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RESUMO

Introducdo: Evidéncias sugerem que alteracbes no ambiente intrauterino afetam o
persistentemente o desenvolvimento de diferentes 6rgdos e sistemas de modo a programar o
risco para doencas cronicas ao longo da vida. A restricdo de crescimento intrauterino (RCIU) é
associada com o aumento da preferéncia pelos alimentos palataveis e risco para doengas
metabolicas na vida adulta. Niveis alterados de insulina no ambiente fetal encontrados em
individuos que sofreram RCIU podem modificar a formacao das vias associadas ao prazer e
recompensa (sistemas opioide e dopaminérgico), modificando o comportamento alimentar. O
objetivo deste estudo foi avaliar possiveis alteracdes na resposta frente ao alimento palatavel
em animais submetidos & RCIU. Metodologia: No dia 10 de gestacdo ratas Sprague-Dawley
receberam dieta a vontade (AdLib), ou dieta restricdo de 50% (FR). No nascimento, houve
adocdo cruzada dos filhotes, gerando os grupos (gestacao/lactacdo): AdLib/AdLib (Controles)
e FR/AdLib (Restricdo de Crescimento Fetal - FR). No estudo 1, foi avaliada a resposta
hedbnica dos animais em 2 momentos (nas primeiras 24h de vida e aos 90 dias de vida). Em
ambas as idades os ratos receberam solucdo de sacarose ou agua destilada e as respostas
hedodnicas faciais exibidas em 60 segundos foram analisadas. No estudo 2, na idade adulta (ratos
machos ao redor dos 80 dias de vida) foi avaliado o consumo de dieta hiperpalatavel e o nivel
de organizacgdo do comportamento alimentar usando o BioDAQ®, assim como a liberagéo de
dopamina frente a racdo padrdo ou alimento palatavel foi mensurada pela cronoamperometria
no ndcleo accumbens (NAcc), com ou sem o0 uso prévio de insulina sistémica (5UI/Kkg).
Resultados: Estudo 1; nos filhotes a resposta heddnica foi maior nos animais FR expostos a
sacarose em comparagdo a agua, sem diferencas nos filhotes do grupo controle. Houve
diminuicao na fosforilagdo do receptor mu opioide nos filhotes FR comparados aos controles.
Na vida adulta, a resposta heddnica e a fosforilagdo mu opioide ndo foram diferentes entre 0s
grupos, sugerindo que as alteracdes da resposta hedonica e a fosforilacdo mu opioide
observadas no primeiro dia de vida ndo persistem. No estudo 2, existiu uma interacdo entre
grupo e periodo do dia em relacdo ao consumo de racéo hiperpalatavel, os animais FR comeram
mais ragdo hiperpalatdvel do que os controles no periodo ativo (ciclo escuro), e o padréo
alimentar apresentou uma maior entropia (consumo imprevisivel e fragmentado) no grupo FR
neste ciclo. Existiu um atraso na liberacdo de dopamina no grupo FR em resposta ao Froot
Loops® (tempo para a dopamina alcangar o pico maximo), mas ndo em resposta a racéo padrao.
O tratamento com insulina reverteu a diferenga observada entre 0s grupos na resposta ao Froot
Loops®. Western Blotting mostrou que SOCS3 diminui na area tegmentar ventral (VTA) dos
FR; pTH/TH aumentou no NAcc de FR, como previamente demonstrado, mas similarmente
aos achados da cronoamperometria, estas diferencas foram revertidas pela insulina. Concluséo:
Ha alteracdo da resposta heddnica no primeiro dia de vida em animais RCIU, juntamente de
modifica¢Bes na fosforilacdo de receptores opioides, e estas diferencas ndo persistem na vida
adulta. ARCIU altera a sensibilidade a insulina no VTA e consequentemente leva a modulacéo
diferencial do sistema dopaminérgico, o que se reflete no padrdo e preferéncia alimentar em
machos adultos. A RCIU induz a altera¢6es nos niveis de insulina possivelmente modificando
a funcionalidade das vias hedénicas opioide e dopaminérgica. A RCIU programa alteracdes
neurocomportamentais, afetando o comportamento alimentar, persistentes ao longo da vida que
podem colaborar com o desenvolvimento da sindrome metabdlica a longo prazo.

Palavras chave: restricdo de crescimento intrauterino, dopamina, opioide, recompensa,
comportamento alimentar.



ABSTRACT

Introduction: Evidence suggests that alteration in the intrauterine environment persistently
affects the development of different organs and systems and programs the risk for chronic
diseases throughout the life. Intrauterine growth restriction (IUGR) is associated with increased
preference for palatable foods and risk to metabolic disease in adulthood. Altered insulin levels
in fetal environment in individuals who suffer IUGR can modify the development of the
pathways associated with pleasure and reward (opioid and dopaminergic system), modifying
eating behavior. The aim of this study was to evaluate possible changes in the brain response
to palatable food in animals submitted to IJUGR. Methods: At gestation day 10, Sprague-
Dawley dams are assigned to receive ad libitum diet (AdLib) or 50% restricted diet (FR). At
birth, pups were cross-fostered generating two groups (pregnancy/lactation): AdLib/AdLib
(Controls) and FR/AdIib (Intrauterine growth restriction - FR). In the Study 1 the hedonic
response of the animals was evaluated in 2 moments (24 hours after birth and at 90 days of
life). In both ages, rats received sucrose solution or water and the hedonic facial responses
exhibited within 60 sec were analyzed. The Study 2, in adulthood (male rats around 80 days of
life) the palatable food consumption was evaluated and feeding behavior entropy was assessed
using the BioDAQ®. The dopamine release facing standard chow and palatable food was
measured by chronoamperometry recordings in nucleus accumbens (NAcc), with or without
previous systemic insulin treatment (5UI/kg). Results: In the Study 1, pups’ hedonic responses
were higher in FR pups exposed to sucrose as compared to water, without differences in Control
pups. There was decreased phosphorylation of the mu opioid receptor in FR pups compared to
Controls. In adult life, hedonic responses and mu opioid phosphorylation were not different
between groups, suggesting that the alterations in hedonic response and in mu opioid
phosphorylation observed in early life do not persist. In the Study 2, there was an interaction
between group and time of the day on the palatable food consumption, FR rats eat more
palatable foods than the Control group in the active period (dark cycle), and the eating pattern
has a higher entropy (unpredictable and fragmented consumption) in the FR group in this cycle.
There was a delayed dopamine release in the FR group in response to Froot Loops® (time to
reach the peak dopamine release), but not in response to standard chow. Insulin treatment
reverted the difference observed between groups in the dopamine (DA) response to Froot
Loops®. Western blot showed that SOCS3 was decreased in the ventral tegmental area (VTA)
of FR; pTH/TH was increased in the NAcc of FR, as we have previously shown, but similarly
to the chronoamperometry findings, these differences was reverted by insulin. Conclusion:
There is an alteration in the hedonic response to sucrose in the first day of life in IJUGR animals,
together with modifications in opioid receptor phosphorylation, and these differences do not
persist in adult life. JUGR alters insulin sensitivity in VTA and consequently leads to a
differential dopaminergic modulation by insulin, which is reflected in the pattern and food
preference in adult males. IUGR induces alterations in insulin levels possibly modifying the
functionality of the opioid and dopaminergic hedonic pathways. IUGR programs
neurobehavioral changes, affecting eating behavior, persistently throughout life that may
contribute to the development of metabolic syndrome in the long term.

Keywords: intrauterine growth restriction, dopamine, opioid, reward, eating behavior.
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1 INTRODUCAO

1.1 Origens Desenvolvimentistas da Saude e da Doenga - DOHaD

Embora varias evidéncias da literatura j& apontassem para uma associa¢do entre a
qualidade do ambiente intrauterino e a saude a longo prazo, a idéia central que gerou a linha
“Origem Desenvolvimentista da Saude e da Doenga (DOHaD, do inglés Development Origins
of Health and Disease)” foi organizada e proposta por David Barker na metade da década de
1980. Também chamada de Origem fetal das doengas do adulto, ou Hipotese de Barker (Barker
et al., 2002), afirma gque os fatores ambientais, principalmente relacionados a nutri¢do, agem
no inicio da vida de modo a programar o risco para doencas cronicas ao longo da vida.

Diferentes tipos de malnutricdo durante a gestacdo sinalizam ao bebé que o ambiente
em que ele viverd serd adverso ou escasso em nutrientes. O organismo do bebé responde a esse
ambiente hostil se adaptando, por exemplo, reduzindo o peso corporal e alterando o
metabolismo de modo a estocar 0 maximo de energia possivel e garantir a sobrevivéncia
(Barker, 2006; Bateson, Martin, 1999). Como o periodo perinatal humano apresenta uma alta
plasticidade, adaptando-se ao ambiente (West-Eberhard, 1989), essa resposta adaptativa
“programa” o individuo e persiste a longo prazo, de forma que o organismo continuara
estocando/poupando energia ao longo da vida, mesmo quando ndo ha mais escassez. Essa é a
explicacdo da Teoria do Fendtipo Poupador, uma das bases da Hipdtese de Barker. Esta hipotese
tem sido apoiada por uma série de estudos epidemioldgicos, clinicos e experimentais que
demonstram a associacdo entre a perturbacdo do ambiente nutricional precoce e maior risco
para doencas cardiovasculares em adultos (Barker et al., 2002). Além disso, ha maior riscos
para aumento na adiposidade central, perfil lipidico aterogénico (Laurén et al., 2003; Davies et
al., 2004), reducdo da massa 6ssea e contetido mineraldsseo (Szathmari et al., 2000; Dennison
et al., 2005; Laitinen et al., 2005; Hovi et al., 2009), resposta diferenciada ao estresse (Jones et
al., 2007; Kajantie, Raikkonen, 2010) e padrdes alterados de secrecdo hormonal (Painter et al.,
2007; Jones et al., 2006).

Estudos de Hales e Barker demonstram a relagdo entre a exposicao a escassez caldrica
intrauterina e o desenvolvimento de sindrome metabdlica na vida adulta (figuras 1 e 2) (Hales
et. al., 1991; revisado por Hales, Barker, 1992; revisado por Hales, Barker, 2001). A pobre
nutricdo fetal leva ao desenvolvimento deficitario das células B pancreéticas (incluindo
possivelmente a vasculatura e inervacdo das ilhotas de Langerhans). Outros trabalhos

corroboram com esse achado demonstrando que roedores que receberam dieta pobre em



16

proteina durante a gestagdo exibem reduzida vascularizacdo no pancreas, consequentemente
interferindo na homeostase da glicose ao longo da vida (Dahri et. al., 1995; Snoeck et. al.,
1990). Esta alteracdo nas células B pancreéticas leva a um controle da glicemia deficiente
(revisado por Hales, Barker, 1992), diminuindo a tolerancia a glicose e aumentando as chances
do desenvolvimento de diabetes tipo 2 na vida adulta (revisado por Green et. al., 2010; Barker
et. al., 1993; Eriksson et al., 2002; revisado por Whincup et al., 2008). A insulina parece ser
uma peca chave na regulacdo do crescimento fetal (revisado por Hales, Barker, 1992; revisado
por Fowden 1992; Philipps et. al., 1991). Logo, o déficit de insulina circulante causado pela
pobre nutricdo fetal afeta o desenvolvimento de varios 6rgaos, entre eles os rins, modificando
a elasticidade dos vasos e alterando funcéo renal bem como diminuindo o nimero de néfrons
(Bauer et. al., 2002; Hinchliffe et. al., 1992; Schreuder et. al, 2006), o que pode colaborar ao
desenvolvimento de hipertensdo na idade adulta (Barker et al., 1989; Barker et. al., 1993). O
organismo tenta se adaptar ao ambiente nutricional hostil, preservando o crescimento de 6rgéos
chave/vitais como o encéfalo, no entanto muda permanentemente seu funcionamento e estrutura
(revisado por Hales, Barker, 2001). O funcionamento do sistema nervoso entdo é afetado,
podendo levar a alteragbes comportamentais ou disturbios psiquiatricos no individuo, tais
como: depressdo (Kajantie, Raikkonen, 2010; Rice et al., 2006; Thompson et al., 2001; Laursen
et al., 2007), transtorno do humor bipolar, transtorno esquizoafetivo (Laursen et al., 2007),
esquizofrenia (Abel et al., 2010); desenvolvimento de sintomas relacionados ao Transtorno de
déficit de atencdo e hiperatividade (ADHD)(Lahti et al., 2006; Strang-Karlsson et al., 2008); e
alteragdes no comportamento alimentar (Lussana et al., 2008; Ayres et al., 2012; Silveira et al.,
2012; Dalle Molle et al., 2015a).
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Figura 1: Diagrama representando a hipotese do fen6tipo poupador (modificado Hales, Barker, 2001).
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1.2 Restrigdo de Crescimento Intrauterino (RCIU)

A restricdo de crescimento intrauterino (RCIU) ocorre quando o feto ndo atinge o
tamanho esperado ou determinado pelo seu potencial genético para certa idade gestacional.
Embora sua incidéncia varie muito, dependendo da populacdo estudada e da curva de
crescimento utilizada como referéncia (Peleg et al., 1998), pode-se afirmar que a RCIU é um
problema clinico bastante comum, atingindo em torno de 10% a 15% de todas as gestacdes
(Florio et al., 2006) independente do desenvolvimento socioecondmico do pais em questdo. O
crescimento fetal depende de interacbes entre determinantes genéticos e epigenéticos e 0
ambiente materno, fetal e influéncias placentarias (Gardosi et al., 1992). As causas para
restricdo de crescimento intrauterino sdo diversas e incluem alteracdes nutricionais, doencas
crénicas maternas como hipertensdo, obesidade e diabetes, infec¢Ges, uso de drogas, fatores
metabolicos e desordens da placenta (Scifres; Nelson, 2009). A RCIU estd associada a
natimortalidade e morbidade perinatal assim como efeitos a longo prazo como paralisia cerebral
e doencas na idade adulta (Figueras; Gardosi, 2011).

Em paises desenvolvidos, o pobre crescimento fetal é mais provavel que seja uma
consequéncia de insuficiéncia placentaria, idade materna avancada ou tabagismo materno do
que a m& nutricdo materna, ao passo que nos paises em desenvolvimento, a restricdo de
crescimento intrauterino (RCIU) é mais provavel ser em consequéncia da méa qualidade
nutricional materna antes ou doencas cronicas durante a gravidez (Morrison et al., 2010). Além
do mais, a tecnologia pode influenciar a incidéncia de RCIU, uma vez que o advento da
reproducéo assistida aumentou o risco de bebés nascerem pequenos para idade gestacional ou
paradoxalmente, grandes para idade gestacional (Waterland, Michels, 2007). No entanto, é
importante ressaltar que independente da causa, a “mensagem” transmitida ao feto através da
placenta é de que ele ira crescer num ambiente escasso e hostil, 0 que estimula uma série de
adaptacOes para garantir a sobrevivéncia até a idade reprodutiva e ndo muito além disso
(Gluckman; Hanson, 2004).

Estudos mostram que baixo peso ao nascer € um marcador de condi¢es fetais adversas,
sendo associado com desordens metabdlicas na idade adulta, predizendo resisténcia a insulina
e diabetes tipo 2 (Barker, 1999), hipertenséo (Law et al., 2002), obesidade (Laitinen et al.,
2004) e doenga cardiovascular (Barker et al., 2005), especialmente em casos onde existe
evidéncia de catch-up growth (taxa de crescimento acelerada) durante a infancia (Law et al,

2002). Entdo, padrdes de alimentacdo e ganho de peso acelerados durante o periodo pds-natal
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sdo mediadores cruciais para 0 subsequente risco de obesidade, doencas cardiovasculares
(Singhal et al., 2003) e resisténcia a insulina (Gluckman; Hanson, 2004).

Este estudo se baseia no modelo de restricdo de crescimento intrauterino e adocao
cruzada de acordo com Desai e colaboradores (2005) no qual submetemos ratos da linhagem
Sprague-Dawley a restricdo de 50% da quantidade de racdo padrdo as mées a partir do 10° dia
de gestacdo. Esse modelo é bem estabelecido em nosso laboratério, demonstrando resultados
consistentes e relevantes (Dalle Molle et al., 2015a; Alves et al., 2015; Laureano et al., 2016),
induzindo ma-nutricdo intrauterina, mimetizando assim os efeitos da restri¢cdo intrauterina
“natural” (Cunha et al., 2015). O modelo de RCIU nos permite estudar em detalhes as altera¢des
comportamentais associadas ao crescimento fetal escasso, assim como 0S mecanismos

envolvidos.

1.3 Regulacéo do comportamento alimentar

1.3.1 Sinais periféricos de regulagdo do comportamento alimentar

O comportamento alimentar é regulado por fatores periféricos e centrais (Harrold et al.,
2012). Os fatores periféricos envolvidos sdo tipicamente liberados como consequéncia da
ingesta alimentar (Harrold et al., 2012).

Entre os fatores periféricos de regulacdo do comportamento alimentar estdo os sinais de
saciedade (Harrold et al., 2012, Young, 2012), gerados no trato gastrointestinal durante uma
refeicdo, que regulam a ingestdo alimentar induzindo a sensacdo de plenitude. Depois da
entrada no lumen gastrointestinal, os nutrientes estimulam a atividade vagal e vias simpaticas
aferentes para o nucleo do trato solitario (NTS), no tronco cerebral. Além disso, 0s nutrientes
provocam a secrecdo de varios peptideos, entre eles a colecistocinina (CCK), peptideo
semelhante a glucagon 1 (Glucagon-like peptide-1, GLP-1), peptideo YY (PYY) e amilina
(Harrold et al., 2012; Woods, 2004).

Os sinais de fome sdo gerados durante a fase cefalica (se refere a respostas fisiologicas
iniciadas pela visdo ou cheiro da comida), o contato com estimulos sensoriais relacionados ao
alimento, e transmitem sinais para o cérebro através de fibras aferentes primarias olfativas,
gustativas e pares cranianos (I, V, VII, IX e X) (Harrold et al., 2012). AlteracGes na glicemia
sanguinea podem fornecer o sinal para o inicio de uma nova refeicdo, a deteccdo das mesmas

ocorre centralmente em diferentes locais do rombencéfalo ao hipotdlamo (Levin, 2002,
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Campfield, Smith, 2003). Estas areas do cérebro, juntamente com sensores de glicose
periféricos, representam uma rede que controla a disponibilidade da glicose. A disponibilidade
de glicose influencia a expressdo e metabolismo de varios neuropeptideos orexigenos e
anorexigenos (Levin, 2006; Harrold et al., 2012).

