 0.002,
respectively).

Discussion

Few species of mammals (~5 %) present paternal/al-
lopaternal care even though it is relevant for offspring
survival (Lukas and Clutton-Brock 2013). Because this
complex and uncommon social behavior has emerged
independently multiple times in mammals, and particularly
in primates, it is reasonable to speculate that specific
evolutionary trajectories may underlie it. In this study, we
suggest a new genetic element, connected with the neu-
roendocrine pathway, that might have facilitated the
emergence of paternal care in the small marmosets and
tamarins, where twin births are common (Callitrichinae
subfamily: Callithrix, Callimico, Saguinus, and
Leontopithecus).

A connection may exist between the number of pre-
dicted PREs located in the OXTR promoter region and
paternal care, given that the highest numbers of PREs are
present in species within the Callitrichinae clade, which is
mostly characterized by monogamous pairs, marked
paternal care, and twin births. The OXTR promoter region
among primates is conserved through purifying selection,
reinforcing the possibility that these relatively few chan-
ges (i.e., PRE origin and duplication) have adaptive value,
although no signal of positive selection was detected. It
should be noted, however, that under low levels of
sequence variation, the prediction of positive selection is
difficult to achieve with the current methods of analysis
(Anisimova and Anisimov 2001; Wong and Nielsen
2004).

Differences in hormone levels have been demonstrated
in NWM and other female placental mammals during
reproductive and pregnancy periods. For example, in
marmosets the PG levels increase 400-fold during preg-
nancy and reach a maximal level around birth (Pryce et al.
1993). Chambers and Hearn (1979) observed ~ 228 ng/ml
in female marmoset plasma, which is higher than in human
women (180 ng/ml), female chimpanzees (49-120 ng/ml),
and rhesus monkeys (4-12 ng/ml). Additionally, PG
administration increased the maternal motivation of prim-
iparous marmosets (Pryce et al. 1993). Similarly, func-
tional studies with sheep showed that progesterone
treatment in females enhanced ovarian OXTR mRNA
production (Al-Matubsi et al. 1999). More recently,
Fleming et al. (2006) predicted PREs in the ovine OXTR
promoter region, which supports the suggestion that the
presence of PREs may be related to the OXTR regulation,
mediated by the PG-PR complex.
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Fig. 1 Alignment of the OXTR regulatory region from the 32 studied
species. The predicted PREs are indicated by red bands, and
mismatch regions are in black. The values were calculated using
EvoNC and are indicated in the upper part of the figure, reflecting the
type of selection inferred by this method. The phylogenetic tree at the
left was reconstructed based on mitochondrial sequences, and it
allows to see the changes in PRE numbers along branches (shown by

Although it has been demonstrated that reproductive
experiences in female Callitrichinae promote neuroen-
docrine changes, including fluctuations in PG levels that
promote maternal behavior, the mechanisms that lead to
paternal care are not clear (Saito 2015). However, it is
likely that paternal care would be influenced by the same
neuroendocrine pathway that conditions maternal behavior
(Wynne-Edwards and Reburn 2000).

Our results associating the number of PREs in the OXTR
promoter region with paternal care suggest a possible role
for PR, inducible by PG, in the OXTR expression in Cal-
litrichinae, and perhaps in other NWM lineages. Under this
scenario, the number of PREs could be related to OXTR
expression. For instance, Cho et al. (2011) performed
functional studies and demonstrated that the progressive
deletion of portions of the promoter region containing
predicted PREs dramatically decreased transcription of the
PLD1I gene. This indicates that PREs probably have some
important gene regulatory functions. Additionally, other
studies have shown differentiation in the OXTR expression
pattern in brain regions of monogamous NWM when they
are compared with those of other primates (Loup et al.
1991; Schorscher-Petcu et al. 2009; Freeman et al.
2014a, b).

a color gradient). The topology obtained matches the phylogeny
proposed by Perelman et al. (2011). Species listed in bold show
paternal care according to Gron (2008), Fernandez-Duque et al.
(2009), Lukas and Clutton-Brock (2013), Vargas-Pinilla et al. (2015),
and Myers et al. (2015). The length bar below the tree indicates the
rate of substitution by site (0.07) (Color figure online)

Our study also revealed that certain species that do not
exhibit paternal care, such as the tufted capuchin (Sapajus
apella), the common squirrel monkey (Saimiri sciureus),
and the northern muriqui (Brachyteles hypoxanthus), have
high numbers of predicted PREs (three, four, and five,
respectively; Table 1). According to Fernandez-Duque
et al. (2009), two independent events promoted the emer-
gence of paternal care in NWM, one in the ancestor of all
Cebidae, and another in the ancestor of the titi monkeys
(Callicebus). The tufted capuchin and the common squirrel
monkey thus either subsequently lost their paternal care
behavior, possibly through other genetic compensatory
pathways owing to specific ecological conditions and
evolutionary demands, or never developed it despite their
PREs. On the other hand, all nonhuman primates with
paternal care, including the coppery titi (Callicebus
cupreus), have at least four predicted PREs. It should be
noted that predicted PREs are found in the three NWM
families (Cebidae, Pitheciidae, and Atelidae), but only
Cebidae present paternal care in some lineages. These
results suggest that changes in the 5’ regulatory OXTR
region, which led to transcription based on the PG-PR
system, preceded the emergence of paternal care in NWM
(Fig. 1). Additionally, a general functional constraint is
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Table 2 Bayesian posterior probability (BIC) for seven ecological, reproductive or behavior correlations with PREs, as well as among themselves, using the MPLLM model

Gestation Weaning PREs Paternal care

Pop density

Body mass

Number of offspring

0.30 [-0.62, 0.45]
0.90 [—0.18, 0.81]

Body mass

0.99 [0.13, 0.62]
0.99 [0.33, 0.75]
0.99 [0.33, 0.75]

Pop density
Gestation

1 [0.49, 0.81]

0.81 [—0.28, 0.70]
0.71 [-0.37, 0.63]

0.91 [0.20, 0.95]

1 [0.90, 0.97]

0.99 [0.41, 0.77]

Weaning
PREs

0.06 [—0.68, 0.04]
0.39 [—0.58, 0.43]
0.62 [—0.39, 0.51]

0.15 [—0.64, 0.17]
0.59 [—0.44, 0.58]
0.49 [—0.50, 0.44]

0.48 [—0.59, 0.47]
0.39 [—0.66, 0.53]
0.81 [—0.32, 0.75]

0.00 [—0.81, —0.33]

0.98 [—0.10, 0.83]
0.38 [—0.56, 0.36]

0.64 [—0.39, 0.68]
0.12 [—0.76, 0.13]

0.90 [—0.13, 0.85]

0.40 [—0.66, 0.43]

Paternal care

0.01 [-0.94, —0.24]

Mating system

Bold value indicates BIC > 95 % for the PRE correlations

The confidence interval is presented in brackets [inferior, superior]

PREs

# Offspring

Paternal Care

Mating System

Body Mass
Pop Density
Weaning
Gestation
E
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Fig. 2 Heat map of the posterior means for the genotypic-phenotypic
correlations between PRE and ecological/life-history parameters in
the latent liability model. Intense colors indicate stronger correlations,
while light colors indicate weaker correlations; pink indicates positive
correlations and blue indicates negative correlations. Significant
correlations are enclosed with a black square; posterior probabilities
are presented in Table 2 (Color figure online)

expected considering a promoter region of a gene with a
large range of functions (e.g., basal placental mammal
physiological traits, as well as general and specific
behavioral phenotypes). In this context, few changes can
lead to larger effects in some taxon-specific phenotypes,
according to their evolutionary demands, maintaining at
the same time primordial functions. Pereira et al. (2006)
discussed this situation and named it as an “evolutionary
window” in an extremely conserved gene or genomic
region. In the same direction, other authors have shown
that mutations at a promoter region allow rapid adaptations
required by selective pressures (Gokcumen et al. 2011).
A general evolutionary scenario can thus be suggested.
At the beginning of the NWM evolutionary history
(~25million years ago), mutations generated the PREs in
the OXTR promoter sequence of the common ancestor of
this group. Presumably, PREs and changes in the coding
region of both OXT and OXTR, as well as in other genes in
the same or correlated neuroendocrine pathways (Ren et al.
2015; Vargas-Pinilla et al. 2015; French et al. 2016)
allowed the emergence of advantageous behaviors such as
paternal care in socially monogamous NWM species that
are also characterized by a small body size and twin births
(Callitrichinae). These same changes could have favored
the emergence of other male caregivers (siblings, other
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relatives, and even unrelated individuals) in some NWM
clades because their help would have been important for
infant survival (Barbosa and Da Silva Mota 2013).