Sinais de adiposidade s&o produzidos por hormonios secretados no sangue em proporgao
direta a quantidade de gordura corporal armazenada (Woods, 2004). Os mais conhecidos sinais
de adiposidade séo a insulina e a leptina. A insulina ¢ secretada pelas células  pancreaticas
em respostas ao aumento de glicose (Bagdade et al., 1967; Polonsky et al., 1988). Individuos
obesos apresentam maiores niveis de insulina basal e em resposta ao alimento comparado a
individuos magros (Polonsky et al., 1988). Receptores de insulina e leptina sdo expressos pelos
neurdnios envolvidos no balango energético, a administracdo de ambos os hormdnios no
encéfalo diminui a ingesta alimentar (Schwartz et al., 2000), ou seja, ambos sdo considerados
hormonios anoréticos liberados durante o estado pds-prandial. A leptina é secretada pelos
adipdcitos em proporc¢édo direta a quantidade de gordura corporal armazenada (Woods et al.,
1998). A ativacdo destes neurbnios leva a reducdo da atividade de neurdnios do peptideo
relacionado ao gene Agouti (AgRP)/neuropeptideoY (NPY) e ativacdo de neurdnios pro-
opiomelanocortina (POMC). Consequentemente o a-hormonio estimulador de melandcito (a-
MSH) se liga a receptores de melanocortina 3 e 4 (MC 3 e 4 respectivamente) em células do
horménio concentrador de melanina (MCH) no hipotadlamo lateral para reduzir a ingestdo
alimentar e com o horménio estimulante da tireoide (TSH) e o hormonio liberador da
corticotropina (CRH) no nucleo paraventricular, aumentam o gasto energético (Abizaid,
Horvath, 2008).

1.3.2 Regulacéo central do comportamento alimentar

O comportamento alimentar humano é regulado centralmente pelas vias homeostética e
hedonica, e pelas fungdes executivas (principalmente pela tomada de decisdo e pelo controle
inibitério) (revisado por Harrold et al., 2012; revisado por Portella, Silveira, 2014). O controle
homeostatico do apetite € mediado pela necessidade bioldgica de manutencdo corporal dos
depdsitos de reservas energéticas (Harrold et al., 2012). Por outro lado, o controle hedénico do

apetite € mediado pelo prazer e sensacdo de recompensa envolvida no consumo de alimentos
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palataveis. Ja as fungdes executivas estdo relacionadas a escolha alimentar (revisado Dohle et
al., 2017).

1.3.2.1 Controle homeostatico

O hipotalamo controla o balanco energético homeostatico corporal. Populacdes de
neurdnios hipotalamicos regulam a ingesta alimentar (Van de Sande-Lee et al., 2012), tendo
esta estrutura um papel central no controle da fome e da saciedade (Harrold et al., 2012).

O nucleo arqueado (ARC) atua como centro do controle da ingesta alimentar e integra
sinais hormonais para a homeostase energética (Funahashi et al., 2000). A area do ARC —
eminéncia mediana é um dos 6érgdos circunventriculares onde a barreira hematoencefalica é
permeavel permitindo a entrada de peptideos periféricos e proteinas (Friedman, Halaas, 1998;
Lent, 2010), sinalizando o estado nutricional (Harrold et al., 2012, Horvath et al., 2004). Ele
contém populagbes neuronais que expressam neuropeptidios orexigénicos, NPY e AgRP
(Harrold et al., 2012). O mesmo também contém neur6nios anorexigénicos que expressam o
gene da POMC e o peptideo relacionado a cocaina e anfetamina (CART) (Elias et al., 1998),
sendo assim um sitio privilegiado que recebe sinais quimicos e fisico-quimicos do organismo
que orientam a sua funcgéo (Lent, 2010; Horvath et al., 2004), integrando sinais hormonais e a
homeostase energética (Arora, Anubhuti, 2006).

O nucleo paraventricular (PVN) integra sinais de muitas vias neuronais importantes na
regulacdo do balango energético (Abizaid, Horvath, 2008). O PVN ¢é o principal local de
liberagdo de hormonio liberador de corticotropina (CRH) e hormonio liberador de tireotrofina
(TRH) (Arora, Anubhuti, 2006). Numerosas vias neuronais envolvidas no balango energético
convergem no PVN, incluindo proje¢des de neurdnios que expressam NPY do ARC, orexinas,
hormonio estimulador de melandcito (a-MSH) (derivado da clivagem da POMC) e o
estimulante do apetite galanina (Arora, Anubhuti, 2006; EImquist et al.,1998; EImquist et al.,
1999).

O hipotadlamo dorsomedial (DHM), tem extensivas conexdes com outros nucleos
hipotalamicos mediais e o0 hipotalamo lateral, e acredita-se que tenha um papel integrador no
processamento de informacgdes a partir de populacdes neuronais desses sitios (EImquist et al.,
1998).

O ndcleo ventromedial (VHM) foi identificado como alvo chave da leptina, onde ela

atua inibindo a alimentagéo, estimulando o gasto de energia e causando perda de peso (Williams
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et al., 2000; Satoh et al., 1997). Les6es no VMH ou PVN produz a sindrome da hiperfagia e
obesidade (Satoh et al., 1997).

O hipotalamo lateral (LHA) tem uma menor densidade de corpos celulares, expressando
0 horménio concentrador de melanina (MCH) e as orexinas (hipocretinas). Também contém
fibras que se projetam para, e s&o originadas de estruturas do tronco cerebral responsaveis por
varias funcdes viscerais, discriminacéo do paladar e distensdo gastrica (nucleo do trato solitario
e nucleo parabraquial) (Bernardis; Bellinger, 1996; Williams et al., 2000). A parte perifornical
do hipotalamo lateral (LHA) envolve o feixe longitudinal de fibras do fornix, contendo alta
densidade de receptores NPY (Williams et al., 2000). As hipocretinas/orexinas se projetam para
0 ARC, fazendo sinapse com as células NPY/AgRP, acredita-se que este circuito tenha um
papel importante na ingestdo de alimentos induzida pela hipocretina/ orexina (Horvarth et al.,
1999).

1.3.2.2 Influéncia das fun¢6es executivas no comportamento alimentar: tomada de decisdo

e controle inibitorio

FuncBes executivas, também chamadas de controle executivo ou cognitivo se referem a
uma familia de processos essenciais para a funcdo mental de ordem superior (revisado por
Diamond, 2013; revisado por Logue, Gould, 2014). De forma geral, estdo relacionadas a
capacidade do sujeito de engajar-se em comportamentos orientados a objetivos, ou seja, a
realizacdo de agdes voluntérias, independentes, autbnomas, auto organizadas e orientadas para
metas especificas (revisado por Capovilla, 2007). Os processos envolvidos na fungdo executiva
incluem: memoéria de trabalho, atencdo, flexibilidade cognitiva, controle inibitorio,
planejamento, julgamento e tomada de decis&o (revisado por Logue, Gould, 2014; revisado por
Portella, Silveira, 2014). Esses comportamentos envolvem multiplas redes neurais incluindo o
talamo, ganglio basal e cortex pré-frontal (PFC) (revisado por Willcutt et al., 2005) e sdo
modulados por neurénios dopaminérgicos, serotoninérgicos e colinérgicos (revisado por Logue,
Gould, 2014).

Muitos distarbios psiquiatricos sdo caracterizados por alteracdes na fungdo cognitiva:
esquizofrenia, distarbio bipolar, transtorno de déficit de atengdo e hiperatividade (ADHD),
comportamento antissocial, transtorno obsessivo compulsivo, abuso de substancias (revisado
por Brower, Price 2001; revisado por Cavedini et al., 2006; revisado por Daban et al., 2006;

revisado por Schoenbaum et al., 2006; revisado por Willcutt et al., 2005). Um famoso caso
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sobre déficit na funcdo executiva descrito na literatura médica foi de Phineas Gage que apos
um acidente na construcdo de uma via férrea, seu local de trabalho, uma barra de ferro de mais
de 1 metro de comprimento e 3 centimetros de didmetro perfurou o seu cranio. Apés o acidente
ele apresentou alteracGes draméaticas em sua personalidade, tornando-se irreverente, instavel,
grosseiro, irresponsavel e sem respeito pelas normas sociais. Foi constatado que o dano no lobo
frontal de Phineas Gage afetou fungdes executivas do mesmo, entre elas na tomada de deciséo
(Damasio et al., 1994).

A tomada de decisdo refere-se ao processo mental (ou cognitivo) de selecdo logica para
escolher entre as opcGes disponiveis, avaliando as alternativas com o objetivo de tomar a melhor
decisédo (revisado por Cavedini et al., 2006; revisado por Swami, 2013). Pacientes com dano
em diferentes sub-regides do cortex pré-frontal (PFC) apresentam piora em uma variedade de
tarefas que exigem escolha entre um alto valor monetario imediato, mas grande perda futura, e
menor ganho monetario com pequena perda futura (revisado por Floresco; Magyar 2006),
apresentando déficit na tomada de decisdo. A projecdo mesotelencefalica da dopamina ao
cortex pré-frontal (PFC) exerce importante controle neuromodulador sobre funcdes
mnemonicas mediadas pelos lobos frontais (revisado por Floresco; Magyar 2006). A
transmissdo dopaminérgica no PFC esta envolvida com o processo de tomada de decisdo,
controle inibitério, memdria de trabalho, flexibilidade cognitiva e tarefas com recompensa em
ratos (Floresco; Magyar, 2006; Kheramin et al. ,2004; Winstanley et al., 2006).

O controle inibitorio envolve a habilidade em controlar a atengdo, comportamento,
pensamentos, e/ou emocdes substituindo uma forte predisposi¢éo interna ou atracdo externa, e
ao inveés disso fazer o que é mais apropriado ou necessario (revisado por Diamond, 2013). Sem
o controle inibit6rio nds ficamos a mercé dos impulsos, a habitos (respostas condicionadas), ou
estimulos ambientais que te levam a determinada acéo (revisado por Diamond, 2013).

As funcdes executivas estdo envolvidas no comportamento alimentar, especialmente
quando os individuos estdo realizando algum tipo de dieta. Por exemplo, realizar uma dieta
requer planejamento das refei¢Ges, tomar decisbes quanto a selecdo dos tipos de alimentos,
detectar variacOes, preparar a dieta (comprar os alimentos e preparar 0S mesmos), superar 0S
habitos ndo saudaveis e resistir a tentacdo de ingerir alimentos hiperpalataveis (Dohle et al.,
2014; Dohle, Siegrist, 2016; Allan et al., 2011; revisado por Allan et al., 2016; Hartmann et al.,
2013).

A tomada de decisdo influencia diretamente nas escolhas alimentares do individuo
(revisado por Van Meer et al., 2016). O comportamento de escolha alimentar pode ser dividido

em trés topicos relevantes para o entendimento do mesmo: preferéncia alimentar, sensibilidade
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a estimulos ambientais relacionados a alimentos e capacidade de autocontrole (revisado por
Van Meer et al., 2016). A preferéncia alimentar influencia na escolha do alimento, bem como
no consumo do mesmo, podendo levar a habitos alimentares ndo saudaveis. Individuos obesos
apresentam maior preferéncia por alimentos ricos em gordura e aglcar (Drewnowski et al.,
1992; revisado por Dressler, Smith, 2013; revisado por Reed et al., 1997). A preferéncia por
alimentos hiperpalataveis leva ao risco do comer em excesso (revisado por Van Meer, 2016).
Outro tépico que influencia na tomada de decisdo sdo os estimulos alimentares ou dicas
externas. As dicas podem ser extremamente diretas (por exemplo, ver alguém comendo um
hamburguer) ou menos diretas (ver um hamburguer em um comercial na televisao) (Bailey,
2017). Existem também dicas relacionadas as técnicas de marketing, representacfes da marca,
com o uso de simbolos ou logotipos (Bailey, 2017). As caracteristicas da embalagem bem como
rétulo do produto podem influenciar na escolha do mesmo. O rétulo frontal do produto pode
encorajar ou desencorajar a ingesta baseado no contetdo nutricional (Hamlin et al., 2015;
Koenigstorfer et al., 2014). A alimentacdo externa € uma medida psicoldgica que reflete a
predisposicao para comer apds a exposicdo a alimentos no ambiente e dicas alimentares (Paquet
et al., 2017; revisado por Herman, Polivy, 2008). A capacidade de autocontrole também
influencia na tomada decisdo, ela refere-se a habilidade de conter uma resposta com uma
recompensa imediata em favor de uma resposta com um resultado que é mais vantajoso a longo
prazo (revisado por Van Meer et al.,, 2016). O autocontrole é importante para a escolha
alimentar saudavel, assim como a falta dele pode resultar em escolhas alimentares ndo
saudaveis e superconsumo (revisado por Van Meer et al., 2016). Estudos demonstram que o
autocontrole é negativamente relacionado ao peso corporal (Weller et al., 2008; Gunstad et al.,
2007; Hagger et al, 2013).

No comportamento alimentar, o controle inibitorio é relacionado a habilidade de o
individuo inibir o consumo de alimentos saborosos com alto valor caldrico, hiperpalataveis
(revisado por Dohle et al., 2017). A impulsividade esta relacionada a preferéncia por alimentos
palataveis, a menor resposta inibitoria é associada aumento da vulnerabilidade a comer em
excesso, sobrepeso e obesidade (Houben et al., 2014; Allan et al., 2010; Guerrieri et al., 2008;
Hofman et al., 2014; Nederkoorn et al., 2006; Nederkoorn et al., 2007; Nederkoorn et al., 2009;
Nederkoorn et al., 2010). O pobre controle inibitdrio é relacionado a habitos alimentares ndo
saudaveis (Guerrieri et al., 2007, Houben et al., 2014), e 0 aumento do mesmo é associado com
a menor frequéncia de consumo de alimentos ricos em gordura (Hal, 2012). Foi demonstrado

que individuos com diminuigdo do controle inibitério comem menos vegetais e frutas e mais
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lanches (Allan et al., 2011), esse déficit inibitério pode ser relacionado ao aumento do indice
de massa corporal (IMC) e mudancas nas respostas alimentares (Houben et al., 2014).
Alteracdes na sinalizagdo dopaminérgica cortical modificam as fung¢Ges executivas, controle
inibitorio e tomada de decisdo, e as mesmas influenciam na escolha alimentar do individuo
(Colzato et al., 2009; revisado por Rogers, 2011; Alves et al., 2015).

Os individuos diferem em sua suscetibilidade ao sobrepeso possivelmente devido a
diferencas na responsividade ao alimento relacionado as dicas sensorias no ambiente (revisado
por Herman, Polivy, 2008). Pessoas com sobrepeso sdo mais sensiveis a dicas alimentares
(revisado por VVan Meer et al., 2016), possivelmente apresentando um menor controle inibitorio,
influenciando assim na tomada de deciséo e facilitando o consumo de alimentos ndo saudaveis.

Individuos que nasceram pequenos para idade gestacional apresentam na infancia pobre
neurodesenvolvimento, déficit na funcdo executiva (Leitner et al., 2007), menor
desenvolvimento cognitivo (Watt, 1986; Feldman, Eidelman, 2006) e na vida adulta continuam
a apresentar reduzida capacidade cognitiva (Viggedal et al., 2004). Além de apresentar aumento
da vulnerabilidade a adicdo (Franzek et al., 2008) e Transtorno de déficit de atencdo e
hiperatividade (ADHD) ao longo da vida (Heinonen et al., 2010). Alves et al., (2015)
demonstrou a relagdo entre o aumento do consumo de alimento palatavel e o contetdo de
tirosina hidroxilase (TH) em resposta a dicas alimentares em animais submetidos ao protocolo
de RCIU. Ratas fémeas precisam de menos trials para atingir o critério no Teste de flexibilidade
cognitiva (Attentional Set-Shifting Task - ASST) e apresentam aumentos nos niveis de tirosina
hidroxilase (TH) no cértex orbitofrontal (OFC). Machos consumem mais alimento palatavel na
caixa-moradia apresentando uma diminui¢cdo de TH no OFC ap0s a exposi¢do ao alimento
palatavel (Alves et al., 2015). Esse resultado demostra que, em individuos que sofreram RCIU,
a sinalizacdo dopaminérgica cortical alterada pode influenciar nas escolhas alimentares
(Portella, Silveira, 2014).

1.3.2.3 Controle hedbnico

A palatabilidade e o prazer sdo indiscutivelmente os mais poderosos motivadores da
ingesta alimentar, assim a natureza gratificante dos alimentos parece ser capaz de superar o
controle homeostatico, agindo como um estimulo mesmo na auséncia de déficit de energia
(revisado por Harrold et al., 2012). O sistema da recompensa é complexo, envolvendo

interacOes entre varios sistemas neuronais (revisado Harrold et al., 2012). Os sistemas opioide
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(revisado Harrold et al., 2012) e o sistema dopaminérgico mesocorticolimbico (Volkow et al.,

2011) estdo envolvidos no controle heddnico do apetite.

1.3.2.3.1 Sistema opioide

Os opioides sdo o grupo mais estudado em relacdo aos efeitos da recompensa alimentar
e palatabilidade (revisado por Fulton, 2010). A morfina é um opioide prototipico e tem sido
usado hé séculos. Os primeiros relatos do uso reportam ao século Il por um médico grego,
Galeno, que administrou Opio a pacientes para aliviar a dor e relaxar, a pessoas que sofriam de
asma e faléncia cardiaca congestiva. O dpio € extraido da papoula, Papaver somniferum. Em
1806, o quimico alemao Serturner isolou os alcaloides do 6pio, deu 0 nome de Morphium em
homenagem ao Deus grego dos sonhos Morpheus, mais tarde ganhou o nome universal de
Morphine (revisado por Waldhoer et.al., 2004). Mas somente em 1973 foi descrito o primeiro
receptor opioide (Pert, Snyder, 1973).

Os opioides sdo uma familia de peptideos (B-endorfina, encefalina e dinorfina), cada um
dos quais € clivado em trés pré-pro-peptideos (pro-opiomelanocortina, proencefalina e
prodinorfina, respectivamente), que interagem com receptores das classes MOP (pu= mu para
morfina), KOP (k= kappa para a cetociclazocina), DOP (6= delta para deferens porque foi
identificado pela primeira vez em camundongos nos ductos deferentes ou vas deferens), NOP-
R (inicialmente chamado LC132), ORL-1 e nociceptina/orfanina FQ receptor (Lord et.al.,
1977; Meunier et.al., 1995; Akil et al., 1984; Mollereau et al., 1994; Waldhoer et al., 2004).

Os opioides modulam o sistema da recompensa através de sua agdo no nucleo
accumbens (NAcc) e na area tegmentar ventral (VTA), a administracdo direta de opioides
nessas areas estimula a ingesta alimentar (Majeed et al., 1986; Mucha, Iversen, 1986). Os
receptores mu opioides sdo um dos principais responsaveis por exercer a influéncia dos opioides
no VTA e estriado estimulando o comportamento alimentar (Bakshi, Kelley, 1993; Noel, Wise,
1993; Zhang, Kelley, 1997). A estimulacdo dos receptores mu e delta opioides, mas nao do
kappa aumenta a ingesta alimentar de racdo e sacarose, principalmente quando ha infusdo na
porc¢édo “shell” do NAcc (Bakshi, Kelley, 1993; Noel, Wise, 1993; Zhang, Kelley, 1997).

Os receptores mu opioides tem alta afinidade por encefalinas e endorfinas e baixa
afinidade por dinorfinas (que sdo seletivas por receptores kappa). Tanto encefalina quanto -
endorfina sdo liberadas no NAcc e palido ventral (\VVP) principalmente em resposta ao alimento
palatavel. Estudos de Hayward e colaboradores mostraram que encefalina e B-endorfina séo

opioides enddgenos que medeiam as agles relacionadas as propriedades motivacionais do
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alimento (Hayward et. al., 2002; Hayward et. al., 2006; Hayward, Low, 2007). Esses achados
mostram a importancia do papel dos receptores mu opioides ¢ de seus ligantes, encefalina e f3-
endorfina, no NAcc e VP nos efeitos da recompensa alimentar e na modulacgéo da palatabilidade
(revisado por Fulton, 2010).

Os opioides enddgenos sao implicados no prazer sensorial gerado pela ingesta alimentar
(revisado por Harrold et al., 2012). O consumo de alimento palatavel estimula a liberagao de -
endorfina no hipotalamo (Dum et al., 1983). Em animais, 0s antagonistas opioides parecem
seletivamente reduzir o consumo de alimento altamente palatavel, alimento rico em agucar e
gordura (Cooper, 1983). A administracdo de naloxona, um antagonista mu opioide, em
mulheres com compulsdo alimentar (obesas ou com peso normal) reduz a preferéncia
especialmente por alimentos palataveis. Em animais esse farmaco apresenta o0 mesmo efeito
(Cooper, 1980; Glass et al., 1996; Lynch, Libby, 1983). Similarmente, a naltreoxona, outro
antagonista mu opioide, reduz a preferéncia por sacarose em humanos (Fantino et al., 1986).
Além de suprimir a hiperfagia induzida pela dieta hiperpalatavel em ratos (Apfelbaum,
Mandenoff, 1981).

Estudos mostram que a estimulacéo de receptores mu opioides no shell do NAcc pelo
agonista mu opidide DAMGO (d-Ala(2),N-Me-Phe(4),Gly(5)-ol]-encefalina) aumenta o
consumo de dieta rica em gordura (Zhang et al., 1998; Zhang, Kelley, 2000). Além do mais, a
administracdo de DAMGO no NAcc estimula neurdnios no hipotalamo que expressam orexina
que por sua vez através da sinalizacdo do receptor orexina-1 no VTA, que possivelmente
interage com outros sistemas motivacionais levando ao aumento da ingestdo de alimento
palataveis (Zheng et al., 2007). O aumento do consumo de dieta palatavel induzido por
DAMGO ¢ mediado pelo acido gama aminobutirico (GABA), 0 uso do agonista GABAérgico
Muscimol no hipotalamo dorsomedial, hipotalamo lateral, VTA ou regido intermediaria do
nacleo do trato solitario inibe os efeitos de DAMGO no NAcc (Will et al., 2003).
Conjuntamente estudos farmacoldgicos envolvendo o0s agonistas e antagonistas opioides
mostram que os opioides enddgenos medeiam a resposta alimentar e a preferéncia pelo alimento

palatavel (Drewnowski et al., 1992).

1.3.2.3.2 Sistema dopaminérgico

A Dopamina (DA) é a catecolamina predominante no encéfalo, e é sintetizada por

neurdnios mesencefalicos na substancia nigra (SN) e area tegmentar ventral (VTA) (Baik,



28

2013a). Existem quatro principais vias dopaminérgicas identificadas em encéfalos de
mamiferos sdo: a nigrostriatal, mesolimbica, mesocortical e tuberoinfundibular (Beaulieu,
Gainetdinov, 2011). A via nigroestriatal se projeta da substancia nigra ao ganglio basal, ¢é parte
do sistema nervoso extrapiramidal (Stahl, 2000; Beaulieu, Gainetdinov, 2011). A via
mesolimbica se projeta da &rea tegmentar ventral do mesencéfalo ao ndcleo accumbens, uma
parte do sistema limbico envolvido em muitos comportamentos, tais como, prazer, busca de
recompensa e drogas de abuso (Stahl, 2000; Beaulieu, Gainetdinov, 2011). A via mesocortical
é relacionada a via mesolimbica, e também se projeta da area tegmentar ventral do mesencéfalo,
mas envia seus axonios para o cértex limbico (Stahl, 2000; Beaulieu, Gainetdinov, 2011). A
quarta via dopaminérgica é a tuberoinfundibular, que controla a secre¢do de prolactina
projetando-se do hipotalamo a glandula pituitaria anterior (Stahl, 2000; Beaulieu, Gainetdinov,
2011). Esses neurdnios sdo envolvidos em varias fungdes vitais do sistema nervoso central,
incluindo movimento voluntério, alimentacdo, emogdes, recompensa, sono, atengdo, memoria
de trabalho e aprendizado (Beaulieu, Gainetdinov, 2011). Na periferia a dopamina desempenha
um papel importante na regulacdo do olfato, regulacdo hormonal, funcdo cardiovascular,
processos da retina, regulacdo simpatica, sistema imune e funcéo renal, entre outras (Snyder et
al., 1970; Missale et al., 1998; Sibley, 1999; Carlsson, 2001; Iversen, Iversen, 2007).

A dopamina interage com receptores de membrana pertencentes a familia de sete
receptores acoplados a proteina G do dominio transmembrana, com ativacdo levando a
formacgdo de segundos mensageiros, e ativacdo ou inibicdo da sinalizagcdo (Baik, 2013a).
Existem 5 tipos diferentes de receptores de dopamina: D1, D2, D3, D4 e D5 (Baik, 2013a;
Beaulieu, Gainetdinov, 2011). Existem as classes de receptores do tipo D1 e do tipo D2 (D1-
and D2-like classes). A familia do receptor do tipo D1 inclui os receptores D1 e D5, e a familia
dos receptores do tipo 2 inclui os subtipos D2, D3 e D4 (Cadet et al., 2010). D1 e D2 sdo os
receptores de dopamina mais abundantes no sistema nervoso central (Baik, 2013a; Jaber et al.,
1996). O receptor D2 tem de 10 a 100 vezes mais afinidade do que o D1 pela dopamina (Baik,
2013a). Os receptores D2 localizados na porcdo pré-sinaptica, sdo chamados autorreceptores,
eles atuam diminuindo a excitabilidade neuronal, inibindo a sintese de dopamina e reduzindo a
sua liberagéo (Baik, 2013b).

A dopamina modula o comportamento alimentar, uma vez que baixos niveis da mesma
podem interferir na motivagéo pela busca do alimento e na ingesta alimentar (Wang et al.,
2004). O estriado dorsal é relacionado a motivacao ao alimento (Volkow et al., 2002) enquanto

0 estriado ventral € relacionado a recompensa alimentar (Hernandez, Hoebel, 1988; Richardson,
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Gratton, 1996; Bassareo, Di Chiara, 1999; Kelley, 2004). Embora o estriado dorsal seja mais
envolvido com a motivacdo, Small e colaboradores (2003) demonstraram que o consumo de
uma refeigéo prazerosa em seres humanos libera dopamina no estriado dorsal e a magnitude da
liberacdo é relacionada ao grau de prazer experienciado pela refei¢do. A literatura mostra que
a deplecdo de dopamina no estriado abole a motivagdo ao alimento. Camundongos com
deplecdo deste neurotransmissor apresentam perda de motivacdo ao alimento tornaram-se
hipofagicos, hipoativos e morrem de fome, o que pode ser restaurado com a reposi¢do da mesma
(Zhou, Palmiter, 1995). O bloqueio do receptor D2 e ndo o de D1 atenua o efeito hipoféagico
agudo da leptina em camundongos em jejum, e camundongos sem o receptor D2 (D2R KO)
exibem resposta atenuada a leptina (Billes et al., 2012). A maioria dos estudos com humanos
indica a importancia do receptor D2 na recompensa alimentar e sua associacdo com 0
desenvolvimento de obesidade (Baik, 2013a; Baik, 2013b).

Evidéncias sugerem que alteracdes na neurotransmissdo dopaminérgica, disponibilidade
receptores DA bem como a sua liberagdo, tem um papel importante na superalimentagéo e
obesidade, em especial associados com a expressdo de D2 no estriado (Stice et al., 2010; Stice
et al., 2011; Salamone, Correa, 2013; Geiger et al., 2009; Wang et al., 2001). O ganho de peso
estd associado com reduzida resposta estriatal ao alimento palatavel (Stice et al., 2010).
Individuos obesos apresentam uma reducdo do receptor D2 estriatal similarmente a adictos a
drogas de abuso (Wang et al., 2004). O IMC é correlacionado negativamente aos niveis do
receptor D2: quanto maior o IMC, menores sdo os niveis de D2 (Wang et al., 2001). A
diminuicdo do receptor D2 estriatal tem sido relacionada a compulséo alimentar em animais
obesos (Johnson, Kenny, 2010) e na diminuicao da atividade metabdlica no cértex orbitofrontal
(OFC) e giro cingulado (ACC) em pessoas obesas (Volkow et al., 2008). A disfuncdo no OFC
e ACC resulta em compulsividade (revisado por Fineberg et al., 2010), sendo sugerido que este
possa ser 0 mecanismo pelo qual a baixa sinalizagdo D2 estriatal facilita a hiperfagia (revisado
por Volkow et al., 2011).

A dieta induzidora de obesidade reduz o metabolismo dopaminérgico no sistema
mesolimbico independente do desenvolvimento de obesidade (Davis et al., 2008). A
diminuicdo da atividade dopaminérgica no VTA resulta em um drastico aumento no consumo
de dieta hiperlipidica (Cordeira et al., 2010). Camundongos expostos a dieta hiperlipidica com
baixas concentragfes de D2 no putamen apresentam maior ganho de peso comparado com
camundongos com altas densidades do receptor na mesma regido (Huang et al., 2006). Em

estudos de imagem, foi visto que os individuos obesos apresentam diminuicao da reatividade
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no hipotalamo e nas areas relacionadas a saciedade (Cornier et al., 2009; Matsuda et al., 1999).
A dopamina liberada no hipotalamo ¢ associada com a duracdo e numeros de refeicdes (Meguid
et al., 1995; Meguid et al., 1997; revisado Meguid et al., 2000).

Trabalhos sugerem a associacdo entre a obesidade e uma variante especifica do
polimorfismo TaqlA no gene do receptor D2 que afeta sua expressdo (Ritchie, Noble, 2003;
Fossella et al., 2006). Existem trés variantes dos alelos do polimorfismo TaqlA: A1l/Al,
Al/A2e A2/A2 (Baik, 2013b). Estudos post-mortem e Tomografia computadorizada por
emissdo de poésitrons (PET) sugerem que individuos com uma ou duas cOpias do alelo Al tem
30-40% menos receptores D2 comparado aos individuos sem o alelo Al (Ritchie, Noble, 2003).
Stice e colaboradores (2008a) através de ressonancia magnética funcional (fMRI) mostraram
que individuos com o Al do polimorfismo TaglA apresentam ativacao estriatal mais fraca em
resposta ao consumo alimentar e uma relacdo negativa entre a resposta estriatal e IMC, assim
como futuro ganho de peso no seguimento de 1 ano, quando comparados aos individuos
portadores de outros alelos (Stice et al., 2008a, Stice et al., 2008b; Stice et al., 2011). Este autor
também sugere que a menor resposta no estriado dorsal frente a recompensa alimentar em
individuos obesos provavelmente & causada pela reduzida densidade de receptores D2
acarretando uma sinalizacdo dopaminérgica comprometida, podendo levar a superalimentacao
para compensar o déficit na recompensa (Stice et al., 2008a). Volkow e colaboradores (2011)
sugerem que no obeso existe uma discrepancia entre a recompensa esperada e a recebida, isso
leva a compulséo alimentar como uma tentativa de atingir o nivel da recompensa esperada.

A leptina e a insulina, sinalizadores do estado energético, modulam o sistema da
recompensa (Fulton et al., 2000; Fulton et al., 2004; Figlewicz et al., 2007). Receptores de
insulina sdo expressos em varias regides encefalicas entre elas 0 NAcc (Vogt, Bruning, 2013),
neurdnios dopaminérgicos no mesencefalo, incluindo o VTA e substancia nigra (Figlewicz et
al., 2003). A injecdo direta de leptina ou insulina dentro do VTA suprime/reduz a ingesta
alimentar (revisado por Figlewicz et al., 2007; revisado por Figlewicz, Benoit, 2009). Um
estudo mostrou que a administragdo de leptina ou insulina intraventricular diminuiu a
autoadministracao de sacarose em ratos (Figlewicz et al., 2006). A administracdo de leptina no
VTA diminui o consumo de dieta padrdo (Hommel et al., 2006); Fulton e colaboradores (2006)
mostraram que a leptina modula a sinalizacdo de dopamina no NAcc. DAMGO, um agonista
mu opioide, estimula a ingesta alimentar, a literatura mostra que a injecdo de DAMGO no VTA
estimula o consumo de pellets de sacarose e este foi revertido pela coadministracéo de leptina
ou insulina (revisado por Figlewicz et. al., 2007; MacDonald et. al., 2004). A administracdo

intraperitoneal de racloprida, antagonista do receptor D2, combinado a administracdo
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intraventricular de insulina suprime agudamente o consumo de sacarose (Sipols et. al., 2000).
A insulina exerce efeito direto no transportador de dopamina (DAT), pelo aumento da funcéo
do mesmo (e recaptacdo de dopamina) (Patterson et. al., 1998; Carvelli et. al., 2002; Mebel et.
al., 2012). A administracdo de insulina no VTA reduz a ingesta de rac¢do padrdo (Bruijnzeel et.
al., 2011), e diminui o consumo de dieta palatavel (Mebel et. al., 2012). Mebel e colaboradores
(2012) demonstraram que a insulina atua no VTA inibindo o comportamento alimentar,
diminuindo a concentracao de dopamina através do aumento da recaptacdo de dopamina pelo
DAT. Baixos niveis de insulina circulantes, encontrados em modelos animais de diabetes e
restricdo alimentar, diminuem a expressdo de DAT e consequentemente a recaptacdo de
dopamina (Williams et al., 2007; Zhen et al., 2006). Camundongos sem receptores de insulina
no VTA e SN apresentam hiperfagia e desenvolvimento de obesidade (Konner et al., 2011). No
entanto, um estudo mostrou que a insulina pode amplificar a liberagdo de dopamina no nucleo
accumbens e no caudado-putdmen através dos interneurdnios colinérgicos estriatais que
expressam receptores de insulina (Stouffer et al., 2015).

Estudos apontam que a acdo da insulina pode também estar ligada ao controle inibitéorio
e a tomada de decisdo, visto que niveis normais de insulina sdo necessarios para a escolha de
sabor num teste especifico em animais (Stouffer et al., 2015). A insulina central influencia na
avaliacdo dos estimulos alimentares modulando as vias dopaminérgicas. Individuos resistentes
a insulina apresentam reducdo no valor alimentar e alteracfes na acdo central da insulina
(Tiedemann et al., 2017).

A alimentagdo hedonica tipicamente envolve o consumo de alimentos altamente
palataveis, e tem sido associada a via dopaminérgica mesolimbica, um regulador de
comportamentos motivados e busca por recompensa (Cordeira et. al., 2010). O “querer” e o
“gostar” sdo dois estados envolvidos no comportamento alimentar hedonico (revisado por
Berridge, 2009). O “querer” ¢ a motivagdo para algo, o impulso ou desejo de obter algo. O
“gostar” é o componente hedonico do prazer. As vezes, buscamos coisas sem necessariamente
sentirmos prazer ao obté-las (Lent, 2010). O sistema dopaminérgico estriatal é
predominantemente implicado (embora ndo exclusivamente) no “querer”, os sistemas opioide
e canabinoide sdo predominantemente (embora nido exclusivamente) implicados no “gostar”
(revisado por Volkow et. al., 2011).

Gugusheff e colaboradores (2015) adaptaram um esquema de ativacdo da via da
recompensa de Nestler (2005), onde integra os sistemas opioide e dopaminérgico. Ha o estimulo
da recompensa através da droga ou alimento palatavel que estimula neurénios do VTA,

resultando na liberacdo de dopamina no NAcc. O estimulo recompensa pode ativar opioides
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enddgenos no VTA, que inibe interneurbnios GABAérgicos. GABA normalmente inibe a
liberacdo de dopamina. Esta inibicdo da liberacdo de GABA desinibe 0s neurdnios
dopaminérgicos, resultando no aumento da liberacdo de dopamina no NAcc. Os opioides
também podem se ligar a seus receptores localizados no NAcc. A ativacdo desses neurdnios
alvo eferentes no NAcc cria um sentimento prazeroso associado com o0s estimulos de
recompensa (figura 3).

Considerando tudo o que foi exposto, € possivel que a modulacao central da dopamina
pela insulina seja alterada em individuos que nasceram com restricio de crescimento
intrauterino, levando a uma resposta alterada da recompensa a alimentacdo, e a ingestdo
possivelmente aumentada de alimentos palataveis, contribuindo para o desenvolvimento da

obesidade.
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Figura 3: Adaptacdo de Gugusheff (2015) esquema de ativacao da via da recompensa de Nestler (2005).
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1.4 Restricao de crescimento intrauterino (RCIU) e comportamento alimentar

Estudos epidemioldgicos, clinicos e experimentais tém mostrado que a RCIU programa
mudancas no comportamento alimentar do individuo bem como é relacionada a alteragdes na

preferéncia alimentar do mesmo (revisado por Dalle Molle et. al., 2015b; Silveira et al., 2012;



33

Ayres et al., 2012; Desai et. al., 2005; Desai et. al., 2007a; Dalle Molle et. al., 2015a; Alves et.
al., 2015). Um dos primeiros estudos relacionando o baixo peso ao nascer a programacéao do
comportamento alimentar foi um trabalho do nosso grupo de pesquisa. Foi realizada uma
avaliacdo transversal de uma coorte longitudinal, prospectiva, de individuos nascidos no
municipio de Ribeirdo Preto (Estado de Sdo Paulo, sudeste do Brasil), que investigou se a
restricdo de crescimento intrauterino (RCIU) estava associada com a preferéncia por
macronutrientes especificos na prole, na qual as mulheres nascidas com RCIU severo ingeriram
mais carboidratos aos 24 anos de idade do que as mulheres nascidas com peso normal. Esse
achado persistiu apds o ajuste para fatores de confusao, incluindo IMC atual e atividade fisica.
Esse efeito foi acompanhado por uma diminuicdo na ingestdo de proteina (Barbieri et al., 2009).

Ayres e colaboradores (2012), também do nosso grupo de pesquisa, realizaram um
estudo onde foi analisada a resposta hedbnica a solucdo doce em bebés nascidos com 27
semanas de gestacdo. A resposta hedonica ao doce se correlacionou fortemente com o grau de
RCIU ao nascer, quanto mais intensa a restricdo menor foi a frequéncia da resposta hedénica
observada. Foi proposto que RCIU esta associada a menor sensibilidade ao sabor doce, com
consequente aumento do consumo do de alimentos palataveis para obter o0 mesmo grau de
prazer/recompensa.