It is important to point out that paternal care is a com-
plex trait that evolved under different evolutionary con-
texts, and that intraspecific variation in the trait also exists
(Fernandez-Duque et al. 2009; French et al. 2016). Thus, it
is expected that changes in different genomic regions,
genes, and pathways could influence the emergence (or
reversion) of this characteristic.

Finally, based on our results it is unlikely that a variable
number of PREs would be neutral from an evolutionary
point of view. Specific changes in the promoter region
possibly generated functional adaptations in the primate
behavior, maintaining at the same time the primordial
functions of placental mammals. Additional studies will be
needed to confirm the relationships between OXT-OXTR,
PG-PR, and taxon-specific complex social behavior, par-
ticularly paternal care, in the Callitrichinae clade.
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CAPITULO VI

Além dos resultados ja mencionados (Capitulos III, IV e V), a seguir serdo
mostrados alguns achados ainda n3o publicados e/ou que ndo entraram em sua

totalidade nos artigos acima referidos.

6.1 Bioinformatica

Em nossas andlises exploratérias, através de simulagoes de dinamica molecular,
além das formas de oxitocina encontradas nos pNM (Leu*OXT, ProSOXT,
Val*Pro®OXT, Ala®OXT, Thr®OXT, Phe’OXT; Figura 7), aqui chamadas de formas
naturais, foram incluidas também variantes sintéticas nunca encontradas na natureza
(Thr*OXT e Thr*Gly’OXT).

Alguns estudos mostram que Thr*OXT ¢ duas vezes mais eficiente na ativagdo
de OXTR, mas perde cerca de 10% a 25% da sua habilidade para ativar os receptores de
AVP quando se compara com Leu® OXT. Somada a Thr*, Gly’ resulta em uma atividade
reduzida a menos de um terco da atividade de OXTR, enquanto sua atividade com
receptores de AVP ¢é nula (Lowbridge et al. 1977; Yedvabny et al. 2015).

A andlise de componente principal para cada forma de OXT mostra trés
conformagdes de baixa energia em todas as formas naturais (LeuOXT, Pro®OXT,
Val*Pro®OXT, AlaOXT, Thr®OXT, Phe?0OXT; Figura 7). E interessante observar que
esse padrido ndo se confirma nas formas sintéticas, que apresentam as estruturas
Thr*OXT e Thr*Gly’OXT. Essas conformagdes diferentes presentes nas formas
sintéticas poderiam influenciar sua funcionalidade e a sua capacidade de ativar
receptores (Lowbridge et al. 1977), como ¢ observado em trabalhos ja publicados

(Glembo et al. 2012).
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Figura 7. Grafico de energia de superficie livre (FES; Free Energy Surface) para as formas de OXT e
AVP, considerando-se os valores de RMSD (Root Mean Square Deviation), no eixo X, e Raio de Giro
(RG), no eixo Y. A energia livre ¢ representada no gradiente que vai de cores quentes, para valores
elevados, a cores frias, para valores baixos.

6.2 Comparaciao das dinamicas

Para compararmos as formas naturais de OXT, analisamos diferentes pardmetros
estruturais ao longo da dinamica. Dentro da analise estatistica, consideramos os valores
dos ultimos 50 nanosegundos (ns) da dinamica, dada a estabilizagdo que se da na
maioria dos parametros analisados (Figura 8). Isso permitiu determinar diferencas
significativas entre as variadas formas ou grupos de formas, representados nos graficos
9 a 13, nos quais um gradiente de cores frias para quentes representa os valores mais
baixos e os mais elevados, respectivamente, agrupando-se na mesma cor as formas que

nao possuem diferengas significativas entre si.
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Figura 8. Valores de RMSD para as formas de OXT e AVP ao longo dos 100 ns da simulagéo.

Na Figura 9, na representagdo de RMSD (Root Mean-Square Deviation), os valores
mais baixos pertencem a Pro®OXT e Val*Pro®OXT, diferenciando-se significativamente
(»<0,001; azul escuro) das outras formas naturais (azul claro). Essas ultimas, por sua
vez, diferenciam-se das formas sintéticas Thr*OXT (laranja) e Thr*Gly’OXT (vermelho),

confirmando valores descritos em outros trabalhos (Yedvabny et al, 2015).
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Figura 9. Boxplot dos valores de RMSD dos ultimos 50 ns da simulagdo da dinamica molecular para
cada forma de oxitocina e vasopressina. O teste de Dunn identificou 4 grupos significativamente
diferentes: 1: Thr*Gly’OXT; 2: Thr*OXT; 3: AVP, Thr®*OXT, Ala®OXT, LeuOXT e Phe’OXT; e 4:
Val’Pro®OXT e ProOXT (p< 0,001).

Outro pardmetro considerado é o Raio de Giro (RG). A forma sintética Thr*OXT
apresenta os maiores valores (Figura 10), diferenciando-se significativamente das
formas naturais € de Thr*Gly’OXT. Justamente essa ultima forma permite inferir o
impacto da mudanga na sétima posicdo; Pro>Gly parece ser determinante para a
diminui¢do dos valores do RG, dado que Thr*Gly’OXT parece ser uma estrutura mais
compacta. Essa mudanca influenciando o RG poderia ser determinante na ativagdo do
receptor, considerando que, como se mencionou anteriormente, Thr*Gly’OXT apresenta

valores reduzidos na ativagao de OXTR ¢ AVPRs.
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Figura 10. Boxplot dos valores de Raio de Giro dos ultimos 50 ns da simulagdo da dindmica molecular
para cada forma de OXT e AVP. O teste de Dunn identificou 4 grupos significativamente diferentes: 1:
Thr*OXT; 2: Pro®OXT; 3: Phe’?0OXT; e 4: Val’Pro®OXT, LeutOXT, AVP, Thr*Gly’OXT, Ala’OXT e
Thr3OXT (p< 0,001).

No Capitulo I foi descrita a estrutura secundaria de OXT, que se caracteriza por
possuir um anel de 6 aminoacidos e uma cauda de 3 aminodcidos na parte
carboxiterminal. Comentaremos abaixo alguns dos resultados mais interessantes que
surgem quando s3o analisadas cada parte independentemente.