Silveira e colaboradores (2012) avaliaram a impulsividade frente ao alimento palatavel
em criancas de 3 anos de idade. Foi visto que meninas nascidas com RCIU apresentaram maior
impulsividade em resposta a presenca de um doce disponivel para 0 consumo. Essa resposta
impulsiva (aos 3 anos de idade) foi inversamente relacionada a quantidade de gordura
consumida e IMC (indice de massa corporal) aos 4 anos de idade. Nosso grupo de pesquisa em
colaboragdo com outro laboratério realizou o projeto PROTAIA (Avaliacdo multidimensional
e tratamento da ansiedade em criangas e adolescentes) que incluiu avaliagdo psiquiatrica e
nutricional de adolescentes e adultos jovens. Neste projeto, vimos que individuos com RCIU
optaram por um lanche com menor quantidade de proteina, gastaram menor valor em reais na
compra do um lanche para consumo e apresentam uma menor conectividade em areas
relacionadas a recompensa (OFC, estriado dorsal/ventral, amigdala) (Dalle Molle, 2014). Como
podemos observar os individuos restritos apresentam alteracdo da preferéncia alimentar ao
nascer, aos 3 anos de idade, na adolescéncia e na vida adulta.

Em nosso laboratdrio temos estudado os efeitos da RCIU em roedores de acordo com o
protocolo estabelecido por Desai e colaboradores (2005) no qual maes restritas recebem 50%
da dieta das mdes Ad Libitum (ver item 1.2 Restricdo de Crescimento Intrauterino (RCIU)).

Dalle Molle e colaboradores mostraram que animais restritos apresentam uma preferéncia



34

aumentada pelo alimento palatdvel comparado ao controle, no entanto exibem um menor
condicionamento a este mesmo alimento no Teste de preferéncia condicionada por lugar
(Conditioned Place Preference - CPP) (Dalle Molle et. al., 2015a) e reduzidos niveis de D2 no
NAcc. No estado basal, os machos RCIU apresentam niveis elevados de TH e fosfo-tirosina
hidroxilase (pTH), mas ap0s a exposic¢ao ao alimento doce os niveis de TH e pTH sdo maiores
em fémeas (Dalle Molle et. al., 2015a). Esses dados sugerem que a RCIU modifica a sinalizacédo
dopaminérgica levando a alteracdo da preferéncia alimentar destes animais. Alves e
colaboradores também encontraram que animais RCIU apresentam aumento da preferéncia
pelo alimento palatavel, aos 90 dias de vida machos restritos ingerem mais alimento doce do
que os controles, fémeas restritas precisaram de menos trials no Teste de flexibilidade cognitiva
(Attentional Set-Shifting Task - ASST) (usando alimento doce como recompensa) (Alves et.al.,
2015). Esses achados sugerem que a subnutricdo materna altera permanentemente a preferéncia
alimentar da prole ao longo da vida.

Cunha e colaboradores (2014) avaliaram a atividade fisica em animais com RCIU. O
grupo restrito apresentou menos atividade fisica espontanea comparado ao controle em machos,
e em fémeas restritas o efeito foi oposto; animais RCIU exibiram também maiores niveis de
insulina e colesterol total. Esse estudo concorda com os achados encontrados em humanos
(Kaseva et. al., 2012) e animais (Vickers et. al., 2003), mostrando que a RCIU afeta a atividade
fisica espontanea e leva a resisténcia a insulina na vida adulta.

Logo, a RCIU esta associada a uma maior preferéncia por alimentos hiperpalataveis
(revisado por Dalle Molle et. al.,2015b; Silveira et al., 2012; Ayres et al., 2012) podendo
contribuir para o acimulo de adiposidade central e consequentes distlrbios metabdlicos.
Sugerimos nesta Tese que a RCIU altera a via da recompensa (ou via heddnica), modificando
a resposta da via dopaminergica e opioidérgica ao alimento doce, alterando a sinalizacdo e
interacdo entre esses sistemas. Uma das hip6teses € que a modulacdo central da dopamina pela
insulina é alterada em individuos que nasceram com restricdo de crescimento intrauterino,
levando a uma resposta alterada da recompensa a alimentacdo, e a ingestdo possivelmente
aumentada de alimentos palataveis, assim como contribuindo para o desenvolvimento da

sindrome metabdlica.
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2 HIPOTESE

Alteracdes na funcéo da insulina no encéfalo de individuos expostos a restricdo de
crescimento intrauterino modificam a funcdo da via da recompensa (sistemas opioide e

dopaminérgico), gerando alteracdes no comportamento alimentar (figura 4).
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Figura 4: Hipdtese da Tese.
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3 OBJETIVOS

3.1 Objetivo geral: Avaliar as possiveis alteracbes na resposta comportamental e

neuroquimica frente ao alimento palatavel em animais submetidos a RCIU.

3.2 Objetivos especificos:

a)

b)

d)

f)

Avaliar a resposta hedbnica em animais submetidos a RCIU em diferentes idades
utilizando o Teste de reatividade ao sabor (Taste reactivity test) — Artigo 1;

Comparar os niveis de receptores mu opioides no nucleo accumbens entre animais
submetidos a RCIU e controles em diferentes idades — Artigo 1;

Comparar o consumo de alimento palatdvel e o nivel de organizacdo (entropia) do
comportamento alimentar pela medida repetida de cada refeicdo ao longo de varios dias
— Artigo 2;

Comparar a liberagdo de dopamina no ndcleo accumbens de animais submetidos a
RCIU e controles em resposta ao consumo de ra¢ao padréo e de alimento palatavel, e o
efeito da injecdo de insulina intraperitoneal sobre esta resposta neuroquimica — Artigo
2;

Comparar os valores periféricos de insulina, assim como a cascata de sinalizagdo da
insulina no VTA através de avaliacdo de seus componentes entre animais RCIU e
controles — Artigo 2;

Comparar a fosforilacdo da tirosina hidroxilase (envolvidas na sintese de dopamina) no

NAcc entre animais RCIU e controles — Artigo 2;
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4 METODOS E RESULTADOS

4.1 CAPITULO I: Artigo - LAUREANO DP, DALLE MOLLE R, ALVES MB, LUFT C,
DESAI M, ROSS MG, SILVEIRA PP. Intrauterine growth restriction modifies the hedonic
response to sweet taste in newborn pups - Role of the accumbal p-opioid receptors.
Neuroscience. 2016; 322:500-8. doi: 10.1016/j.neuroscience.2016.02.033.
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INTRAUTERINE GROWTH RESTRICTION MODIFIES THE HEDONIC
RESPONSE TO SWEET TASTE IN NEWBORN PUPS - ROLE OF THE

ACCUMBAL p-OPIOID RECEPTORS
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Abstract—Intrauterine growth restriction (IUGR) is associ-
ated with increased preference for palatable foods. The
hedonic response to sweet taste, modulated by the nucleus
accumbens p-opiocid-receptors, may be involved. We investi-
gated hedonic responses and receptor levels in IUGR and
Control animals. From pregnancy day 10, Sprague—Dawley
dams received either an ad libitum (Control), or a 50% food
restricted (FR) diet. At birth, pups were cross-fostered, and
nursed by Adlib fed dams. The hedonic response was eval-
uated at 1day after birth and at 90 days of life, by giving
sucrose solution or water and analyzing the hedonic facial
responses (within 60 s). Control pups exposed either to
water or sucrose resolved their hedonic responses after 16
and 18s, respectively, while FR hedonic responses
to sucrose persisted over 20s. FR pups had deceased
phospho-p-opioid-receptor (p = 0.009) and reduced phos-
phor:total mu opioid receptor ratio compared to controls
pups (p = 0.003). In adults, there was an interaction between
group and solution at the end of the evaluation (p = 0.044):
Control decreased the response after sucrose solution, FR
did not change over time. There were no differences in phos-
phorylation of p-opiocid-receptor in adults. These results
demonstrate IUGR newborn rats exhibit alterations in hedo-
nic response accompanied by a decrease in p-opioid-
receptor phosphorylation, though these alterations do not
persist at 3 months of age. Opioid system alterations in early
life may contribute to the development of preference for
highly palatable foods and contribute to rapid weight gain
and obesity in IUGR offspring. © 2016 IBRO. Published by
Elsevier Ltd. All rights reserved.
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INTRODUCTION

The Developmental Origins of Adult Disease concept
proposes that environmental factors act early in life in
order to program the risk of chronic diseases in
adulthood (Hales and Barker, 1992). Epidemiological
studies have provided evidence for the association
between disturbances of the fetal nutritional environment
(with consequent low birth weight) and increased preva-
lence of cardiovascular disease (Barker et al., 2002),
hypertension (Barker et al., 1989) and type 2 diabetes
(Eriksson et al., 2002), among many other adult chronic
non-communicable diseases. Most of such conditions
have increased adiposity as a common factor in their tra-
jectory, and indeed being born small for a given gesta-
tional age (intrauterine growth restricted or IUGR) alters
adult body composition (Ravelli et al., 1976, 1999;
Bettiol et al., 2007; Pilgaard et al., 2011).

Simply put, obesity results in cases where the energy
intake exceeds the expenditure. Therefore, the chronic
consumption of calorie-enriched foods (high fat, high
sugar, highly palatable) often precedes the development
of overweight and its metabolic consequences (Sampey
etal., 2011; Desai et al., 2014). Interestingly, human stud-
ies from our group and others show that IUGR is associ-
ated with a natural preference for palatable foods over the
life course (Lussana et al., 2008; Barbieri et al., 2009;
Stein et al,, 2009; Perala et al.,, 2012; Crume et al.,
2013; Migraine et al., 2013), and IUGR girls at 3 years
of age are more impulsive when facing a sweet reward
(Silveira et al., 2012). We also demonstrated that the
hedonic response (taste reactivity) to a sweet solution
delivered into the newborns’ mouth in their first day of life
varies according to their degree of IUGR (Ayres et al.,
2012).

Taste reactivity to different solutions is an automatic
behavior that demonstrates homology between humans
and animals (Berridge, 2000; Steiner et al., 2001) and
therefore shares underlying brain circuits. Hedonic
feeding typically involves the consumption of highly palat-
able foods and has been behaviorally defined in two pro-
cesses: “wanting” and “liking” (Bemidge, 1996; Berridge
and Robinson, 1998). “Wanting” is ultimately related to
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the motivation to obtain the food reward, mostly depen-
dent on mesolimbic dopamine circuits (Berridge et al.,
2009). The “liking” component is the neural substrate of
the elicited pleasure per se, and has the accumbal opioid
system as its main neurobiological basis (Berridge, 2009).

Opioids are a family of peptides (p-endorphin,
enkephalin, and dynorphins), each of which is cleaved
from three  prepropeptides (proopiomelanocortin,
proenkephalin and prodynorphin, respectively), that
differentially interact with three receptor classes (u, 8, x,
in addition to the novel ORL 1 receptor) (Akil et al.,
1984; Mollereau et al., 1994; Waldhoer et al., 2004). Stud-
ies show that opioid antagonists decrease, while agonists
increase feeding in rats (Holzman, 1974; Grandison and
Guidotti, 1977; Glass et al., 1999). Sugar intake may lead
to an increased number of and/or affinity for opioid recep-
tors, which in turn leads to further ingestion of sugar and
may contribute to obesity (Fullerion et al., 1985). The
nucleus accumbens (NAcc) is an important site for opioid
regulation of palatability (Pecina et al., 2006 Castro and
Berridge, 2014). Opioid neurotransmission in this struc-
ture contributes to reward motivation (Pecina and
Berridge, 2005) and is able to amplify the hedonic impact
of sensory pleasure (Richardson et al., 2005).

Considering that IUGR influences the hedonic
response to palatable flavors in newborn humans (Ayres
et al., 2012; Rotstein et al., 2015), we aimed to (1) deter-
mine if similar findings are seen in a rodent model of
IUGR; (2) investigate if these behavioral differences are
stable over the life-course and (3) study the putative role
of accumbal p-opioid receptor in this behavior. Our
hypothesis was that IUGR would affect the hedonic
response to the sweet flavor in a persistent fashion over
the life-course, and this would map onto levels of accum-
bal p-opioid receptor phosphorylation.

EXPERIMENTAL PROCEDURES
Animals

Primiparous Sprague-Dawley rats (CEMIB Laboratory
Animal Reference Center, Campinas, SP, Brazil), at
approximately 80 days old, were time-mated at our
animal facility by vaginal smear visualization. During
pregnancy they were single-housed in Plexiglas home
cages (49 x 34 x 16 cm) and maintained in a controlled
environment: altered dark/light cycle (lights on between
09:00h and 19:00h, due to maternal behavior
observations in the dark phase of the cycle),
temperature of 22 + 2 °C, cage cleaning once a week,
and food and water provided ad libifum (Adlib). At
10 days of gestation, dams were randomly allocated to
two groups: control (Adlib; n = 21), receiving an
ad libitum diet of standard laboratory chow (Nuvilab®)
and 50% food restricted (FR; n = 14), receiving 50% of
the ad libitum fed dam’'s intake (determined by
guantification of normal intake in a cohort of pregnant
Sprague-Dawley rats) (Desai et al., 2005). These diets
were provided from day 10 of pregnancy to birth. Within
24 h after birth, pups were weighed and limited to eight
per litter (four males and four females) and cross-
fostered to other dams, forming the following groups

(examining the biologicalfadoptive mother, i.e., gesta-
tionflactation matemal diet Adlib_Adlib, FR_Adlib). The
excess pups were used in the hedonic test at 1 day of life
(n = 90 pups), and were immediately decapitated there-
after (see below). Eight pups/litter were left undisturbed
until adulthood and a portion of them were submitted to
hedonic test in adulthood (n = 67; 16—18 animals per
group and sex). Remaining animals not used for the adult
hedonic test were used in other projects. On postnatal
day 21, pups were weaned, separated by sex, and allo-
cated four to a cage. All animals were fed standard lab
chow and water ad libitum and were kept in a controlled
environment similar to that described above, except for
the light cycle (lights on between 07:00 h and 19:00 h).
From day 21 onward, at the time of cage cleaning once
a week, body weight was measured using a digital scale
with 0.01 g precision (Marte®, Canoas, Brazil).

All animal procedures were approved by the Research
Ethics Committee of Hospital de Clinicas de Porto Alegre
(GPPGMHCPA, projects numbers 11-0053, 12-0353).
Tasks were performed in climate-controlled behavioral
rooms within our animal research facility (Unidade de
Experimentagao Animal/HCPA).

Taste reactivity test

Pups, at 1 day of life, were randomly divided and tested
for hedonic response by receiving either a droplet
(10 pl) of distilled water or sucrose solution (0.3 M).
After dripping the droplet on pup’s mouth, using a 100-pl
micropipette, facial responses were fiimed for 90s.
Films were watched frame by frame (30 frames/s) using
the KMPlayer® software and scored by an observer
blinded to the study allocation. According to Ganchrow
et al. (1986), tongue profrusions (licking) and rhythmic
mouth movements were the most salient features elicited
by the sweet stimuli. Therefore the frequency of these
positive facial responses (here called hedonic responses)
(Berridge, 2000) were analyzed during the first 60 s, as
proposed by Berridge (2000). After being filmed for 90 s,
rat pups from the two test conditions (water or sucrose)
were immediately decapitated, as brain responses are
seen a few minutes after the intake of sucrose (Hajnal
et al., 2009; McCutcheon et al., 2012).

In adults, at 90 days of life, the experiment occurred in
the same way, except for the amount of solution delivered
(200 uL) and the sucrose solution concentration (1 M)
(Berridge, 2000; Silveira et al., 2010). The test occurred
over 2days, whereby the same animal received both
water (day 1) and sucrose (day 2). Similarly, the animals
were decapitated immediately after the last test. There-
fore, neurochemical findings in adulthood were observed
only in the “sucrose condition”.

Hedonic taste reactivity response patterns were
scored using time bin scoring procedures developed to
assess hedonic vs. aversive taste valuations (Berridge
and Grill, 1984; Berridge, 2000); this is an objective eval-
uation done by counting the number of frames in which
tongue protrusions are exhibited by the animal after the
sucrose stimulus. A time bin scoring procedure was used
to ensure that taste reactivity components of different
relative frequencies were balanced in their contributions
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Fig. 1. Pups’ taste reactivity test (sum of the hedonic response
frequency). (A) 0-8s; (B) 8-20s; (C) 2040 ¢s; (D) 40-60s. There
was effect of the group only on the second period [F(3,89) = 3.313,
p = 0.024]. DMS post hoc test shows that while Control rats do not
differ when receiving water or sucrose, FR rats that received sucrose
respond more than those that received water (p = 0.011).

to the final affective hedonic totals (Berridge, 2000).
Hedonic responses included rhythmic midline tongue pro-
trusions and lateral tongue protrusions. Individual totals
were calculated for each rat by adding all response
scores.

Neurochemical analysis

Both pups and adult animals had their brains quickly
removed after decapitation, flash frozen in isopentane
and stored at —80°C until analysis. After the brains
were warmed up to —20 °C and cut into thick sections
of 0.1 cm with the aid of an Atlas (Paxinos and Watson,
2009) and macroscopically examined. The region of inter-
est (nucleus accumbens) was identified and carefully iso-
lated, and tissue was collected from 1-mm-diameter
punches, which were processed for Westem blot analysis
as described below.

Tissue samples were homogenized in RIPA buffer
(Sigma—Aldrich, St. Louis, Missouri, USA, R0278),
supplemented with protease (Complete, Roche) and
phosphatase  inhibitors  (Phostop, Roche) and
centrifuged to 13,000 RPM during 10 min at 4 °C. Total
protein was quantified using a BCA kit with bovine
serum albumin as a standard (Thermo Scientific,
Waltham, MA, USA). Samples containing 30 pg of total
protein were subjected to electrophoresis using a
4-12% polyacrylamide gradient gel (Invitrogen, Carlsbad,
CA, USA), before being transferred to a nitrocellulose
membrane (GE Healthcare, Wauwatosa, Wisconsin,
USA). A gradient containing standard molecular weight
markers (Magic Marker, Invitrogen, Carlsbad, CA, USA)
was run in parallel for molecular weight estimation. Blots
were blocked in Tris buffer saline containing 5% non-fat
milk concentrate and 1% Tween-20. The membranes
were incubated overnight at +4 °C with Anti-Phospho-p
Opioid Receptor (Ser375) Polyclonal Antibody (1:500)
(Bioss antibodies, Woburn, MA, USA, cat: bs-3724R)
this was followed by incubation with anti-rabbit antibody
(1:2000) (Anti-Rabbit IgG, Cell Signalling, Danvers, MA,
USA, cat: 7074s) at room temperature for 1h. The
membrane was then exposed on a Kodak film using
ECL (ECL western blotting analysis system, GE
Healthcare, Wauwatosa, Wisconsin, USA, RNP 2106).
The intensity of Western blot bands was quantified by
densitometry analysis using ImageJ software (National
Institute of Health, Bethesda, Maryland, USA). After the
membranes were sfripped once with Glycine 7.5%
(Nuclear, 311574) during 20 min and the Blots were
blocked in Tris buffer saline containing 5% non-fat milk
concentrate and 1% Tween-20. The membranes were
incubated overnight at +4 °C with Rabbit Anti-p Opioid
receptor Polyclonal Antibody (1:500) (Bioss antibodies,
Wobum, MA, USA, cat: bs-3623R) this was followed by
incubation with anti-rabbit antibody (1:2000) (Anti-Rabbit
IgG, Cell Signalling, Danvers, MA, USA, cat: 7074 s), as
shown above. Membranes that have been used in
noncolorimetric immunodetection methods such as
chemiluminescent techniques as we did here can be



41

D. P. Laureano et al. /| Neuroscience 322 (2016) 500-508 503

i
w
1

e
/|

Hedonic resporse (freque ncy)
~
- n
|

o
n
1

e Ctrlwater

g Ctrl sucroze

—i— FRWater
FRsucrose

Seconds

Fig. 2. Frequency of hedonic responses between 8s and 20 s after expose to water or sucrose solution. Data expressed as mean + SEM. GEE
demonstrates an interaction between group and time (p = 0.027). Post hoc Bonferroni; Control water: ‘8 vs. 16, p = 0.002; '8 vs. 18, p = 0.002; '8
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stripped of antibodies for use in subsequent rounds of
Western blot detection. This allows the same blot to be
probed for different proteins and saves sample material.
Although PVDF membranes are recommended because
they are more durable and resists loss of sample better,
more recent studies also propose stripping on
nitrocellulose membranes (Kar et al., 2015).

Results were calculated as a ratio of intensity of the
protein of interest to that of Monoclonal Anti-u-Tubulin
1:2000 (Sigma—Aldrich, St. Louis, Missouri, USA, T
6074) in the same membrane. The results were
expressed as percentage of Controls.

Statistical analysis

All data were tested for nomality using the Kolmogorov—
Smirnov test and tested for homogeneity of variances by
Levene’s test. The taste reactivity test was performed
over 60 s, and this period was divided in four parts for
statistical analysis (0—8s, 8-20s, 20-40s, 40-60s).
The sum frequency of the hedonic responses was
analyzed by a one-way analysis of variance (ANOVA)
(for pups, which were divided in four groups: Control
water, Control_sucrose, FR_water, FR_sucrose) or
repeated measures ANOVA (for adults, day 1 = water,
day 2 = sucrose), followed by DMS post hoc test when
appropriated. When differences were found,
microanalysis of the period was performed by
generalized estimating equations (GEE), which is
appropriate to compare measures over time. The
analysis was adjusted to birth weight, and a Poisson
probability distribution with log link function and
independent working correlation matrix structure was
used, followed by Bonfemoni multiple comparison test
when appropriate.

The preliminary analysis considering sex as an
independent variable yielded no statistical significant
effect. Therefore males and females were analyzed
together. The NAcc p-opioid receptor levels were
analyzed by a two-way ANOVA (group vs. solution in

pups) or Student's T test (only group in adults) followed
by DMS post hoc test, when appropriate.

RESULTS
Birth weight

A two-way ANOVA adjusted for litter size showed that, at
birth, FR pups weighed less than controls (FR = 5.26
+ 0.041; control = 6.65 + 0.042) [F(1,336) = 292.56,
p < 0.001], and females weighed less than males
[F(1,336) =16.03, p < 0.001], but no interaction
between group and sex was observed [F(1,336) = 2.29,
p = 0.13] (Alves et al., 2015). The induction of IUGR by
food restricting the dams during pregnancy is well estab-
lished in our laboratory and has been reproduced a num-
ber of times (Alves et al., 2015; Cunha Fda et al., 2015).

Taste reactivity test

In the pups, a one-way ANOVA of the four periods
showed significant effects of the group only in the
8-20s period [F(3,89) = 3.313, p = 0.024], but not
the other periods (0-8s, [F(3,89) = 2.137, p = 0.102];
2040 s, [F(3,89) = 0.517, p = 0.672], 40-60s, [F(3.89)
= 1.264, p = 0.292]. DMS pos hoc of the 8-20 s period
shows that while Control rats do not differ when
receiving water or sucrose, FR rats that received
sucrose respond more than those receiving water
(p = 0.011) (Fig. 1A-D).

A parallel analysis of the apparent group effect on the
0-8s using a Two-Way ANOVA (group vs. solution)
showed that there is an effect of the group [FR < Adlib,
F(1, 89) = 6.028, p = 0.016], without other effects or
interactions Fig. 1A.

Analyzing the facial responses by GEE in the first 20 s
after exposure to water or sucrose solutions, we found an
interaction between group and time [Wald = 31.23;
gl = 18; p = 0.027; n = 15-30/group] after the first 8 s
until 20s. The interaction evaluation using post hoc
Bonferroni demonstrated that Control pups exposed to
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solution showed a reduction in hedonic responses after
18s (Bonferroni 8 vs. 18, p = 0.005 8 wvs. 20,
p = 0.008). In contrast, FR pups did not show this
reduction over time (Bonferroni p > 0.05 for all
comparisons) (Fig. 2).

In adults, a repeated measures ANOVA examining the
frequency of the hedonic responses to water (day 1) and
sucrose (day 2) conditions in the different periods showed
an interaction between group and solution on the fourth
period [F(1,30) = 4.424, p = 0.044], in which Control
rats decrease the response in the sucrose solution,
while FR rats do not change over time. There was an
effect of the solution in the earlier periods as expected
(0-8s, [F(1,30) =T76.634, p < 0.0001]; 8-20s,
[F(1,30) = 9.348, p = 0.005]), but not on the latter
periods (20-40s, [F(1,30) = 0.035, p = 0.853] and
40-60, [F(1.30) = 1.941, p = 0.174]). There were no other
interactions between group and solution (0—8seconds,
[F(1,30) = 1.163, p = 0.289]; 8-20s, [F(1,30) = 1.352,
p = 0.254], 40-60s, [F(1,30) = 0.065, p = 0.801]. See
Fig. 3.

Analyzing the facial responses in the last 20 s after
exposure to water or sucrose solution, we found an
interaction between group and time [Wald = 26.34;
gl=9 p=0002; n=33-34/group]. The interaction
evaluation using post hoc Bonferroni demonstrated that
FR rats exposed to water showed a reduction in
hedonic responses between 46 and 48 s in comparison
to FR rats exposed to sucrose (Bonferroni, p = 0.02)
while there were no differences in Control rats (Fig. 4).

Phosphorylation of p-opioid receptor in the NAcc

In pups, the p-opioid levels were not different between the
groups [F(1,27) = 0.255; p = 0.618] or solutions [F(1,27)
= 0.511; p = 0.482], and no interactions were found
[F(1,27) =1.778; p= 0.195]. The phosphorylated
(Ser375) portion was significantly decreased in FR pups
[F(1,27) = 8.170; p = 0.009], independent of the solution
[F(1,27) = 0.009; p = 0.927], without interaction
between these variables [F(1,27) = 0.102; p = 0.753].
For the ratio, there was a main effect of the group, in
which the FR group has decreased phospho-p-opioid/p-
opioid ratio (decreased phosphorylation) in comparison to
Controls [F(1,27) = 10.705; p = 0.003], without effect of
the solution [F(1,27) =0.095; p = 0.761 and no
interaction [F(1,27) = 0.309; p = 0.584] (Fig. 5A, B).

In adults, there were no differences between Control
and FR rats in the p-opioid levels [f(26) = 0.352,
p = 0.728], phosphorylated portion [t(26) = 0.823,
p = 0401] or the ratio [f{(26) = 0.979, p = 0.337]
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Fig. 3. Adults’ taste reactivity test (sum of the hedonic response
frequency). (A) 0—8s; (B) 8-20s; (C) 2040 s; (D) 40-860s. There
was an interaction between group and solution on the fourth period
[F(1,30) = 4.424, p = 0.044] in which Control rats decreased the
response on the sucrose condition, while FR rats do not change.

water showed a reduction in hedonic responses after 16 s
(Bonferroni 8 vs. 16, p = 0.002; 8 vs. 18, p = 0.002; 8 vs.
20, p = 0.048) and that Control pups exposed to sucrose

(Fig. 5C).

DISCUSSION

In this study we found that IUGR modifies the hedonic
response to the sweet taste in newborn rat pups, a
phenomeneon that resembles that described by us in
human newborns (Ayres et al., 2012) and other groups
in humans (Rotstein et al., 2015) (see also (Laureano
et al., 2015)) and rodents (Rubio-Navarro et al., 2014).
In addition, this finding maps onto a different level of
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Fig. 4. Frequency of hedonic responses between 40 s and 60 s after expose to water or sucrose solution. Data expressed as mean £ SEM. GEE
demonstrates an interaction between group and time (p = 0.002). Post hoc Bonferroni; FR water vs FR sucrose, 46—48s, p = 0.02.

phosphorylation of the p-opioid receptor in the nucleus
accumbens, which is established to play a role in the
behavioral expression of hedonic response to sweet taste
(Pecina et al., 2006). This finding confirms one of our
hypotheses and suggests that IUGR programs the func-
tioning of the accumbal opioid system early in life, influ-
encing the acute behavioral response to a palatable
sweet flavor. It is possible that this behavioralf
neurochemical phenotype in newborns will influence the
development of food preferences toward palatable foods
in IUGR humans at varying ages (Barbieri et al., 2009;
Silveira et al., 2012) (Lussana et al., 2008; Perala et al.,
2012; Migraine et al., 2013). Recently, we described that
IUGR rodent offspring exhibit altered food preferences
(Dalle Molle et al., 2015) and the perception of the sweet
flavor cues as adults (Alves et al., 2015).

The diminished response found in FR rats in the first
few seconds after the beginning of the taste reactivity
test, independent of the solution, could be due to a
peculiar motor development associated with the growth
restriction in this group (Zhang et al., 2010). Similar
findings were described in (Rubio-Navarro et al., 2014),
and these authors proposed that the findings could be
explained by alterations in the synaptic connectivity and
excitability of the circuit underying gustatory movements
associated with the food restriction during gestation
(Salas et al., 2012).

It is of note that the behavioral differences between
the groups in adulthood were very subtle, without
differences in the neurochemical outcomes measured.
While at first sight this could denote that the newborn
findings have no relationship with altered food
preferences in adult IUGR rats (Dalle Molle et al.,
20185), itis important to highlight the role of the opioid sys-
tem in the ontogeny of eary feeding pathways and the
establishment of feeding behaviors (Gugusheff et al.,
2014). Studies demonstrate an early appearance of p
and «x-opioid receptor mMRNA on the mesostriatal
system by mid gestation in rodents, suggesting an eary

expression of these receptors on dopaminergic terminal
fibers (Georges et al., 1998), and the development of
the dopaminergic mesocorticolimbic system extends up
to 4 weeks of postnatal age (Gugusheff et al., 2015).
Therefore, it is possible that the alterations found in
the opioid system in IUGR newborns may set the
stage for differential dopaminergic functioning in the
mesocorticolimbic system, with consequent impact on
food preferences. In other words, the lack of difference
seen in opioid receptor protein levels in adult FR vs
control offspring is due to early life changes in opioid
receptor expression that led to downstream changes in
dopamine signaling, thus changes in food preferences
but not taste reactivity later in life.

Vucetic et al. (2010) demonstrated that maternal mal-
nutrition through reducing protein diet content during
pregnancy causes IUGR and an exaggerated response
to cocaine in adulthood, hyperactivity when receiving a
high-fat diet after weaning but decreased sucrose prefer-
ence. While caloric and protein restriction during preg-
nancy are diverse models and apparently influence
sucrose preferences differently, it is interesting to see that
these authors observed that the IUGR offspring have
increased expression of dopamine-related genes (TH
and DAT) in brain regions related to reward processing
(ventral tegmental area (VTA), NAcc, and prefrontal cor-
tex (PFC)) and homeostatic control (hypothalamus), and
increased content of TH and dopamine in the VTA and
PFC, respectively. On the other hand, in our model, we
find increased palatable/sweet food intake with decreased
protein expression of TH and D2 on the PFC and NAcc
(Alves et al., 2015; Dalle Moalle et al., 2015), strongly sug-
gesting that palatable food intake in adult models of IUGR
map onto hypoactivation of the mesolimbic dopamine
system.

There is evidence that early postnatal growth
acceleration, which happened in our model (Cunha Fda
et al., 2015), may exacerbate metabolic dysfunction dur-
ing later life (Tamashiro and Moran, 2010) and modifies
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the limbic system and linked to DA systems in many parts
of the forebrain (Haber and Lu, 1995; Levine and
Billington, 2004). p-opioid receptor binding is significantly
enhanced after three weeks on the intermittent sugar diet,
compared to ad libitum chow. This effect was observed in
the accumbens shell, cingulate, hippocampus and locus
coeruleus (Colantuoni et al., 2001; Avena et al., 2008).
Interestingly, the nucleus accumbens’ anatomical hetero-
geneity leads to differential opioid function and responses
according to the accumbal subregions under considera-
tion. For instance, while the nucleus accumbens’
rostrodorsal quadrant responds to enhancements of
sucrose “liking” for both p, v« and & stimulations, the
response to the same stimulus within the caudal half of
medial shell suppresses the “liking” reactions (Castro
and Berridge, 2014). Although our dissections did not
reach this level of preciseness, the association between
decreased phosphorylated opioid receptor may indeed
explain increased hedonic responses to sucrose.

Ong and Muhlhausler (2011) showed that exposure of
dams to “junk food” can alter offsprings’ food choices and
the mesolimbic reward system functioning. At 6 weeks of
life, p-opioid receptor mRNA increased and DAT mRNA
decreased in obese versus control group in their study.
In addition, at 3 months of life, p-opioid receptor mRNA
decreased and DAT mRNA increased in the obese group.
Considering their findings and ours, this is consistent with
the idea that both undernutrition and overnutrition in early
life can program the functioning of the reward system and
consequently the risk for obesity (Grissom and Reyes,
2013). The periods of plasticity during the development
of central reward systems begins before birth and extends
into the fourth week of postnatal life in rodents (Gugusheff
et al., 2015). As a large proportion of the maturation of
brain circuits occurs after birth, this may explain why we
see differences in the phosphorylation of the p-opioid
receptor only in the first day of life and not in adulthood.

The results of this study demonstrate that maternal
undemutrition resulting in IUGR newborns results in
altered NAcc opioid system expression and enhanced
hedonic responses to sweet taste in early life. Although
only subtle alterations persist to adulthood, we propose
that the early hedonic responses to sucrose, and
perhaps standard food, contribute to hyperphagia and
rapid catch-up growth in IUGR offspring (Cunha Fda
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Fig. 5. Accumbal p-opioid, phospho-p-opioid and ratio (phospho-p-
opioid/p-opioid) in pups after receiving water (A) or sucrose (B) and in
adults (C). There was a decreased phosphorylation in FR pups
independent of the solution given (p = 0.003), and no differences in
adults.

the expression of important receptors involved in the con-
trol of food intake and appetite such as leptin, 5-HT1A, D1
and D2 in the hypothalamus (Manuel-Apolinar et al.,
2014). Therefore, the differences observed between pups
and adults in our study could be related to the accelerated
growth in early life.

Opioids regulate the palatability or the hedonic
evaluation of food (Berridge, 1996), (Calcagnetti and
Reid, 1983). Opioids are heavily expressed throughout

et al., 2015). In view of the association of rapid newbom
weight gain with childhood and adult obesity, these sites
of regulation may offer intervention opportunities for the
prevention of metabolic syndrome.
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In a recent article published in the Jowrnal of Child Neurology,
Rotstein et al suggest that there is no difference in the facial
recognition patterns for taste between small for gestational age
and control newborms, except for the perception of distilled
water.! Nonetheless, when analyzing their Figure 1A, it seems
to us that this result regarding water versus sucrose facial
expressions resembles very much the one we described previ-
ously.2 We evaluated 1-day-old preterm infants that received
24% sucrose solution or water on the taste reactivity test, and
we found a highly positive correlation between fetal growth
and the hedonic response in the group exposed to the sweet
solution but not in the group exposed to water. In other words,
the more intense the intrauterine growth restriction, the lower
the frequency of the hedonic response observed, suggesting
that intrauterine growth restriction is linked to a decreased sen-
sitivity to the enjoyment elicited by the sweet taste.

However, because our results derived from a clinical trial,
we were not able to compare the same child’s response across
different trials, as Rotstein et al could. Water is tasteless and
odorless and therefore to us the pattern of response to water
should be considered as a baseline or simple motor response.
If Rotstein et al had studied the response using a sucrose to
water ratio in each group, the expected pattern of reactivity
in control children becomes clear, which almost double the
hedonic response when tasting the sucrose solution in relation
to water. On the other hand, the same ratio in small for gesta-
tional age children would be near to one, suggesting that they
were unable to recognize the pleasurable sensation associated
with sugar.