A andlise da cauda carboxiterminal de 3 aminoacidos (7-9) evidencia que
Val*Pro®OXT apresenta valores superiores de RG (p< 0,001; Figura 11) aos das demais
formas comparadas; a mesma andlise, considerando a estrutura ciclica (aminoécidos 1-

6), evidencia que a forma sintética Thr*OXT apresenta os maiores valores (Figura 12).
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Figura 11. Boxplot dos valores de Raio de Giro da cauda carboxiterminal (aminoacidos 7-9) dos ultimos
50 ns da simulagdo da dinamica molecular para cada forma de oxitocina e vasopressina. O teste de Dunn
identificou 6 grupos significativamente diferentes: 1: Val’Pro®OXT; 2: Thr*OXT; 3: Ala’OXT e
Thr*Gly’OXT; 4: Pro®OXT; 5: Leu®OXT, AVP e Phe?OXT; e 6: Thr® OXT (p< 0,001).
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RG HEAD (res 1-6)
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Figura 12. Boxplot dos valores de Raio de Giro da parte ciclica (aminoacidos 1-6) dos ultimos 50 ns da
simulagdo da dindmica molecular para cada forma de oxitocina e vasopressina. O teste de Dunn
identificou 4 grupos significativamente diferentes: 1: Thr*OXT; 2: Ala®OXT e Thr*Gly’OXT; 3:
Phe?OXT; e 4: LeudOXT, AVP, Pro’OXT, Val’Pro®OXT e Thr®OXT (p< 0,001).

Andlises similares evidenciam que a cauda tripeptidica é mais flexivel do que a
parte ciclica (Bhaskaran et al. 1992). Isso ¢ evidente para todas as estruturas analisadas,
mas especificamente Val’Pro®OXT apresenta valores de RG mais elevados,
ultrapassando as formas sintéticas. Vale a pena salientar que, a partir do fato, observado
em nossa analise, de que a forma ProOXT apresenta valores similares aos das outras
formas analisadas, é possivel inferir que a mudanga na terceira posi¢ao (Ile>Val na
parte ciclica) ¢ determinante nos valores elevados da cauda carboxiterminal. Esse
resultado ¢ coerente com os resultados que se apresentaram na analise seguinte, na qual
foram avaliadas as ligagdo de hidrogénio dentro das estruturas ao longo da dinamica.

As ligagdes de hidrogénio (LH) foram calculadas através do pacote HB em Gromacs.
Aqui, pdde-se observar que Val’Pro®OXT apresenta o menor nimero de ligagdes de
hidrogénio (23); Thr*OXT, por sua vez, apresenta o maior nimero (64; Tabela 5).
Todos os neuropeptideos apresentam trés LH; o primeiro, entre o carboxilo (CO) da
Tirosina (Tyr) 2 e o grupo amino (NH) da Asparagina (Asn) 5; o segundo, entre o grupo
NH da Tirosina 2 e o grupo CO da AsnS5; o terceiro, entre o grupo NH da Cisteina (Cys)
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6 ¢ 0 CO de Tyr2. Uma ligagdo também frequente ocorre em todas as formas menos em
Val*Pro®OXT e Pro®OXT: ¢ a que se da entre o grupo NH da Glicina (Gly) 9 € o grupo
CO da (Cys) 6. Curiosamente, como se comentou anteriormente, Val’Pro’OXT
apresenta os mais valores de RG na parte carboxiterminal, o que poderia corresponder a
um menor nimero de ligagcdes de hidrogénio intermolecular, permitindo uma maior

flexibilidade dentro da molécula.

Tabela 5. Parametros das principais variaveis consideradas na simulagdo das formas de OXT e AVP.

FATOR Lev*OXT [ProfOXT |[VaPPro®O|Thr*OXT |Ala®*OXT |Phe’OXT [Thr'OXT |Thr'Gh'Qf AVP

RMSD 0,2658 0,2265 0,2328 0,2847 0,2732 0,2568 0,3710 0,4539 0,2846

RG Total 0,5042 0,5436 0,5100 04740 04886 0,5212 0,5866 0,4905 0,4911

RG parte ciclica 0.3571 0.3604 ),3560 0.3557 0,4602 0.3869 0,5111 0.3556

RG cauda tripeptidica] 0,2650 0,2747 0,5100 0,2585 3342 0,2629 0,3552 0,2690
Ligacioes de H 35 35 23 37 34 39 64 53

Esses movimentos diferentes relativos a Val’Pro®OXT poderiam representar
mudangas na sua afinidade com o ligante e/ou efeitos na cascata de sinalizacdo,
incluindo a capacidade de recrutamento de [-arrestinas, como ja demostrado
experimentalmente no Capitulo IV.

E conhecido que a isoleucina (Ile) na terceira posi¢io da OXT e a arginina (Arg)
na oitava da AVP sdo determinantes para a ativagdo do OXTR e dos AVPRs,
respectivamente. Sabe-se que as interacdes dos neuropeptideos com seus respectivos
receptores sdo determinadas pela polaridade dessas posigdes (Slusarz et al. 2006a), de
modo que ¢ importante estudar as mudancas na polaridade nas OXTs presentes nos
pNM. Duas mudangas na polaridade sdo registradas nas formas naturais; por um lado,
nos pitecideos, a treonina (Thr; aminodcido polar) na oitava posi¢do substitui uma
leucina (Leu; aminoéacido ndo polar) originando a forma Thr®OXT. Por outro lado, a
forma presente no género Alouatta, Phe’?0OXT, descrita por Ren et al. 2015 (ver mais
detalhes no Capitulo VII), apresenta uma fenilalanina (Phe) na segunda posi¢do (nao
polar), substituindo uma tirosina (aminoacido polar; Figura 3).

A hidrofilicidade ao longo da dindmica foi também estudada nas diferentes
formas de oxitocina. O achado mais interessante é o fato de que ProfOXT e
ValP’Pro®OXT apresentam valores intermediarios entre AVP e Leu®OXT; as outras

formas apresentam valores menores de hidrofilicidade que LeuOXT (Figura 13).
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Figura 13. Boxplot dos valores de hidrofilicidade dos ltimos 50 ns da simulag@o da dindmica molecular
para cada forma de oxitocina e vasopressina. O teste de Dunn identificou 5 grupos significativamente
diferentes: 1: AVP; 2: Pro’OXT e Val’Pro®OXT; 3: Phe’0OXT; Leu®OXT; 4: Thr®OXT, Ala’OXT e
Thr*OXT; e 5: Thr*Gly’OXT (p< 0,001).

Deve-se considerar que a hidrofilicidade ¢ uma propriedade fundamental na
interacdo ligante-receptor, pois ela define os aminoacidos ai envolvidos, a ativacdo e a
internalizacdo do receptor, bem como a sinaliza¢do gerada. Ela determina também a
profundidade na qual o ligante consegue chegar em um ambiente hidrofébico como o da
membrana na qual se vé imerso o receptor.

Outro fato que chama a atencdo ¢ o de que a maioria de formas descritas
apresenta modificagcdes na terceira e oitava posi¢des, 0 que permitiria pensar, portanto,
que tais modificagdes impactam ndo sé as interagdes com o receptor nativo, como
também as interagdes com o receptor de vasopressina. Conforme estudo referido no
Capitulo IV, pelo menos as variantes Pro®OXT e Val’Pro®OXT impactam a
internalizacdo de AVPR1a.

O grafico de espinhos (Figura 14), onde cada espinho representa a intensidade e
distancia de cada carbono alfa dos nonapeptideos analisados, permite identificar
visualmente os padrdes dos movimentos de cada aminodcido. Assim, por exemplo,
pode-se visualizar como o terceiro aminoacido (terceiro espinho da esquerda para a

direita) na maioria de formas apresenta movimento direcionado ao interior da estrutura;
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ja na forma Val*Pro®OXT (na primeira linha, terceira coluna da Figura 14), justamente a
posicdo que apresenta a mudanga, Ile3Val, descreve um movimento pronunciado

direcionado ao exterior da estrutura.

Leu®OXT Pro®OXT Val?Pro®OXT
T L

ThréOXT Ala®OXT Phe?OXT

|

Thr*OXT  Thr'Gly’OXT AVP

Iy’

Figura 14. Grafico de espinhos de fromas naturais e sintéticas de OXT e AVP. Cada espinho representa a
intensidade e o sentido do movimento do carbono alfa de cada aminoacido: a Cysl, a direita e a Gly9, a
esquerda.

Finalmente, dentro das analises realizadas incluiu-se um PCA (Analise de
Componentes Principais, na sigla em inglés para Principal Component Analysis), que
considerou os diferentes parametros analisados na dinamica de todas as formas naturais
e sintéticas (Figura 15). No PCA, o que primeiro se evidencia ¢ uma separagdo entre as
formas sintéticas e as naturais; um primeiro cluster, formado por Thr*OXT e
Thr*Gly’OXT (formas sintéticas) estd separado pelo primeiro componente principal
(66%) das formas naturais; ja o segundo componente principal (18%) separa as formas
de oxitocina presentes nos cebideos, Pro’OXT, Val’Pro®OXT, das restantes (LeutOXT,
Ala®OXT, Thr®OXT, Phe?0OXT e AVP).
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Figura 15. PCA que considera os parametros apresentados na Tabela 5 para cada uma das formas
naturais e sintéticas de OXT e AVP estudadas.

Vale a pena salientar que as formas que apresentam a prolina na oitava posi¢ao
(ProfOXT e Val’Pro’0XT) possuem uma modificagdo significativa na estrutura do
ligante, pois, devido a limitada flexibilidade da sua cadeia lateral, a prolina impde
limita¢des na estrutura rotacional do peptideo. A sequéncia em tandem de duas prolinas
na sétima e oitava posi¢cdes produz uma hélice de poliprolinas, caracteristica que, por
restringir ainda mais a flexibilidade das proteinas, altera significativamente os perfis de
interagdo ligante-membrana celular (Geisler & Chmielewski 2009).

Como um todo, a simulagdo da dinamica molecular possibilitou identificar
padrdes estruturais e de comportamento molecular nas formas naturais de oxitocina;
dentro destas, possibilitou, ainda, determinar os elementos que diferenciam a Pro®OXT
e a Val’Pro’OXT. Propriedades como hidrofilicidade ou movimentos do terceiro
aminodcido permitem sugerir a hipotese de interacdes diferenciadas desses hormonios
com seus receptores cognatos. Essa informagdo estrutural, somada aos resultados dos
estudos apresentados nos Capitulos anteriores, define de maneira bastante robusta o

potencial funcional e evolutivo das variantes presentes nos clados de pNM.
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E importante considerar também as muta¢des achadas nos receptores, descritas
nos trabalhos prévios para OXTR (Capitulo III; Vargas-Pinilla et al. 2015). A maioria
das substituicdes nos receptores encontra-se nas regides aminoterminal, intracelular 3 e
carboxiterminal; esses mesmos resultados se aplicam para AVPR1a (Ren et al. 2014) e
AVPRI1b (Fam et al. 2018). A maioria das posi¢gdes importantes para as interagdes com
os ligantes sdo conservadas, com algumas excegdes, como Phel03Tyr em Saimiri
sciureus (Vargas-Pinilla et al. 2015; Ren et al. 2015). Sua posicdo homologa no

AVPRI1b sera discutida no Capitulo VII.

CAPITULO VII

7.1 Discussao

Tendo em vista que discussodes especificas ja foram mencionadas nos Capitulos II, IV e

V, aqui, somente aspectos mais gerais serdo comentados e discutidos.

7.1.1 Variantes de OXT-OXTR

Concomitantemente ao desenvolvimento de nossa pesquisa, Ren e
colaboradores (2015) publicaram um trabalho que confirmou os achados descritos em
nosso estudo (Vargas-Pinilla et al. 2015). Os referidos pesquisadores analisaram um
conjunto similar de espécies através de diferentes métodos, e descreveram também mais
uma variante de oxitocina, Phe’?’0OXT, em Alouatta caraya (familia Atelidae). Outro
dado interessante foi a descricdo dentro dessa familia do que parece ser uma
convergéncia com a forma Cebidae Pro®OXT, especificamente em Ateles geoffioyi e
Ateles belzebuth. Além disso, na familia Piteciidae, eles também descrevem a forma
Thr3OXT em Pithecia pithecia, que ja havia sido descrita para e Chiropotes albinasus
(Capitulo III; Vargas-Pinilla et al. 2015). J& em Chiropotes chiropotes, observaram a
forma Ala®OXT, forma por nds descrita em Chiropotes utahickae e Cacajao
melanocephalus (Capitulo III; Vargas-Pinilla et al. 2015). Mais recentemente, Campbell
e Cortés-Ortiz descrevem uma sétima forma, Val’OXT, presente em Alouatta seniculus

(Mustoe et al. 2018).
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Conclusoes similares foram obtidas nos dois trabalhos. A Figura 16 apresenta o
resumo grafico dos achados de ambos os estudos, que quebram de maneira marcante o
paradigma de que LeuBOXT estaria presente em todos os mamiferos placentarios.

Tragando-se um panorama amplo, pode-se dizer que Pithecidae emergiu ha
cerca de 23,5 mya (Perelman et al. 2011) e apresenta trés formas de oxitocina
(Leu®OXT, Thr3OXT e Ala®OXT), sendo que as Gltimas duas variantes apareceram ha
pelo menos 14 mya (French et al. 2016).

No ramo dos cebideos, a mutagdo que gerou a forma Pro®OXT provavelmente
aconteceu hd ~23 mya, ¢ uma mutagdo mais recente dos ultimos ~11 mya originou a
substitui¢do por uma valina na terceira posi¢do no género Saguinus, criando a forma
Val*ProOXT.

Dentro dos Atelideos, ao menos trés mutagdes independentes aconteceram:
duas no género Alouatta, ha pelo menos 16 mya, produzindo as formas Phe?’0OXT e
Val’OXT; a terceira, ha pelo menos 11 mya, gerando, por convergéncia, a forma
Pro®OXT no género Ateles (French et al. 2016).

E provavel que o ancestral do pNM expressasse LeutOXT, visto que essa
forma ¢ expressa em dois dos trés clados do ramo e em todos os catarrinos com
sequéncias disponiveis (French et al. 2016).

Um ponto de divergéncia nos trabalhos comentados deve-se a forma
apresentada no género Saguinus. Ren et al. (2015) descrevem em Saguinus midas a
forma Pro®OXT; porém, em nosso trabalho (Vargas-Pinilla et al. 2015), como se
mencionou anteriormente, ¢ descrita em S. bicolor, S. Martinsi e S. niger a forma
Val’Pro®OXT. Analises transcriptomicas, por sua vez, realizadas em S. midas ja
indicavam a presenca da Val’Pro®OXT nessa espécie (George et al. 2011), porém sem
qualquer destaque. Desse modo, mais estudos sdo necessarios para confirmar se houve
mutagdo reversa em S. midas, o que teria pelo menos parte dos individuos dessa espécie

perderem a valina na posi¢ao 3, tornando esse sitio, pelo menos nessa espécie, variavel.
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Figura 16. Reconstrugdo filogenética baseada nos dados de OXT nos primatas, considerando uma arvore
consenso de acordo com Perelman et al. (2011).