The authors interpreted the finding as if the control group
had a decreased perception for water and attributed this odd
finding to “an artifact due to multiple comparisons.” To us,
this is a simple misinterpretation of the data. The main question
then becomes why is there such a discrete response to the other
solutions tested (quinine, citrate). A possible explanation is that
the “dislike” side of the scale has a worse discerning ability.?
Another question is why small for gestational age children have
an increased baseline response to water when compared to con-
trols; however, this is easily explained by a peculiar motor devel-
opment in small for gestational age infants, which has been
extensively described,*” and likely to be present already at birth.®

Besides using the response to distilled water as a baseline in
the Rotstein et al study, it would have been interesting to see if
there is a continuous correlation between birth weight and
the response scale values; for that, they could have used the
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®SAGE

birth weight ratio (observed birth weight divided by the mean
population birth weight specific for sex and gestational age)
as we did in our study,2

Rotstein and colleagues’ findings reassure us about the idea
that small for gestational age infants have indeed a difficulty in
discriminating plain water from the sucrose flavor, as seen in
our study.2 We propose that this inability to detect the pleasur-
able sensation associated with sugar predisposes them to
develop an increased consumption of palatable foods later in
life, as we 1% and others''"'* have described. The increased
preference for palatable foods could be an important factor
contributing to the development of obesity and its metabolic
consequences in the small for gestational age population.'
As intrauterine growth restriction is ofien seen in a context of
social vulnerability and poor food security, the fetal program-
ming of food preferences is an essential topic in preventive
research.'®!”
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Abstract

Background/Aims: Intrauterine growth restriction (IUGR) is defined when the fetus does not
reach the expected size for the standard gestational age. It is related to increased preference for
palatable foods and altered insulin sensitivity. Central dopamine modulation by insulin can lead
to changes in response to reward. We aimed at evaluating the release of dopamine during
palatable food intake in animals submitted to an IUGR protocol at baseline and in response to
insulin. Methods: At gestation day 10, Sprague-Dawley dams were randomly assigned to
receive ad libitum diet (AdLib) or 50% calorie restricted diet (FR). At birth, pups were cross-
fostered generating two groups (pregnancy/lactation): AdLib/AdLib (Controls) and FR/AdIib
(FR). In adulthood, palatable food consumption and feeding behavior entropy was assessed
using the BioDAQ®, and the dopamine release facing standard chow and palatable food was
measured by chronoamperometry recordings in nucleus accumbens (NAcc), with or without
previous systemic insulin treatment (5UI/kg). Results: There is an interaction between group
and time of the day on the palatable food consumption, in which FR rats eat more palatable
foods than the Control group in the active period (dark), and the eating pattern has a higher
entropy in FR group. There was a delayed dopamine release in the IJUGR group in response to
Froot Loops® (time to reach the peak DA release) (p=0.047), but not in response to standard
chow (p=0.806). Insulin treatment reverted the difference observed when Froot Loops® were
available (p=0.05). Western blot analysis showed that SOCS3 was decreased in the VTA of FR
(p=0.009); pTH/TH was increased in the NAcc of FR as we have previously shown (p=0.027),
but similarly to the chronoamperometry findings, this was reverted by insulin (p=0.338).
Conclusion: It was observed a delay in the dopamine release and metabolic alterations in
response to palatable foods in the FR group when compared to the Control group. The delay in
dopamine release in FR individuals explains the increased intake of palatable foods and
increased entropy in this group. These changes in the dopaminergic response to sweet food may

lead to binge eating and obesity as well as its metabolic consequences in IUGR individuals.
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Introduction

Exposure to fetal adversity is associated with altered impulsivity-based behaviors such
as, increased preference for sugary foods at different ages in humans (Barbieri, Portella et al.
2009, Ayres, Agranonik et al. 2012, Portella, Kajantie et al. 2012, Silveira, Agranonik et al.
2012, Portella and Silveira 2014, Silveira 2014, Dalle Molle and Silveira 2015, Laureano, Molle
et al. 2015, Reis RS 2016) and animals (Alves, Molle et al. 2015, Cunha Fda, Dalle Molle et al.
2015, Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016). This behavioral
phenotype contributes to the development of prediabetes and type Il diabetes — as well as its
consequences such as cardiovascular and mental disease - over the life course in this population
(Hales and Barker 1992, Eriksson, Wallander et al. 2004, Lahti, Eriksson et al. 2014, Li, Ley et
al. 2015). We have described that altered behaviors towards a sweet reward can be seen already
in the first day of life both in intrauterine growth restricted (IUGR) human newborns (Ayres,
Agranonik et al. 2012) and rat pups (Laureano, Dalle Molle et al. 2016). This strongly
suggesting that the fetal adversity exposure programs neurobiological pathways involved in
reward sensitivity (Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016). These
pathways are modulated by the action of insulin on its central receptors spread across different
brain areas such as the ventral tegmentar area (VTA), the nucleus accumbens (NAcc) and the
prefrontal cortex (PFC) (Sipols, Bayer et al. 2002, Figlewicz 2003). Interestingly, insulin
secretion relative to insulin sensitivity is highly impaired in children and adults who grow
poorly before birth (Jensen, Storgaard et al. 2002, Veening, van Weissenbruch et al. 2003,
Mericg, Ong et al. 2005), occurring even before the onset of insulin resistance. Therefore,
variations in insulin sensitivity in these brain areas may explain the behavioral characteristics
from IUGR children/adults, and therefore be involved in shaping their phenotype towards a
profile of the vulnerability to metabolic and psychiatric conditions later in life.

Insulin is known to act on the dopaminergic neurons of the ventral tegmental area
(VTA), that project to the nucleus accumbens and PFC (Figlewicz, MacDonald Naleid et al.
2007), and modulate behavioral responses such as reward sensitivity and conditioning
(Figlewicz, Bennett et al. 2008). This seems to be especially evident in situations of perinatal
adversity (Portella, Silveira et al. 2015). Studies from other groups, based on the dietary
maternal protein restriction during gestation, demonstrate alterations in brain systems involved
in hedonic responses to sucrose. For example, increased levels of tyrosine-hydroxylase (TH)
and dopamine in the VTA and PFC, respectively, and enhanced expression of genes responsible

for TH and dopamine reuptake transporter (DAT) production in areas of the mesocorticolimbic
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system (Vucetic, Totoki et al. 2010). Our group have already shown robust reduction in the
expression of enzymes involved in dopamine synthesis in the NAcc and orbitofrontal cortex in
adulthood in IUGR rats (Alves, Molle et al. 2015, Dalle Molle, Laureano et al. 2015). Therefore,
in this work, we hypothesized that insulin differently modulates the behavioral and
neurochemical DA response to palatable foods in adult rats exposed to IUGR compared to

controls.

MATERIALS AND METHODS

Primiparous Sprague Dawley rats (CEMIB Laboratory Animal Reference Center,
Campinas, SP, Brazil), at approximately 80 days old, were time-mated at our animal facility.
During pregnancy, they were single-housed in Plexiglas home cages (49 x 34 x 16 cm) and
maintained in a controlled environment: dark/light cycle (lights on between 7AM and 7PM),
temperature of 22 + 2°C, cage cleaning once a week, and food and water provided ad libitum.
At 10 days of gestation, dams were randomly allocated to two groups: control (Adlib)(n=24),
receiving an ad libitum (AdLib) diet of standard laboratory chow (Nuvilab®) and 50% food
restricted (FR)(n=12), receiving 50% of the ad libitum-fed dam’s intake (determined by daily
quantification of normal intake in a cohort of pregnant Sprague Dawley rats) (Desai, Gayle et
al. 2005). These diets were provided from day 10 of pregnancy until the day of birth of pups.
Within 24 hours after birth, pups were weighed and limited to 8 per litter (4 males and 4
females) and cross-fostered to other AdLib dams, forming the following groups (considering
the biological/adoptive mother, i.e., gestation/lactation maternal diet): AdLib/AdLib (control -
CTRL) and FR/AdLIib (FR). The excess pups and the females were used in a different study
(projects HCPA/GPPG 12-0353, 13-0544, 14-0289 and 140111). On postnatal day 21, pups
were weaned, separated by sex, and allocated four per cage. All animals were fed standard lab
chow and water ad libitum and were kept in a controlled environment similar to the described
above. From day 21 onwards, at the time of cage cleaning once a week, body weight was
measured using a digital scale with 0.01 g precision (Marte®, Canoas, Brazil). The males (n=64
animals) were submitted to 2 experiments, a) evaluation of feeding behavior (n=16 animals)
and insulin signaling in the mesocorticolimbic system (n=34 animals, Study 1) and b)
evaluation of the accumbal dopamine response to palatable food by chronoamperometry (n= 14

animals, Study 2). No more than 2 animals per litter was used in each experiment.
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All animal procedures were approved by the Research Ethics Committee of Hospital de
Clinicas de Porto Alegre (GPPG/HCPA, project numbers 13-0420, 13-0264, 14-0111, 13-0544,
11-0053, 14-0289, 120353. Tasks were performed in climate-controlled behavioral rooms

within our animal research facility (Unidade de Experimentagdo Animal/HCPA).

Study 1: Evaluation of feeding behavior and insulin signaling in the mesocorticolimbic

system

Feeding behavior analysis

At 80 days of life the rats were transferred into cages equipped with BioDAQ® food
intake monitoring system (Research Diets). Rats were housed individually and provided access
to the diets and water ad libitum. BioDAQ® consist in a computer system of feeding behavior
analyses. Total food intake and meal pattern were analyzed with the BioDAQ® system as
previously described (Farley, Cook et al. 2003, Machado, Dalle Molle et al. 2013, Dalle Molle,
Laureano et al. 2015). Briefly, the system uses a food hopper mounted on an electronic strain
gauge-based load cell to measure food intake. The food hopper is weighed 50 times per second
(accurate to 0.01 g) and the mean and standard deviation (S.D.) of intake over approximately 1
sec are calculated by a peripheral computer. Feeding is signaled by a fluctuation in the food
hopper weight (defined as a S.D. > 2000 mg) caused by the animal eating. Each feeding event
(cage/animal number, start date and time, feeding duration, final hopper weight and amount
eaten) was recorded and exported to a central computer, where it was entered into a Microsoft
Excel spreadsheet (Microsoft, Redmond, WA) for the calculation and data summarization.
There were two kinds of events recorded in BioDAQ®: bouts and meals. The end of a feeding
bout was signaled when the hopper was left undisturbed for 5s (defined as a S.D.<2000 mg), at
which point the duration of the feeding event and the amount eaten (initial hopper weight minus
final hopper weight) was calculated. A meal was defined as a difference in hopper weight of
>0.1g, separated from other feeding bouts within a range of 15 min (Surina-Baumgartner,
Langhans et al. 1995, Eckel, Langhans et al. 1998). Rats remained in the apparatus for 8 days.
The first 4 days were considered the habituation period, when rats were given access to standard
rat chow in each Kg (2.95Kcal/g, 22% protein, 4,5% fat, 54% carbohydrate; NUVILAB®) and
water ad libitum. The analysis focused on the last 4 days, during which the animals were
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allowed to choose between standard rat chow (composition already described above and a
highly palatable diet in each Kg (4.82 kcal/g, 8% mineral, 14% protein, 34% fat, 6% fiber, 30%
carbohydrate, 20% of the latter derived from sucrose; Prag Solu¢6es Biociéncias®). To avoid
possible effects of neophobia, the animals received a small amount of the palatable diet inside
their cages for two days before the beginning of the food choice experiment. The diets were
replenished daily, simultaneously with the cleaning and maintenance of the BioDAQ® system
(Kowalski, Farley et al. 2004).

Neurochemical analysis

At 100 days old, the animals were fasted for 4h and injected with insulin 1 1U/kg (ip.)
or saline and decapitated after 15 min, or received no injection before decapitation (for insulin
measurements). Brain tissue and blood were collected for analysis. Blood was collected in tubes
and centrifuged at +4°C at 4000 rpm for 10min. Plasma was then separated in aliquots and
frozen at —80°C until analysis. Plasma insulin levels were quantified at our laboratory by
ELISA, using commercial reagents (Rat/Mouse Insulin ELISA Kit, Millipore, EZRMI-13K).
Brains were flash frozen in isopentane stored at —80 °C until analysis. The brains were then
warmed to —20°C and cut into thick sections of 0.1 cm with the aid of an Atlas (Paxinos and
Watson 2007). The bilateral punches were obtained in ventral tegmental area (VTA) and
nucleus accumbens (NAcc) (Shahrokh, Zhang et al. 2010). The regions of interest were
identified and carefully isolated, and tissue was collected from 1 mm diameter punches, which
were processed for Western blot analysis as described below.

Tissue samples were homogenized in cytosol extraction buffer supplemented with
protease (Protease Inhibitor Cocktail, Sigma- Aldrich, P8340) and phosphatase inhibitors
(PhosSTOP Phosphatase Inhibitor Cocktail Tablets, Roche, 4906845001) and centrifuged to
6000 rpm during 2 min at +4 °C. Total protein was quantified using a BCA kit with bovine
serum albumin as a standard (Pierce BCA Protein, Thermo Scientific, 23225). Aliquots of the
supernatant containing 35 pg (VTA) or 25 pg of protein (NAcc) were incubated with LDS
(Invitrogen, NP0O0O7) and DTT (Sigma-Aldrich, 43815) at 99°C for 3 min. These samples were
subjected to electrophoresis using a 4 to 12% polyacrylamide gradient gel (Invitrogen,
NP0323BOX) together with a standard molecular weight (Spectra™ Multicolor Broad Range
Protein Ladder, Thermo scientific, 26634), before being transferred to a nitrocellulose

membrane (GE Healthcare, RPN303C). Blots were blocked in Tris buffer saline containing 5%
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non-fat milk concentrate and 1% Tween®20 (Sigma, P1379). We measured TH, pTH, in the
NAcc, and SOCS3, AKT and pAKT in the VTA. The membranes were incubated overnight at
+4°C with primary antibodies: TH 1:5000 (anti-tyrosine hydroxylase, Sigma-Aldrich, T2928),
pTH 1:500 (anti-phospho tyrosine hydroxylase (Ser40), Invitrogen, 368600), SOCS3 1:500
(suppressor of cytokine signaling) (Cell Signaling, #2923), Akt (pan) (11E7) 1:1000 (Cell
signaling, #4685), Phospho-Akt (Ser473) 1:1000 (Cell Signaling, #4060), followed by anti-
mouse secondary antibodies (1:2500) (Anti-Mouse 1gG, Cell Signaling, #7076s) or anti-rabbit
(1:2500) (Anti-Rabbit IgG, Cell Signaling, #7074s) at room temperature for 1h. The membrane
was then exposed on ImageQuant LAS 4000 GE Healthcare Life Sciences using ECL (ECL
western blotting analysis system, GE healthcare, RNP2106). Results were calculated as a ratio
of intensity of the protein of interest to that of actin 1:2000 (Sigma—Aldrich, A4700) in the same
membrane. The results were expressed as percentage of controls (Colman, Laureano et al. 2015,
Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016).

Study 2: Evaluation of the accumbal dopamine response to palatable food by

chronoamperometry

Surgery

At 80 — 120 days of life, animals (n=14) were submitted to voltammetry analysis after
stereotaxic surgery. They were anesthetized with ketamine 40mg/kg (ip.) and xylazine 5mg/kg
(ip.), and maintained with isoflurane (in.) for induction 4-5% and maintenance 2-3% during
surgery. Animals received tramadol 5 mg/kg (ip.) pre, and tramadol 2.5 mg/kg (ip.) post
surgery, and sodium dipyrone 200 mg/kg (IM) during the surgical procedure for analgesia.
Tramadol 5 mg/kg (ip.) was kept 12h/12 h and cetoprofen 5 mg/kg (ip.) 1x day for 2 consecutive
days post operative. 40 uL of bupivacaine with epinephrine (0,2 mg per animal) was injected
subcutaneously at the surgical site. Electrochemical probes were lowered into the NAcc shell
(coordinates: 1.2 mm anterior to bregma, 0.8 mm lateral to the midline, and 7.0 mm ventral to
the surface of the cortex) (Shahrokh, Zhang et al. 2010). Animals were also implanted with an
Ag/AgCI reference electrode in the contralateral parietal cortex. Miniature pin connectors
soldered to the voltammetric and reference electrodes were inserted into a connector (9-pin
ABS Plug, Ginger Scientific, GS09PLG-220). The assembly was secured with acrylic dental



58

cement to four stainless steel screws threaded into the cranium (Paxinos and Watson 2007,

Shahrokh, Zhang et al. 2010). Animals were returned to their home cages after a 2-5h recovery.

Electrochemical probes and measurements in freely moving rats

This experiment was performed according to (Shahrokh, Zhang et al. 2010). The
voltammetric electrodes consisted of a bundle of three 30-m-diameter carbon fibers (Textron
Systems, Wilmington, MA) extending 50-100m beyond the sealed tip of a pulled glass capillary
(outer diameter 0.5 mm), and repeatedly coated with a 5% solution of Nafion® (Sigma-Aldrich,
274704), a perfluorinated ionomer that promotes the exchange of cations such as dopamine but
impedes the exchange of interfering anionic species such as ascorbic acid (AA) and 3,4
dihydroxyphenylacetic acid. Each electrode was calibrated to determine dopamine sensitivity
and selectivity compared with AA in 0.1 M PBS (pH 7.4) that contained 250 uM AA to mimic
brain extracelular conditions. Electrodes used had a mean (xSEM) dopamine to AA selectivity
ratio of 1619:1 + 133:1 (Doherty and Gratton 1997, Shahrokh, Zhang et al. 2010, McCutcheon,
Beeler et al. 2012).

Dopamine was detected as current through its oxidation and reduction, and this was
recorded using a computer controlled, high-speed chronoamperometric apparatus (Quanteon,
Lexington, KY). An oxidation potential of +0.55mV (with respect to the reference electrode)
was applied to the electrode for 100 ms at a rate of 2 Hz. The oxidation current was digitally
integrated during the last 80 ms of each pulse. The sums of every 10 digitized oxidative cycles
of the chronoamperometric waveform were automatically converted into equivalent values of
dopamine concentration using the in vitro calibration factor. The reduction current generated
when the potential was returned to resting level (0.0V for 100 ms) was digitized and summed
in the same manner and served as an index to identify the main electroactive species
contributing to the electrochemical signals. With Nafion-coated electrodes and a sampling rate
of 2 Hz, the magnitude of the increase in reduction current elicited by an elevation in dopamine
concentration is typically 60-80% of the corresponding increase in oxidation current [reduction
to oxidation ratio (red:ox)], 0.6-0.8 (Doherty and Gratton 1997, Gerhardt, Ksir et al. 1999,
Shahrokh, Zhang et al. 2010, McCutcheon, Beeler et al. 2012). Supplementary information

is available at Youtube (https://www.youtube.com/watch?v=Sf7L-34pgmc).
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In vivo electrochemical recordings

In the first postoperative day the animals received 6 pellets of Froot Loops® in the
homecage to avoid food neophobia during the experiment. In the second postoperative day, we
started the habituation to the voltammetry box. The animal was put in the apparatus (wooden
box measuring 60 x 60 x 60 cm, with glass on the front door and a single hole at the top allowing
the connection of the voltammetry cable), for 1 h, receiving 6 pellets of Froot Loops®.

Voltammetry recordings occurred from the third to the fifth postoperative day. On the
first recording day, the animal remained in the apparatus for 2 hours for acclimatization and
electrochemical signal stabilization, and then received 30 grams of standard rat chow (in small
pieces) for 30 minutes on the voltammetry apparatus for recording the dopamine response to
standard chow. After this period, chow was removed and the animal was allowed to remain
quiet for 1 hour without receiving any food and again for signal stabilization. Thereafter, 15
pellets of Froot Loops® were offered for 30 min; food was removed after this period and the
recordings were finalized after 1 hour to evaluate brain response to palatable food. On the
second day of the experiment, after the 2 hours acclimatization, animals were injected with 100
microliters saline solution (ip.), offered 15 pellets Froot Loops® for 30 min; then the food was
removed and the recordings were maintained for 1 h. The third day was similar to the second
day, but instead of saline it was injected insulin 5 Ul/kg (ip., added with saline solution until
100 microliters of total volume). The next day, the animal was killed by anesthetic overdose.
The brains were removed and stored in 4% paraformaldehyde. Histology was performed to
confirm the electrode position. Rats were kept under food restriction (receiving about 80% of
habitual chow intake) during the recording days. From the 14 operated animals, data from 9

were kept after verifying electrochemical data and the electrode positioning.