Ferramentas similares foram utilizadas nos dois artigos para analisar os
processos coevolutivos entre o ligante e o receptor. A filogenia de OXTR corresponde
em geral a filogenia molecular convencional dos primatas, com uma clara separagdo dos
primatas do Velho Mundo, Novo Mundo e prossimios. Ren et al.(2015) descrevem um
processo coevolutivo interessante, no qual a unica exce¢do a filogenia convencional,
considerando os dados de OXTR, foi o género Ateles; seu OXTR ¢ agrupado junto com
os cebideos, e ndo com seus congéneres dentro da familia Atelidae. Vale a pena
salientar que Ateles apresenta a mesma forma de OXT que os cebideos, isto ¢, ProSOXT.

Ren e colaboradores encontraram ainda clara associa¢do de ProOXT com
monogamia social, um trago reprodutivo comum em espécies de pNM com pequeno
tamanho corporal, partos gemelares comuns e que também apresentam cuidado paterno
(Vagas-Pinilla et al. 2015). De modo geral, os trabalhos de nosso grupo e de outros
autores reforcam a funcionalidade ¢ o valor adaptativo de pelo menos algumas das
variantes de OXT em pNM.

E surpreendente a auséncia de mutagdes ndo sindénimas no gene OXT dentro dos
mamiferos placentarios, concomitante com a grande variabilidade em pNM, colocando
em evidéncia que um gene muito conservado pode deixar de sé-lo, em ramos
especificos e derivados de uma dada filogenia, & medida que pressdes seletivas
particulares sdo impostas. Nesse trabalho a relevancia funcional e evolutiva dessas
variantes de OXT em pNM, no que diz respeito a tragos reprodutivos (parto gemelar,

monogamia social e cuidado paterno), foi claramente demonstrada.

Igualmente interessante, tendo em vista estudos futuros, é desvendar o impacto
dessas mesmas variantes em tracos fisioldgicos importantes que caracterizam os

mamiferos placentarios, como contracao uterina e eje¢ao do leite materno.

7.1.2 Nivel regulatorio

No Capitulo V, sugerimos que a progesterona ¢ o seu receptor, unidos, agem
como elementos-chave na maquinaria de transcri¢do, reconhecendo e se ligando aos
chamados Elementos de Resposta & Progesterona (PREs, na sigla em inglés) presentes

na regido 5" do gene OXTR. Sugerimos que pode haver um impacto na regulacao de
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OXTR tanto em fémeas quanto em machos que experimentam a paternidade. Desse
modo, a presenca desses elementos faria parte do repertério genético ligado ao
comportamento biparental caracteristico de clados de pNM. Mas, tdo importante quanto
a pergunta quando ¢é expresso, ¢ aquela que busca saber onde é expresso. Embora ndo
seja o foco desta Tese, teceremos, a seguir, comentarios a respeito de alguns pontos
importantes a serem considerados sobre a ag¢do do sistema OXT-AVP e que podem
enriquecer a presente discussao.

Produzidas no Nucleo Paraventricular (NPV) e no Nucleo Supraoptico (NS), a
OXT e a AVP devem se conectar com seus receptores nos 6rgaos e tecidos que deverdo
manifestar a acdo correspondente esperada. Desse modo, a distribui¢do do receptor
varia em varios niveis; por exemplo, sugeriu-se que nos roedores a distribuicdo de
OXTR ¢ mais frequente em areas relacionadas ao reconhecimento olfativo, como o
bulbo olfativo, a amigdala central, a estria terminal, o septo lateral e o hipocampo. Nos
primatas, por sua vez, o OXTR ¢é expresso em regioes envolvidas no processamento
visual, o coliculo superior, nucleo pulvinar e o cortex visual primario. Pode-se explicar
a diferenca na distribui¢do ao se observar a importancia do olfato, para os roedores, ¢ da
visdo, para os primatas, sentidos indispensaveis para a comunicagdo social e identidade
individual nesses animais (Freeman et al. 2016).
Os estudos de expressdo realizados em primatas se concentram basicamente em 4
espécies: Callithrix jacchus, Callicebus cupreus, Macaca mulatta ¢ Homo sapiens. Na
Tabela 6, sdo apresentadas, de forma resumida, algumas investigagao realizadas sobre a
distribuicdo dos receptores no cérebro dessas espécies. A partir dessa informagao, pode-
se dizer que Callithrix e Callicebus, embora apresentem estruturas sociais similares,
sendo monogamicos e apresentando cuidado biparental, mostram diferencas marcantes
nos padroes de expressio de OXTR e AVPRIla. Isso evidencia que diferentes
repertorios genéticos foram cooptados evolutivamente, resultando em fenotipos
comportamentais adaptativos similares, o que ¢ demonstrado também pelo fato de
Callithrix possuir a forma Pro*OXT e Callicebus a forma LeudOXT, sendo que ambos

os géneros apresentam um numero alto de PREs (em Callithrix: 5, e em Callicebus: 4).
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Tabela 6. Distribui¢do de receptores OXT ¢ AVPRI1a no cérebro de primatas.

| Neurohypo Sociall
Receptor |Género physeal [Social behaivor network Mesolimbic reward system cognitive processing Sensory processin
PVN [SON [POAJAH |[VMH[PAG [LS [BNST|MeA [Str |Nacc|[VP_|blA [HIP |VTA [CeA [CC [IC_ |PFC [NTS [SC |NBM[Vi_|OB
Callithrix ® - - XX - X x°
Callicebus © X - XX - X X X X
OXTR Macaca A7 X2 x® X2 - Xt xP
Homo B4 X X X X - X X - - X X X X X
Callithrix * X - x X XX [xx X X X - x XX
AVPR1a Callicebus © XX %X xx x X x X X X XX
Macaca M x X X X XX |x x X x - X
Homo ' X X X - X

Legenda: x detecgdo do receptor; xx detecgdo densa do receptor; - nenhuma detec¢do do receptor, células
brancas auséncia de informagdo. Abreviaturas: BNTS: Estria terminalis; CC: Cortex cingulate; CeA,
central amygdala; HP: Hipocampus; LS: Septum lateral; NBM, nucleus basalis of Meynert; OB: Bulbo
Olfatério; POA: Area predptica; PCC: Cingulate posterior; PVN Nicleo Paraventricular; PPT,
pedunculopontine tegmental nucleus; SON: Nucleo Supradptico; V1, primary visual cortex.

Referéncias A: Boccia et al (2001) . B: Boccia et al (2013). C: Caffé et al (1989) . D: Fliers et al (1986). E:
Fliers et al (1985). F: Freeman et al (2014a). G: Freeman et al (2014b). H: Ishunina & Swaab (1999) . I
Loup et al (1991). J: Loup et al (1989) . K: Schorscher-Petcu et al (2009). L: Wang et al (1997a). M:
Wang et al (1997b) . N: Young et al (1999).

7.1.3 Comportamento

Alguns dos principais trabalhos relacionando os neuropeptideos com
comportamentos sociais em primatas, tal como comportamento socio-sexual,
proximidade, limpeza da pele (grooming), partilha dos alimentos, entre outros,
encontram-se resumidos na Tabela 7. Note-se que na compilagdo ai apresentada,
Saguinus foi considerado um género que expressa Pro’OXT, o que ndo foi corroborado
por nosso estudo (ver discussdo no item “7.1.1 Variantes de OXT-OXTR” da presente
sessdo), de modo que os achados presentes na Tabela 7, no que diz respeito a este

género, devem ser considerados com cautela.
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Tabela 7. Trabalhos realizados em pNM correlacionando comportamentos sociais diante de diferentes niveis dos neuropeptideos e/ou presenca de antagonistas.