Histological confirmation of electrode position

After voltammetry recordings, the electrode position in the recording site was validated
by histology. Animals were deeply anesthetized with isoflurane and a +4.5 DC current was
applied to the carbon fiber electrode in order to produce a lesion at the exact recording site in
the brain (Ledo, Lourenco et al. 2015). Rats were then decapitated and the brains were fixed in

4% paraformaldehyde (PFA) solution in PBS for 24h, cryoprotected in 30% sucrose solution
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until it sank to the bottom of the flask, and then frozen in isopentane and liquid nitrogen.
Coronal sections (50 um) of the brain were made using a cryostat (Leica, Wetzlar, Germany)
with the aid of an Atlas (Paxinos and Watson 2007). The sections were mounted on gelatinized
glass slides and stained with hematoxylin-eosin to verify the lesion site caused by the current
applied to the microelectrodes. Rats with incorrect electrode position in the recording site (n=5)

were excluded from the statistical analyses.

Statistical analysis

Data were expressed as means £ SEM, and were analyzed using Student’s t-test (western
blotting, plasma insulin); to analyze differences in birth weight we used two-way ANOVA
(group vs. sex).

BioDAQ® data was analyzed in three different ways: a) Generalized Estimating
Equations (GEE) with group, experiment days, time of the day (lit vs. dark cycle) as
independent variables and total amount consumed as the outcome; consumption was adjusted
by body weight and analyzed as grams consumed per 100g of weight; b) Using the continuous
recording from BioDAQ®, we divided the 24 hours in 96 beans of 15 minutes and categorized
the animal behavior into three possible states: resting/eating rat chow/eating palatable food.
Unpredictability focuses on transitions from one type of state to another. We derived a measure
of unpredictably by focusing on the conditional probabilities that describe transitions in
behavior, as described in (Molet, Heins et al. 2016). Briefly, we characterized the rats’ behavior
using an empirical transition matrix of conditional probabilities of changing from one state to
another. Entropy is a natural summary measure of randomness or unpredictability of a
distribution, and can be defined in many measures. We focused on the Shannon entropy. We
first calculated the probabilities to be in each of the three states for all rats together and used
them as the stationary distribution of the Markov chain. The stationary probabilities serve as
weights for the entropy values, which produce a measure known as the entropy rate (Molet,
Heins et al. 2016), and these were compared between the groups using Student’s t-test; c)
Approximate entropy (ApEn) was calculated according to Richman (Richman and Moorman
2000): using the continuous measure as described in b), we calculated the tolerance, r, (0.3
times standard deviation of the consumption per 100g) for each subject. We defined that two
sequences xi and xj will match if they are within a tolerance r, i.e. the distance between xi and

X] is less than or equal r. Then for each subject we calculated two probabilities: that two
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sequences of two consecutive periods will match and that two sequences of three consecutive
periods will match. Further, for each subject we calculated approximate entropy, ApEn, as a
negative logarithm of conditional probability that two sequences within a tolerance r for two
consecutive periods will remain within tolerance r for the next period.

Voltammetry data was analyzed using GEE, having group and measure in the different
exposures (rat chow, Froot Loops®, IP Saline_Froot Loops®, IP Insulin_Froot Loops®) as
factors; Bonferroni posthoc was used to describe the differences. Three outcomes that
summarize the DA response were chosen following the model as (Joyce, Glaser et al. 2007):
Time of DA to reach the peak (“T rise”), amplitude of DA response (in mMol) and the time in
which 80% of the DA has been cleared (T80, which provides information on DA reuptake).

Data were analyzed using the Statistical Package for the Social Sciences (SPSS) version
20.0 software (SPSS Inc., Chicago, IL, USA) and R. Significance levels for all measures were
set at p= 0.05.

RESULTS

Birth weight

Two-Way ANOVA showed that, at birth, FR pups weighed less than controls
[F(1,382)= 171.538, p<0.001], and females weighted less than males [F(1,382) =22.261,
p<0.001], but no interaction between group and sex was observed [F(1,382)=0.424, p=0.515],
males (FR=6.26+0.12; control=7.41+0.07) and females (FR=5.77%0.09; control=7.04+0.08).
At weaning, body weight difference between FR and controls was not observed anymore
[F(1,249)= 0.665, p=0.416], showing that FR groups had catch up in growth. Females weighed
less than males [F(1,249) =17.111, p<0.001], and no interaction between group and sex was
observed at 21 days [F(1,249)=0.805, p=0.370], males (FR=56.99+0.55; control=56.93+0.73)
and females (FR=53.66+0.56; control=54.79+0.71). Sample size in this experiment reflects all
animals adopted in the different projects listed in the Methods, as we decided not to trace exactly
the pups that were designed for each project to avoid disturbing the litters in the critical first 21

days.
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Study 1

Regular and palatable food consumption (BioDAQ®)

The analysis considering the average consumption of regular and palatable food over
the last four days/nights of the experiment shows that the animals ate very little or nothing from
the standard chow, and hence our focus was on the palatable food alone. An initial GEE analysis
of the palatable food consumption revealed no effect of the experiment day (1 to 4) (Wald =
3.17; df =3 p = 0.37) and no effect of the group (Wald = 1.12; df = 1 p = 0.27). However, there
was an effect of the time of the day (lit vs. dark cycle) (Wald = 9.63; df = 1; p = 0.002). A
follow up GEE analysis showed a significant interaction between group and time of the day
(Wald = 10.43; df = 1; p = 0.001), in which FR animals eat more palatable food than control
animals during the night (active) cycle (Figure 1A).

Differences in entropy rates, based on transition matrix from resting/eating rat
chowl/eating palatable foods were not significant when comparing the two groups over the 96
hours period (Student’s t-test, t (14) =1.79, p=0.09). However, when breaking down between
litand dark cycle, FR group had significantly higher entropy during the dark cycle (t (14)=2.72,
p=0.02) but not during the lit cycle (t (14) =1.42, p=.18) (Fig 1 B, C, D).

Approximate entropy, a measure that also takes into account the variability in the
amount consumed (ApEn), was also calculated to confirm the above results. FR group has
increased ApEn during the dark cycle compared to Controls (FR=0.282+0.020,
control=0.163+0.023, Student’s t-test, t(14)=3.76, p=0.002), without differences during the lit
cycle (FR=0.091+0.010, control=0.115+0.012, Student’s t-test, t(14)=1.51, p=0.153).

Insulin levels in plasma

FR rats exhibit higher insulin levels than control (control, 1.086+0.224 ng/mL; FR,
2.034£0.322 ng/mL; Student’s t-test, t(11)=2.472 p=0.031).
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TH and TH phosphorylation in response to insulin in the NAcc

There were no statistically significant differences between groups in TH levels after
saline [Student’s t-test, t(10)=0.198, p=0.847] or insulin injection [Student’s t-test, t(10)=0.633,
p=0.541]. pTH levels were also similar between groups when exposed to saline [Student’s t-
test, t(10)=0.952, p=0.364] or insulin [Student’s t-test, t(10)=0.800, p=0.442]. However, the
ratio pTH/TH was increased in the FR group compared to controls when exposed to saline
[Student’s t-test, t(10)=2.599, p=0.027], which was completely reverted by insulin injection
[Student’s t-test, t{(10)=1.007, p=0.338] (Table 1).

Insulin sensitivity and SOCS-3 in the VTA

AKT levels were similar between groups when exposed to saline [Student’s t-test,
t(7)=1.022, p=0.341] or insulin [Student’s t-test, t(9)=1.009, p=0.340]. pAKT was not different
between groups after saline [Student’s t-test, t(7)=0.916, p=0.390] or insulin [Student’s t-test,
t(9)=1.501, p=0.168]. Similarly, the pAKT/AKT ratio was similar between groups after saline
[Student’s t-test, t(7)=0.621, p=0.554] and insulin injection [Student’s T Test, t(9)=0.280,
p=0.786]. SOCS-3 levels were diminished in FR compared to Controls after saline injection
[Student’s t-test, t(7)=3.584, p=0.009], but no differences were seen after insulin injection
[Student’s t-test, t(9)=0.428, p=0.678] (Table 2).

Study 2

In vivo electrochemical recordings

GEE was performed for the three main variables in the different food exposures as
described in the Methods. Time of DA to reach the peak (T rise) was not different between the
groups (Wald = 0.185; df = 1; p = 0.667), but there was an effect of the measure (Wald = 8.972;
df = 3; p =0.030), and a significant interaction between group and measure (Wald = 24.951; df
= 3; p <0.001). Posthoc analysis showed that FR and Control groups differ significantly after
the exposure to Froot Loops® (p = 0.006), in which FR rats had a longer time to reach DA



64

peak. This is completely reverted when animals are injected with insulin before the test (p =
0.006), Figure 2A.

Amplitude was not different between groups (Wald = 1.134; df = 1; p = 0.287), but there
was an effect of the measure (Wald = 8.215; df = 3; p = 0.042) and an interaction group*measure
(Wald = 93.226; df = 3; p < 0.001). Bonferroni analysis showed that while there were no
significant differences in amplitude in the different measures in the Control group, FR rats
responded with higher amplitude levels when facing Froot Loops® only than in comparison to
IP Saline_ Froot Loops® (p=0.038), Figure 2B.

T80 was not different between groups (Wald = 0.420; df = 1; p = 0.517), but there was
an effect of the measure (Wald = 13.063; df = 3; p = 0.005) and an interaction group*measure
(Wald = 45.415; df = 3; p < 0.001). However, posthoc analysis was not able to detect a
significant interaction. The only detectable difference was on the general comparison between
the response after rat chow and IP Insulin_ Froot Loops®, in which T80 was longer after insulin
injection (p = 0.024). Visual inspection of the graph suggests that this is more evident on FR

group, Figure 2 C.

DISCUSSION

In this study, we confirmed previous findings of increased palatable food intake in FR
(IUGR) animals, in agreement to several previous studies from our group (Alves, Molle et al.
2015, Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016) and others (Vucetic,
Totoki et al. 2010), and comparable to the findings in humans (Lussana, Painter et al. 2008,
Barbieri, Portella et al. 2009, Migraine, Nicklaus et al. 2013). This seems to be associated with
a more unpredictable and disorganized behavior in this group in the active phase of the dark
cycle, as shown by the higher entropy rates. In addition, we showed that FR animals have
increased peripheral insulin, in agreement to the “thrifty phenotype” hypothesis proposed by
Hales and Barker in 1992 (Hales and Barker 1992), and this altered insulin sensitivity is seen
at the level of the VTA through lower levels of SOCS-3 in these animals. FR rats are more
sensitive to insulin action at a molecular level, showing normalization of the pTH/TH ratio after
insulin injection. FR group also were shown to have longer time to reach dopamine peak when
exposed to palatable food, but not rat chow, which was completely reverted by systemic insulin

injection.
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It is interesting that the well-known increased preference for palatable foods seen in
IUGR rats is accompanied by higher behavioral unpredictability and higher approximate
entropy, especially when considering that impulsivity seems to be a behavioral phenotype
associated with the increased intake of palatable foods in these individuals, at least in humans
(Ayres, Agranonik et al. 2012, Reis RS 2016). It has been suggested that behavioral patterns
are altered through the shifting of entropy to different regions across the brain, or that
unpredictable behavioral patterns are coupled with more predictable brain activation patterns
(Smotherman, Selz et al. 1996, Hong, Barton et al. 2012). This seems to be especially evident
in models of altered striatal dopamine function (Hong, Barton et al. 2012). Therefore, our
behavioral findings showing increased palatable food and increased entropy rates in the FR
group strongly suggested the involvement of altered DA function in response to this type of
stimulus, which was confirmed by the electrochemical experiment.

We described a longer time to reach DA peak in response to sweet food — but not to
regular chow — in FR animals. The increased intake of palatable foods seen in these animals
could be an attempt to reach the same DA levels at the same temporal unit as control animals.
Because activation of dopaminergic neurons facilitates the development of positive
reinforcement during reward-seeking and behavioral flexibility (Adamantidis, Tsai et al. 2011),
the longer time to reach DA peak in FR group is also in line with the poorer place conditioning
to palatable food, despite higher intake, previously described by us in these animals (Dalle
Molle, Laureano et al. 2015). Deficits in striatal dopaminergic transmission is also related to
impulsivity in humans and in animals (Trifilieff and Martinez 2014), a feature that characterizes
IUGR individuals as described above.

After saline injection, FR and controls have comparable time to reach DA peak, which
may seem contradictory to the findings of longer T rise in response to Froot Loops® alone.
However, the data suggests that the injection may have a differential effect on controls and FR
animals, as the amplitude of DA response was different between Froot Loops® alone vs. saline
injection only in the FR group. It is possible that differences in stress responsivity, largely
described in IUGR (Li, Ramahi et al. 2013) explain these findings.

It is important to highlight that, after insulin administration (ip.), time to reach DA peak
is much lower in the FR group when compared to controls. This suggests that, despite the
special response to the IP injection, insulin was in fact able to completely revert the longer T
rise in response to Froot Loops® in FR animals. Therefore, it seems that, the FR group is more
sensitive to the insulin effects than the controls. This is confirmed by other findings such as the

abolishment of NAcc pTH/TH differences seen in FR animals after IP insulin, and the longer
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T80 in response to insulin apparently only in the FR group. Lower levels of VTA SOCS3 are
in line with these findings.

Although IUGR is associated with insulin resistance, we could be seen a situation in
young adult rats in which peripheral levels are already increased, facilitating signaling in some
brain areas before exhaustion. Indeed, central insulin resistance appears to start in the
hypothalamus (Sears and Perry 2015), and we have evidence that IUGR animals at this age
have already increased hypothalamic SOCS-3 levels (Mucellini et al., in prep). Therefore, the
behavioral outcome in IUGRs may be the result of the different patterns of insulin resistance in
the diverse brain regions.

In sum, we describe here that fetal adversity is associated with altered brain sensitivity
to insulin, which modulates the behavioral responses to cues such as palatable foods. As
variations in dopamine function are associated with increased palatable foods in IUGR in
humans as well (Silveira 2017), the current findings may have important implications in the
development of chronic diseases later in life such as increased adiposity, metabolic syndrome,
as well as associated conditions like cardiovascular conditions and mental disease. The
discovery of the molecular mechanisms involved in the programming of behavioral features
that put the individuals at risk for developing these conditions has important implications for

preventive and therapeutic efforts.
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LEGENDS TO FIGURES:

Figure 1: Palatable and regular food consumption evaluated in the BioDAQ® apparatus. Data
is expressed as meantSEM. A) Average palatable food consumption/100g body weight during
the lit and dark phases of the light cycle. GEE analysis shows a significant interaction between
group and time of the day, in which FR group eats more palatable food at night (*). B) Entropy
rates considering the 96h and broken down into light cycle (C) and dark cycle (D). *There is
higher entropy in the FR group during the dark cycle (p<0.05).

Figure 2: In vivo electrochemical NAcc DA response to different conditions: exposure to rat
chow and Froot loops at baseline and after IP saline or insulin. Data is expressed as mean+SEM.
The three chosen variables summarize the DA response: A) T rise or time to reach DA peak
after the stimulus. There was an interaction between group and measure in which FR rats have
longer time to reach the peak after Froot loops at baseline, and this is completely reverted by
insulin injection; B) Amplitude of the electrochemical response. There was an interaction
between measure and group, in which FR rats respond differently to Froot Loops® when
comparing baseline vs. saline injection; C) T80 or time for 80% DA clearance after the stimulus.
Although there was a significant interaction between group and measure, posthoc shows only
the general longer T80 after IP insulin when compared to responses to rat chow. These seem to

be more evident in the FR group.
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Table 1 — Ratio protein OD/Actin OD expressed as percentage of controls in NAcc

Protein Controls FR

Saline Insulin Saline Insulin
TH 100+33.92 100+24.84 109.59+34.70 | 83.66+6.99
pTH 100+27.59 100+24.96 149.92+44.62 | 79.28+6.90
pTH/TH 1.11+0.10 1.07+0.10 1.40+0.06* 0.96+0.06

Student’s t-test; data are expressed as mean + S.E.M.; * significant difference from Control Saline
(p<0.05).

Table 2 — Ratio protein OD/Actin OD expressed as percentage of controls in VTA

Protein Controls FR

Saline Insulin Saline Insulin
AKT 100+11.41 100+21.24 77.56+17.23 | 128.41+18.66
pAKT 100+11.25 100+17.62 80.77+16.33 | 136.97+17.02
pAKT/AKT 1.01+0.09 1.06+0.09 1.06+0.03 1.09+0.07
SOCS-3 100+7.42 100+22.99 46,72+11,78* | 111.93+16.81

Student’s t-test; data are expressed as mean = S.E.M.; * significant difference from Control Saline

(p<0.05).
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5 DISCUSSAO E CONCLUSOES

O objetivo desse estudo foi avaliar as possiveis alteracfes na resposta ao alimento
palatdvel em animais submetidos a restricdo de crescimento intrauterino (RCIU) para isso
estudamaos as vias hedonicas opioide e dopaminérgica. Nossa hipotese foi de que a alteracdo na
preferéncia alimentar em animais RCIU esta associada a alteracdes no sistema dopaminérgico
e opioide, possivelmente relacionados a uma modulacdo diferencial desses sistemas pela
insulina, podendo levar a hiperfagia e ao desenvolvimento de obesidade, colaborando para o
estabelecimento da sindrome metabdlica.

A RCIU programa o individuo ao desenvolvimento da sindrome metabdlica ao longo
da vida. A escassez nutricional intrauterina afeta a formacéo das células pancreaticas alterando
a homeostasia da glicose e da insulina fetal. A falta de substrato energético durante a formacéo
fetal afeta o desenvolvimento do sistema nervoso central, alterando também a formacéo
vascular e a elasticidade dos vasos sanguineos, e causando diminui¢do do nimero de néfrons,
podendo levar ao desenvolvimento de doencas cardiovasculares, hipertenséo e diabetes na vida
adulta Hales et. al., 1991; revisado por Hales, Barker, 1992; revisado por Hales, Barker, 2001;
Dahri et. al., 1995; Snoeck et. al., 1990).

No capitulo | foi avaliado como o RCIU modifica a resposta hed6nica ao sabor doce
com o artigo intitulado Intrauterine growth restriction modifies the hedonic response to sweet
taste in newborn pups - Role of the accumbal w-opioid receptors. Neste artigo, avaliamos as
expressdes hedobnicas ao sabor doce ou dgua destilada no primeiro dia de vida ou na vida adulta.
Os resultados encontrados no primeiro dia de vida — alteracdo da resposta hedodnica ao sabor
doce - corroboram com outro publicado previamente no grupo de pesquisa, Ayres e
colaboradores (2012), no qual foram descritas alteracfes nas expressdes heddnicas de bebés nas
primeiras horas de vida de acordo com o grau de RCIU ao qual haviam sido expostos; podemos
afirmar que a RCIU altera a via hed6nica tanto humanos quanto animais ja no primeiro dia de
vida.

A ativacdo de receptores mu opioides induz a inibicdo de neurbnios GABAérgicos,
resultando na desinibicdo de neurbnios dopaminérgicos no VTA e facilitando a liberacdo de
dopamina (Johnson, North, 1992; Cameron et al., 1997; Ford et al., 2006). Em pacientes com
obesidade morbida, a interacdo entre os sistemas dopaminérgico e opioide se da de maneira
alterada, podendo contribuir para modificagdes no processamento da recompensa nesses

individuos (Tuominen et al., 2015). No modelo de RCIU h& uma desregulacéo da sinalizacdo
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opioidérgica, sendo possivel que os baixos niveis de insulina na vida intrauterina tenham
modificado a formacao do sistema opioide.