Comportamento o ; ; . i ; : AVFPR s e
i Espécie Pro*-OXT Lev~OXT OXTant OXT-peri AVP Efeitos especificos
social laAnt
t | OXT reduz a proximidade e incrementa o comportamento de
Callithrix agregagdo *
OXT reduz a proximidade com individuos estranhos do sexo
til 0 0 oposto e em fémeas, incrementa a proximidade com seu
Callithrix parceiros. Efeito especifico no tratamento com Pro8OXT.?
. . 0 Individuos tratados com OXT sio alvo de maior proximidade
Callithrix por parte dos seus parceiros ©
Proximidade social ' Dentro de casais se encontra uma correlacio da concentragio de
Caflithrix OXT 4
. Descreve-se uma concentragio dentro de pares que apresentam
Saguinus ! um maior comportamento de agregagio.©
| OXT incrementa a distincia social entre parceiros na divisio de
Cebus comida.”
. ANP aplicado em machos incrementa o contato social com suas
Callicebus parceiras.®
1 1 0 Os individuos tratados com OXT recebem maior grooming
Grooming Callithrix {limpeza de pele) dos seus parceiros. ©
t Correlagies positivas entre niveis de OXT sio descritas dentro
Sapuinus de casais que apresentaram comportamento de agregagio
OXT incrementa os intervalos de tempo entre as interagdes com
Co i l 0 0 individuos diferentes do parceiro. Nenhum efeito na interagio
S Callithrix COm 05 proprios parceiros.”
1 Concentragoes elevadas de OXT foram descritas dentro dos
Saeuinus Dares aue anresentaram comportamentos sexuais.”




79

Comportamento AVPR

social

Espécie Pro*-OXT Lev-OXT OXTant OXT-peri AVP o dont Efeitos especificos

; : O antagonista de OXT gerou uma redugio da proximidade entre
Social buffering e 0 0 ! L ] o
Callithrix casais durante a presenca de um apente estressante.
Cuiidade pareatal o I 0 ! 0 OXT?rms machf_:ns,diminuiu os intervalos de tempo em resposta
Callithriv a estimulos do infantes. AVP teve 0 mesmo efeito nas ffmeas.’
Callithrix I L] alimentos.j
0 l D_antagonista de DX_T gerou uma redugdo na partilha de
Caflithrix alimentos entre casais .
OXT gerou uma redugdo na partilha de alimentos com
! 0 0 individuos diferentes do parceiro. Efeito especifico de
Callithrix ProfOXT. *
et da slincitos 0 0 0 OXT nﬁﬂ ahe_ra 05 hﬁbims_ de partilha de alimentos com
Callithrix parceiros ou individuos diferentes deste. !
| OXT gerou uma redugdo na partilha de alimentos entre
Cebus v parceiros e entre estranhos.h
OXT diminui a partilha de machos aloparentais com infantes.
t t Pais tratados com AVP partilham menos alimentos dos que os
Caflithrix tratados com OXT.m

OXTant: antagonista de OXT. OXT-peri: Concentragdes periféricas de OXT. AVPR1aAnt: Antagonista de AVPR1a. a: Smith (Smith et al. 2010) et al (2010); b: Cavanaugh
(Cavanaugh et al. 2014) et al (2014). c: Cavanaugh et al (Mustoe et al. 2015) (2015). d: Finkenwirth (Finkenwirth et al. 2015) et al (2015). e: Snowdon (Snowdon et al. 2010)
et al (2010). f: Brosnan (Leverett et al. 2015) et al (2015). g: Jarcho et al (Jarcho et al. 2011) (2011). h: Cavanaugh et al (Cavanaugh et al. 2016) (2016) i: Taylor & French
(Taylor & French 2015) (2015). j: Saito & Nakamura (Saito & Nakamura 2011) (2011). k: Mustoe et al (Mustoe et al. 2015) (2015). 1: Mustoe et al (Mustoe et al. 2016)
(2016). m: Taylor, et al (Taylor et al. 2017) (2017). Tomado e modificado de French et al. (2016). Seta para cima (1) indica aumento do comportamento social; seta para baixo
(1), diminui¢do do comportamento social; o nimero 0 (zero) indica nenhuma alteragdo significante no comportamento social. Por exemplo, na primeira linha, em Callithrix, a

administragdo de Leu®OXT aumentou o comportamento de agregagdo, enquanto que tal comportamento € reduzido na presenga de um antagonista de OXT.
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A maioria dos estudos tem focado em Callithrix e Saguinus, ¢ menos frequentes
tém sido os estudos sobre Saimiri, Cebus e Callicebus. Um resultado geral dos estudos
apresentados na Tabela 7 é que os neuropeptideos modulam o comportamento social em
pNM através da manutencdo ou do aumento das relagdes sociais dentro das espécies.
Por exemplo, o tratamento com o neuropeptideo (OXT, no caso de Callithrix, e AVP,
no caso de Callicebus) aumenta o contato e a interagdo social e a ligacdo com o parceiro,
mas diminui o contato com individuos do sexo oposto diferentes do parceiro.

Embora tenha sido descrita a associag¢ao entre as formas de OXT e a presenca de
monogamia social, cuidado paterno e tamanho de ninhada (Vargas-Pinilla et al. 2015;
Ren et al. 2015), deve-se considerar que esta ndo ¢ uma associagdo completa. Por
exemplo, Callicebus € um género com espécies consideradas socialmente monogamas,
com cuidado paterno, que expressam Leu*OXT, enquanto Saimiri é um género com
espécies poligamas e sem cuidado paterno, que expressam Pro*OXT. Mais uma vez,
nota-se que diferentes repertorios genéticos foram cooptados evolutivamente para a
emergéncia de fendtipos comportamentais adaptativos que variam de acordo com as
pressoes ecologicas e ambientais impostas.

Além disso, o comportamento cuidador nos machos também ¢ afetado pela
LeutOXT, dado que aumenta o comportamento de provedor de alimentos nos machos
do Callithrix (Saito & Nakamura 2011) e incrementa as respostas destes aos estimulos
dos infantes (Taylor & French 2015). Em humanos, a Leu® OXT aumenta o contato
paterno e o contato visual pai-filho (Weisman et al. 2012).

As fémeas sdo as principais provedoras no desenvolvimento através da lactagdo,
mas, nos calitriquineos (familia Cebidae, subfamilia Callitrichinae), maes, pais e
aloparentes participam no aprovisionamento de comida durante e depois do desmame.
Justamente nesse periodo, foi descrita uma relagdo positiva entre o aumento da OXT na
urina e o aprovisionamento de recursos (Finkenwirth et al. 2016).

Existe também evidéncia de que a experiéncia parental influencia a sinalizagao
dos neuropeptideos. Ao se comparar a expressao de AVPR1a entre pais e ndo pais, os
primeiros apresentam uma maior densidade do receptor no cortex pré-frontal
(Kozorovitskiy et al. 2006); da mesma maneira, essa densidade é negativamente
associada a idade da prole. Evidéncia similar existe dos niveis de OXT em Callithrix,

mais elevados em pais do que em machos nao experientes (Woller et al. 2012).
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Conforme trabalho referido no Capitulo IV (Parreiras-e-Silva et al. 2017), as
formas Cebidae Pro®OXT e Saguinus Val’Pro’OXT induzem comportamento afiliativo
em rato machos, indicando a capacidade dessas variantes de alterar comportamentos em
espécies diferentes daquelas em que sdo encontradas de maneira enddgena.

Além disso, utilizamos nos experimentos farmacologicos (Parreiras-e-Silva et al.
2017) receptores OXT e AVPR1a humanos, o que levanta a pergunta: O efeito das
variantes Cebidae Pro®OXT e Saguinus Val’Pro’OXT seria ainda mais diferenciado
diante dos receptores taxon-especificos presentes nesses clados de primatas? A resposta
a essa pergunta ja esta sendo por nds investigada (dados ndo publicados), bem como por
outros autores. Por exemplo, Mustoe ¢ colaboradores (2018) reportam que estdo
trabalhando na defini¢do do perfil farmacologico, considerando a variante Pro®OXT e o
receptor OXTR de Callithrix jacchus.

Cabe ainda salientar o destaque dado por Mustoe e colaboradores (2018) aos
nossos estudos (Capitulo IV; Parreiras-e-Silva et al. 2017), que mostraram, pela
primeira vez, como as variantes Cebidae Pro’OXT e Saguinus Val*Pro®OXT produzem

efeitos diferenciais na dessensibilizacdo e internalizacdo do OXTR e AVPRI1a.

7.2.1 Sistema AVP e algumas particularidades em pNM

Diante das descobertas da diversidade de formas de OXT em pNM, ¢
surpreendente a conservacdo de AVP (Ren et al. 2014; Vargas-Pinilla et al. 2015).
Quanto aos receptores de AVP, AVPR1a foi um dos primeiros a serem estudados,
enquanto AVPRIb somente recebeu atencdo mais recentemente, com os estudos de
nosso grupo de pesquisa (Fam et al. 2018; dados ndo publicados). Vamos a seguir
descrever alguns desses achados, considerando, como visto no Capitulo I da presente
Tese (item “1.4 Algumas caracteristicas da interagdo ligante-receptor”), alguns sitios

com possivel importancia na interagdo com o neuropeptideo (OXT ou AVP).

7.2.2 AVPRI1a e alguns achados em pNM

A andlise da variacao molecular do AVPR1a nos primatas com énfase nos pNM
foi realizada por Ren et al. (2014), mostrando a regido aminoterminal e a terceira alga
intracelular como as regides mais variaveis. Entre as posigdes 382 e 384

(carboxiterminal), encontra-se um motivo na proteina que ¢ alvo de fosforilagdo, sendo
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importante observar que todos os pNM apresentam a mutagdo Arg384Lys. E, no caso
dos calitriquineos, estes apresentam uma mutagdo na posi¢do Lys409Arg, uma regido
importante na interagdo do receptor com as quinases (Ren et al. 2014).

Com base em dados publicados por Ren e colaboradores, realizamos analise que
nos levou a achados instigantes. Um deles ¢ a mutagcdo reportada como conservativa,
mas nem por isso, pouco importante. Trata-se da posicdo 213 de AVPRIa, que nos
pNM apresenta uma troca de um serina por uma prolina (Ser213Pro; Tabela 8).
Curiosamente, essa posi¢do ¢ um ponto importante para o reconhecimento do ligante
por parte do receptor. Rodrigo et al. ( 2007) realizaram testes funcionais com a mesma
mutagdo descrita nos pNM, Ser213Pro, ¢ descreveram que n3o havia um aumento
significativo da afinidade por AVP, mas, sim, um aumento significativo da quantidade
de inositol trifosfato liberado apoés a ligagdo com seu ligante, o que significa que a
presencga da prolina nessa posi¢do influencia diretamente a cascata de sinalizagdo, apds

ativacao por AVP. Lamentavelmente, OXT nao foi testado nesse trabalho.

Um dado interessante ¢ que a prolina estd presente na posi¢do homoéloga de OXTR
(Pro197) e no AVPRI1b (Pro196; Tabela 8), mas, nos calitriquineos, a prolina da lugar a

uma serina.

7.2.3 AVPR1b e alguns achados em pNM

Citaremos os elementos mais importantes da analise evolutiva do gene AVPR1b
dentro dos pNM (Fam et al. 2018) que permitem ampliar nosso conhecimento sobre o
cendrio evolutivo do sistema OXT-AVP nesse clado de primatas.

Na posicao 98 do AVPRIDb, todos os Cebidac ¢ Atelidae portam uma
fenilalanina, enquanto uma tirosina ¢ encontrada na familia Pitheciidae (Tabela 8),
assim como no resto dos mamiferos. Na posi¢do homodloga no OXTR (posi¢cao 103),
assim como a maioria dos mamiferos, os Cebidae também carregam uma fenilalanina,
com excecdo de Saimiri e Aotus, ambos portadores de tirosina (Babb et al. 2015;
Vargas-Pinilla et al. 2015). Na posicdo homoéloga no AVPRIla (posi¢do 115), uma
tirosina ¢ encontrada na maioria dos mamiferos (Vargas-Pinilla et al. 2015; French et al.
2016). Esta regido nos trés receptores ¢ conhecida por interagir com a posi¢ao 8 do

nonapeptideo, que apresenta uma prolina (Pro®OXT) na familia Cebidae (Tabela 8).
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Extrapolando os dados reportados por Chini et al. (1995), a substituicdo presente nas
familias Cebidae e Pithecidae, Tyr98Phe, poderia representar uma aumento na afinidade
do AVPR1b por OXT .

Duas particularidades proximas a terceira alca intracelular no AVPRIb sdo
instigantes: a presenca de uma delecdo entre os aminodcidos 245-248 ¢ o motivo de
ligagdo SH3 que se da pela presenga de determinados aminoacidos (Arg-Arg-Ser-Pro-

Ser-Ala-Pro) entre as posigdes 249-255 (Figura 17).
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Prosimii
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<
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Figura 17. Weblogo ilustrando o multiplo alinhamento da regido extracelular (EC1; 94-108) e da regido
intracelular 3 (IC3; 244-256) de AVPR1b.Em ECl, a caixa vermelha salienta mutagdo Tyr98Phe presente
nas familias Cebidae e Atelidac. Em IC3, o espago em branco representa a delegdo presente nos pNM
(245-248), e a caixa roxa ilustra o motivo SH3 presente nos pNM.

O motivo SH3 possui um papel fundamental em diversos processos biologicos; nesse
caso, a sua localizag@o na terceira al¢a intracelular permite inferir o tipo de participagao
que possui no processo de sinalizagdo intracelular (Mayer et al. 2001). Em trabalhos
prévios, demonstrou-se que a elimina¢do do motivo SH3 afeta a internalizagdo dos
GPCRs (Oldenhof et al. 1998). O motivo SH3 também foi descrito como um adaptador
para a ligacdo da P-arrestina e de outras proteinas que sdo recrutadas para a
internalizacdo do receptor (Cao et al. 2000). Isso nos leva a pensar que a presenca do
SH3 poderia induzir uma internaliza¢ao mais rapida do AVPRI1b, o que levaria a uma
hipoativacao do eixo HPA (Caldwell et al. 2008), derivando em menores niveis de
estresse e agressividade. Porém, a significancia funcional desses achados ainda precisa

ser investigada.
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7.3 Questionamentos adicionais

Nos itens ¢ sessdes anteriores, foram descritas e comentadas as mudangas
encontradas tanto no ligante OXT, quanto nos receptores de pNM. Para algumas delas,
ja temos alguma informacdo referente a cascata de sinalizagdo, a dessensibilizagdo
recrutamento de cdlcio e B-arrestinas, bem como referente a afinidade ligante-receptor.
Na Figura 18, ¢ descrito um conjunto de mutagdes, as quais permitem criar uma

possivel hipotese que sustente a emergéncia das formas de OXT presente nos pNM.
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Tabela 8. Muta¢des achadas nos primatas nas posigdes ou regides estruturalmente importantes de OXTR, AVPR1a e AVPR1b, com evidéncia funcional de mudanca na
afinidade ou com efeito na cascata de sinalizagdo. A cores iguais identificam posi¢oes homologas nos genes paralogos. 1: representa a presenga da variante (aminoacido a
direita do niimero), 0: representa a auséncia da variante e presenga de aminoacido supostamente ancestral. O aminoacido ancestral foi definido como aquele mais conservado
nas demais espécies de mamiferos, cujos dados estdo disponiveis. ?: falta informagao, - : ndo apresenta regido homologa. Dados de AVPRI1b, originalmente apresentados em
Fam et al. (2018).

Receptor
Mutagao/el
emento Arg33GIn |
OXT

AVPR1a AVPR1b

Familia Espécie

r| Ala218Thr |Leu345Met|Ser368Leu| Tyr Lys409Arg| Leud3Val |

]
&

Homo sapiens

Pan paniscus
Hominidae |Fan troglodytes
Gorilla gorilla

Pongo abelii
Hylobatidae |Nomas leucogenys
Chlorocebus sabasus
Macaca fasciculans
Macaca mulafta
Macaca nemestrina
Cercocebus alys
Rhinopithecus roxellana
Callimico goeldii
Callithrix geoffroyi
Callithrix jacchus
Callithrix pygmaea
Leontopithecus rosalia
Cebidae Saguinus midas
Saguinus bicolor
Saimin boliviensis
Saimiri sciureus
Aotus nancymaae
Sapajus apella
Alouatta caraya
Ateles_geoffroyi
Callicebus cupreus
Pithecia pithecia
Chiropotes chiropotes
Cacajao calvus
Otolemur gamettii
Prosimi Microcebus murinus

Tupai "
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As mudangas nas vias de sinalizacdo, internalizagdo e dessensibilizacao

(Parreiras-e-Silva et al. 2017), bem como outros achados de nossas pesquisas
(coevolucdo entre as variantes taxon-especificas de OXT e de OXTR em pNM; Vargas-
Pinilla et al. 2015), nos permitem especular sobre alguns possiveis cendrios funcionais,
parcialmente j4 comentados na discussdo presente nos artigos, mas que merecem
destaque também aqui.
Na Tabela 8, podem-se observar as posi¢des homologas representadas por cores, como é
o caso da 103 para OXTR, que tem uma fenilalanina (Phe) como aminoéacido consenso
dentro dos mamiferos. As posi¢des homodlogas em AVPR1a e AVPRID, por sua vez,
sdo 115 e 98, respectivamente, sendo o aminodcido consenso uma tirosina (Tyr) nos
dois receptores. Algumas espécies apresentam a mutagdo OXTR Phel03Tyr, como € o
caso de Saimiri, Aotus, similar a Tupaia (género da ordem Scandentia). Na posi¢ao 98
do AVPR1b, encontra-se Tyr98Phe nos Cebideos e nos Atelideos. Dentro dos pNM, por
outro lado, unicamente os Pitecideos possuem uma tirosina, como os demais mamiferos.
Conforme ja comentado, a extrapolacdo dos dados apresentados por Chini et al. (1995)
leva-nos a pensar que a mutagdo Tyr98Phe em AVPRIb poderia influenciar sua
afinidade por OXT.

Um processo similar ¢ encontrado no AVPR1a. Nesse caso, o aminoécido a ser
observado encontra-se na posi¢do 213, conforme mencionado anteriormente (Ser213Pro;
Tabela 8) encontra-se presente nos pNM (familias Cebidae, Atelidae e Pithecidae),
exceto no Ateles geoffroyi (Atelidae). Sendo uma posicdo importante para o
reconhecimento do ligante por parte do receptor, a substituicdo Ser213Pro foi descrita
com um aumento significativo da quantidade de inositol trifosfato liberado apds a
ligagdo com seu ligante (Rodrigo et al. 2007), o que sugere que a presenca da prolina
nessa posicdo influencia diretamente a cascata de sinalizagdo quando da ativagdo por
AVP. Como se observa na Figura 18 e na Tabela 8, as posi¢des homodlogas da 213 no
AVPRI1a sdo as posicdes 197 e 196 em OXTR e AVPRID, respectivamente, que
apresentam nas mesmas espécies uma prolina, exceto pela presenca de uma serina em
OXTR dos calitriquineos. Isso sugere que a mutagdo presente no AVPRI1a dos pNM,
Ser213Pro, poderia modificar a cascata de sinalizagdo quando ativada por AVP e/ou
OXT.

No sistema OXT-AVP dentro dos pNM, parece haver uma tendéncia a presenca

de certos aminoacidos que, de uma forma “compensatoria e/ou complementar”,
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aparecem em certas posi¢cdes homologas nos receptores: presenca de uma fenilalanina
(Phe) ou tirosina (Tyr) nas posi¢cdes 103 de OXTR, 115 de AVPR1a e 98 de AVPRI1b;
e prolina (Pro) ou serina (Ser) nas posi¢des 197 de OXTR, 213 de AVPRla e 196 de
AVPRIb.

Dentro dos Cebideos, por exemplo, ¢ descrito um sistema cruzado de ligagdo
com OXT e AVP, em que o OXTR apresenta, em posi¢oes-chave, aminoacidos dos
receptores de AVP (AVPRla e AVPRID), e os receptores de AVP, por sua vez,
apresentam também em posi¢des-chave aminoacidos que regularmente se encontram no
OXTR dos demais mamiferos. Isso indica um complexo cendrio, favorecendo, além das
conexdes dos neuropeptideos ligantes (OXT e AVP) com seus respectivos receptores, as
interagdes cruzadas (OXT ligando-se com os receptores de AVP, e AVP ligando-se com
OXTR), com provavel relevancia funcional e evolutiva. A Figura 18 mostra um resumo
dos pontos mais importantes ¢ sua potencial relevancia na afinidade entre ligante e o

receptor.
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Figura 18. Representagdo esquematica das principais mudangas que se apresentam no sistema OXT-
AVP.A. Aminoacidos que estdo conservados na maioria dos mamiferos estudados até hoje. B. Mudancgas
nos primatas do Novo Mundo ou ramos especificos dentro desse grupo. * Mudanga que pode afetar a
afinidade com OXT e/ou AVP. ** Mudanga que poderia aumentar ou influenciar a velocidade de
reintegragdo do receptor a membrana apo6s sua internalizagdo. *** Mudanga que pode influenciar uma
rapida internalizagdo do receptor. As elipses e retdngulos representam posi¢des homologas nos receptores.

A hipotese que surge ¢ de que o conjunto de mutagdes no sistema em posigoes
fundamentais poderia gerar mudancas nas afinidades (ou processos de sinalizagdo). Isso

significaria um relaxamento na pressao seletiva em OXT, mantendo, a0 mesmo tempo,
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uma pressao seletiva no AVP, considerando que este ultimo possui um outro receptor, o
AVPR2, expresso fora do sistema nervosos central (no rim), com fung¢des fisiologicas

determinantes como a homeostase.

CAPITULO VIII

8.1 Consideracoes Finais

O cenario molecular, comportamental e evolutivo relacionado ao sistema OXT-
AVP nos primatas, em particular nos pNM, ¢ complexo e instigante, de modo que ¢
desafiador estuda-lo. Nao obstante, na presente Tese conseguimos demonstrar a
validade do esfor¢o em implementar e executar abordagens interdisciplinares.

Finalmente, queremos deixar claro que nossa inten¢do ndo ¢ estabelecer um
conceito determinista e pretencioso, indicando que o sistema OXT-AVP pode explicar
em sua totalidade a natureza complexa da emergéncia dos fendtipos adaptativos em
pNM. Pretendemos somente contribuir com alguns tijolos na constru¢do do
conhecimento na area, estimulando outros estudos, com outros sistemas genéticos,
proteicos, enddcrinos € comportamentais, €, a0 mesmo tempo, abrir caminhos para
novos entendimentos e aprofundamento sobre o que aqui foi descrito, na certeza de que

ha um vasto e promissor campo de investigacao.
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