O capitulo 1l refere-se a carta Facial Expressions in Small for Gestational Age
Newborns sobre uma analise do artigo de Rotstein e colaboradores (2015) intitulado Facial
Expression in Response to Smell and Taste Stimuli in Small and Appropriate for Gestational
Age Newborns. Nesse artigo, o autor ndo encontrou diferencas na resposta hedénica de bebés
pequenos para idade gestacional entre os diferentes sabores, exceto quanto a percepcéo da agua
destilada — o que ndo fazia muito sentido para n6s. Ao observar o trabalho original mais
atentamente, percebemos que as diferencas na resposta a agua séo na verdade divergéncias na
resposta basal. Ao interpretar os dados dessa forma, ajustando para a reposta a agua, percebe-
se gue bebés nascidos pequenos na verdade respondem menos a solucdo doce, similarmente aos
achados reportados por nés em Ayres e colaboradores (2012).

O capitulo 11l é o artigo a ser submetido intitulado Intrauterine growth restriction
modifies the accumbal dopaminergic response to palatable food intake. Nesse estudo o objetivo
foi avaliar a resposta heddnica frente ao alimento palatavel em animais submetidos ao protocolo
de RCIU avaliando o sistema dopaminérgico mesolimbico e sua modulagéo pela insulina. Os
animais FR apresentaram preferéncia pelo alimento palatavel acompanhado de um
comportamento alimentar imprevisivel e desorganizado, confirmado pelo aumento da entropia
no ciclo escuro (ciclo ativo). Esses achados podem estar associados a alterada funcao do sistema
dopaminérgico, como encontramos nos achados da cronoamperometria. Os animais FR tem um
atraso para a dopamina alcancar o pico maximo apés a ingestdao de Froot Loops® comparado
aos controles, o aumento da ingestdo de alimentos palataveis pode ser um mecanismo
compensatdrio na tentativa desses animais atingirem os mesmos niveis de dopamina do que 0s
controles. E interessante observar que o atraso para alcancar o pico maximo de dopamina (T
rise) encontrado no grupo FR é revertido ap6s a administracdo de insulina sistémica. Efeito esse
também foi encontrado no Western blotting, os niveis de pTH/TH foram normalizados ap6s a
injecdo da mesma. Podemos sugerir que 0s animais FR tem uma aumentada sensibilidade a
insulina nesta via, o que foi confirmado pelos menores niveis de SOCS3 encontrados no VTA.
Enquanto a nivel sisttmico a RCIU é relacionada com resisténcia a insulina como visto por nos
pela hiperinsulinemia plasmatica; em outro estudo do grupo de pesquisa foi encontrado o
SOCS3 aumentado no hipotalamo (Mucellini et al., in prep), um traco classicamente associado
a resisténcia a insulina. Esses dados sugerem que as diferentes areas encefalicas apresentam
diferenciada sensibilidade a insulina, logo a resisténcia a insulina ira se estabelecer em

diferentes momentos entre elas. De fato, o hipotalamo é geralmente a primeira regido encefélica
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a apresentar resisténcia a insulina no processo de desenvolvimento do diabetes tipo Il, conforme
sugerido por Sears e Perry (2015). Enquanto isso, no VTA, a RCIU esta associada a maior
sensibilidade a insulina, com modulacdo alterada da dopamina, associada a uma preferéncia
aumentada pelo alimento palatavel e um padrdo alimentar desorganizado, possivelmente
colaborando para o desenvolvimento de doencas metabdlicas a longo prazo.

Visto que a RCIU programa o individuo ao desenvolvimento da sindrome metabolica
ao longo da vida, € possivel que os aumentados niveis de insulina plasmaticos circulantes
observados em animais RCIU nesta tese, assim como maior sensibilidade a insulina no VTA
geram uma supressao do sistema dopaminérgico pela inibi¢do de neurénios dopaminérgicos no
VTA e downregulation dos receptores de D2 no NAcc. A inibicdo dopaminérgica provoca
aumento da ingesta de alimento palatavel como uma resposta compensatdria para obter o
mesmo nivel de recompensa, visto que a via estad hipoativa, tais como acontece na obesidade
(Volkow et al., 2011). Esse maior consumo pode levar ao sobrepeso e o desenvolvimento de
obesidade.

A exposicao cronica a dieta hiperlipidica pode também tornar hiporresponsivo o sistema
da recompensa (Davis et al., 2008). Individuos obesos apresentam circuitos de recompensa
hipo-funcionais, exibindo uma reducdo na resposta a alimentos palataveis e necessidade de
comer mais para compensar esse déficit (Stice et al., 2010; Davis et al., 2009). Neste estudo,
0s animais restritos apresentaram diminuicdo na resposta a recompensa, mas ndo apresentaram
obesidade. Os animais ndo apresentaram compulsdo alimentar para compensar a hipoativacéo
do sistema de recompensa, no entanto apresentaram um aumento da preferéncia pelo alimento
palatavel e maior desorganizagdo do padrdo alimentar, o que pode significar um principio de
comportamento compulsivo. Provavelmente, o modelo de restricdo, bem como a dieta
hiperlipica, podem afetar o sistema de recompensa e modificar epigeneticamente a expressao
das proteinas e gerando resultados similares, apesar de serem modelos animais distintos. Um
estudo mostrou que os efeitos nutricdo materna baseada em alimentos pobre em nutrientes e
ricos em calorias, “junk food” foi revertido pelo consumo de dieta com baixa proteina, em
machos (Ong, Muhlhausler, 2014), sugerindo que a mudanca da dieta pode amenizar os efeitos
da programacao fetal.

O hipotadlamo lateral € o sitio chave de integracdo entre os circuitos homeostaticos e
hedonicos, ele regula comportamentos de recompensa e auto estimulacdo (Figlewicz et al.,
2011). PopulagBes neuronais do hipotalamo lateral estdo envolvidas na regulacdo das vias
homeostaticas e heddnicas do comportamento alimentar (revisado Leigh, Morris, 2016),

neurdnios dopaminérgicos no VTA recebe projecdes do hipotdlamo lateral influenciando na
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modulacdo dopaminérgica (revisado por Stice et. al., 2013). O modelo de RCIU afeta o controle
alimentar homeostatico como encontramos nos trabalhos de Desai e colaboradores (2007b e
2011a), a pobre nutricdo fetal afeta o desenvolvimento do hipotalamo. Os altos niveis de
insulina circulantes na periferia podem levar a resisténcia hipotalamica. A sinalizagdo alterada
do hipotalamo resistente a insulina pode afetar a sinalizacdo dopaminérgica via hipotdlamo
lateral. A sinalizacdo hipotaldamica alterada enviada ao VTA, juntamente a um sistema
dopaminérgico hiporresponsivo (downregulation de receptores D2), causado ambos pelos
niveis aumentados de insulina, podem levar a um comportamento alimentar alterado. Como
podemos observar as vias homeostaticas e heddnicas ndo sdo isoladas, logo a RCIU afeta
ambas. N&o foi o foco deste trabalho estudar a sinalizacdo hipotalamica, mas podemos deduzir
que ela deve estar alterada nos animais aqui estudados.

Multiplos fatores influenciam no controle do comportamento alimentar, tanto internos
(vias homeostaticas e hedonicas, fungbes executivas, eixo gut-encéfalo) e externos (ambiente,
dicas alimentares, habitos sociais...) (revisado Berthoud et al., 2017), influenciando na escolha
do alimento. A RCIU é uma condicdo associada a maior risco para a sindrome metabdlica na
vida adulta (revisado por Desai, Ross, 2011b), modifica¢cdes desde o nascimento contribuem
para que o individuo afetado apresente um comportamento alimentar alterado, assim como
mudangcas estruturais, facilitando o desenvolvimento de obesidade. Podemos sugerir que as
alteracdes metabdlicas e estruturais causadas pela RCIU tém como principal sinalizador os
niveis alterados de insulina ao longo do desenvolvimento. A insulina estd envolvida desde a
formagdo organica fetal e até a funcionalidade de diversos 6rgdos e sistemas ao longo da vida
do individuo; modificando a sinalizacdo das vias hedonicas, altera a preferéncia alimentar e
colabora para o estabelecimento da sindrome metabdlica. Mais estudos devem ser realizados
de modo a identificar intervences efetivas de modo a diminuir os efeitos da RCIU ao longo da
vida. Estudos explorando os efeitos de intervencdes como a pratica de exercicios fisicos e a
adoc¢do de uma dieta balanceada s&o necessarios para esta populacéo vulneravel, com a proposta

prevenir ou retardar o estabelecimento da sindrome metabodlica nesses individuos.
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APENDICE A: ESTUDO DOS DIFERENTES MODELOS DE PROGRAMACAO
NEONATAL A OBESIDADE E SEUS EFEITOS SOBRE A VIA DA RECOMPENSA.

1 IDENTIFICACAO DO PROJETO

e Modalidade: Doutorado Sanduiche no Exterior — SWE

e Vigéncia: 23 de margo de 2016 a 31 de janeiro de 2017

e Orientadores no Exterior: Prof2 Dr2 Mina Desai e Prof2 Dr Michael G Ross

e Orientador no Brasil: Prof? Dr? Patricia Pelufo Silveira

e Universidade onde foi realizado o Doutorado Sanduiche: University of California, Los
Angeles - Los Angeles Biomedical Research Institute at Harbor-UCLA Medical
Center.

2 METODOLOGIA

Ha dois modelos usados nesse laboratorio que programam o comportamento alimentar
do individuo na vida adulta, podendo levar a hiperfagia e ao desenvolvimento de obesidade. O

modelo de obesidade materna e 0 modelo de restricdo de crescimento intrauterino.

2.1 Estudo piloto

Foi realizado um estudo piloto para padronizar a disseccao das estruturas encefalicas,
nucleo accumbens e ndcleo arqueado de camundongos adultos. Visto que no Brasil eu
trabalhava com ratos e neste laboratério eles ndo conheciam essa técnica de dissecagdo, usavam

apenas o criostato. Tive auxilio de um atlas para camundongo (Paxinos, Franklin, 2013), uma
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lupa e gelo seco dentro de 2 placas de Petri, como descrito nos proximos itens. Utilizei 6
cérebros de descarte para treinar a localizacéo.

Foi realizado 2 corridas de géis de Western blotting para a padronizacdo da técnica,
visto que no Brasil eu usava produtos de marcas diferentes. E posteriormente mais 2 corridas
de géis de Western blotting para a padroniza¢do do anticorpo D2, acabamos seguindo as

orientacdes do fabricante. A seguir a metodologia final completa (item 2.4.1).

2.2 Modelo de Inducéo de Obesidade Materna

O estudo foi aprovado pelo Animal Research Committee of the Los Angeles
Biomedical Research Institute em Harbor UCLA e estdo de acordo American Association of
Accreditation of Laboratory Care and National Institutes of Health Guidelines. Camundongos
da linhagem C57BL/6J foram mantidos em um ambiente controlado: ciclo normal claro/escuro
de 12 horas, temperatura de 22 + 2°C, limpeza das caixas uma vez por semana, racao padréo e
agua ad libitum. Imediatamente ap6s o desmame camundongos fémeas comecaram a receber a
dieta hiperlipidica (High fat - HF; 60% kcal fat, Research Purified Diet 1249258Y1, New
Brunswick) ou Controle (10% kcal fat, Research Purified Diet 12450B58Y2, New Brunswick).
Previamente ao acasalamento (que ocorreu aos 3 meses de vida), foi verificado o ciclo estral de
cada animal, através da visualizacdo em microscopia, do material vaginal coletado. Apos a
confirmacéo do periodo fértil, camundongos fémeas foram colocados junto com machos da
mesma idade, da mesma raca, durante o ciclo escuro, para permitir o acasalamento. Apds a
confirmacéo do acasalamento (microscopia), que foi considerado o dia O (zero) de gestacdo. Os
camundongos fémeas continuaram recebendo suas respectivas dietas durante a gestacdo e
lactagdo. As ninhadas foram padronizadas em 6 filhotes (3 machos e 3 fémeas). O desmame e
sexagem ocorreram aos 21 dias de vida e os filhotes foram divididos em 2 grupos: dieta
hiperlipidica - High fat (HF; 60% kcal fat, Research Purified Diet 1249258Y1, New Brunswick)
ou Controle (10% kcal fat, Research Purified Diet 12450B58Y2, New Brunswick) formando
0s seguintes grupos (dieta da mae/dieta que a prole comecou a receber no desmame): controle-
controle (C-C), high fat-controle (HF-C), controle-high fat (C-HF), high fat-high fat (HF-HF).
Apo6s o desmame, os animais foram mantidos intactos até a eutanasia (aos 14 meses), onde

ocorreu a dissecgéo e pesagem de gordura corporal e abdominal (Desai et al., 2016).
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2.3 Modelo de Restrigdo de Crescimento Intrauterino

O estudo foi aprovado pelo Animal Research Committee of the Los Angeles Biomedical
Research Institute em Harbor UCLA e estdo de acordo American Association of Accreditation
of Laboratory Care and National Institutes of Health Guidelines. Camundongos fémeas da
linhagem C57BL/6J de aproximadamente 3 meses de vida foram mantidos em um ambiente
controlado: ciclo normal claro/escuro de 12 horas, temperatura de 22 + 2°C, limpeza das caixas
uma vez por semana, racdo padrdo e agua ad libitum. Previamente ao acasalamento, foi
verificado o ciclo estral de cada animal, através da visualizacdo em microscopia, do material
vaginal coletado. Ap6s a confirmacao do periodo fértil, camundongos fémeas foram colocados
junto com machos da mesma idade e mesma linhagem, durante o ciclo escuro, para permitir o
acasalamento. Apds a confirmacdo do acasalamento (microscopia), que foi considerado o dia 0
(zero) de gestacdo, camundongos fémeas prenhes foram randomizados pelo peso corporal,
mantidos individualmente. No dia 7 de gestacdo os animais foram colocados em 2 tipos de salas
diferentes: temperatura normal (a temperatura foi mantida entre 68 a 72° Fahrenheit — 20 a 22°
Celsius) e temperatura aumentada (a temperatura foi mantida a aproximadamente 88°
Fahrenheit — 31° Celsius) com o objetivo de avaliar a diferenca de temperatura sobre o
metabolismo - termoneutralidade (Gordon, 1990; Gordon, 1993). No dia 10 de gestagéo o0s
camundongos fémeas foram divididos em Controle — recebendo racdo padréo a vontade durante
a gestacdo e restricdo alimentar de 30% (food restriction — FR) - camundongos fémeas
recebendo 70% do consumo médio de racdo do grupo controle (Desai et al., 2007b). A dieta
usada durante esse experimento foi ragdo controle (13,427% kcal de gordura, Laboratory
Rodent Diet, 5001, LabDiet, St Louis, MO). No dia do nascimento da prole todas as maes
voltaram a receber racdo a vontade. As ninhadas foram padronizadas em 6 filhotes (3 machos
e 3 fémeas). O desmame ocorreu no dia 21, sendo os animais separados por sexo e mantidos
em 3 por caixa, intactos até a eutanasia para posterior analises bioquimicas, aos 32 e 42 semanas
de idade (8 e 10 meses). A ninhada permaneceu nas suas respectivas salas (temperatura normal
ou aumentada) durante toda sua vida. Foi usado nesse estudo apenas machos, as fémeas foram

utilizadas em outros trabalhos desse grupo de pesquisa (um estudo da pesquisadora Guan Han).
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2.4 Analises Bioquimicas

2.4.1 Western Blotting

Aos 8 e 10 meses (modelo de restricdo) ou 14 meses (modelo de obesidade materna) de
idade os animais foram anestesiados, o sangue foi coletado através de puncéo cardiaca, e entdo
decapitados para a dissec¢@o do encéfalo. Os animais ficaram em jejum durante toda a noite. O
encéfalo foi rapidamente removido e congelado por imersdo no nitrogénio liquido e armazenado
a -80°C até as analises. Posteriormente, os cérebros foram descongelados até -20°C e, foram
realizados cortes coronais do encéfalo e retirados punches do nucleo accumbens (NAcc) e
nucleo arqueado (ARC) (para o estudo da restricdo de crescimento intrauterino foi usado
somente NAcc). Para dissecar os cérebros foi feito um corte coronal de 0,15 cm com auxilio de
um Atlas (Paxinos, Franklin, 2013) e microscopio. Punches bilaterais foram obtidos no nucleo
arqueado (ARC) (coordenadas: 1,43 a 1,67 mm posterior ao bregma; 0,1 a 0,25 mm lateral a
linha média, e 5,75 mm ventral a superficie do cortex) e nacleo accumbens (NAcc)
(coordenadas: 1,21 a 0,97 mm anterior ao bregma; 0,5 mm lateral a linha média, e 4.0 mm
ventral a superficie do cortex) (Shahrokh et al., 2010). Essas amostras foram armazenadas a -
80°C e utilizadas para a quantificacdo da expressao proteica por Western blotting.

Foi realizado um pool de amostras, juntei tecido de 2 animais e fiz 1 amostra, devido a
pequena quantidade de proteina encontrada no estudo piloto. As amostras foram
homogeneizadas com 28 pL da solucdo: 0,5 mL de Ripa (Ripa Lysis Buffer, Santa Cruz
Biotechnology, sc-24948A) + agua destilada 2 mL + 25 pL de inibidor de protease (Halt
protease inhibitor cocktail, Thermo scientific, #1862209), + 25 pL de inibidor de fosfatase (Halt
phosphatase  inhibitor  cocktail, Thermo scientific, #1862495) + 25 L
fluoreto de fenilmetilsulfonil (PMSF). As amostras foram centrifugadas a 13000 rpm durante
30 minutos a +4°C. Parte do sobrenadante (2 pl) foi utilizada para quantificar a proteina total,
utilizando-se um kit BCA com albumina bovina como padrdo (Pierce BCA Protein, Termo
Scientific, 23225). Quantidade suficiente do sobrenadante, que continha 30 ug de proteina foi
adicionada a XT reducing agent 20X (Bio-Rad, #161-0792) e XT sample buffer 4X (Bio-Rad,
#161-0791) incubadas a 100°C por 5 minutos e logo apds deixadas no gelo por pelo menos 2
minutos antes da pipetagem (as amostras para o Western blotting sdo preparadas no mesmo dia

da corrida do gel). Essas amostras e um padrao de peso molecular (Precision Plus Protein Dual
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Color Standards, Bio-Rad, #1610374) foram submetidos a eletroforese em gel de poliacrilamida
(Criterion XT Precast gel 4-12% Bis-tris 18 well, Bio-Rad, #3450124) e, em seguida,
transferidos para membranas de nitrocelulose (Trans-blot 0.45 uM Transfer medium pure
nitrocelulose membrane, Bio-Rad, #1620167). As membranas foram bloqueadas em leite
desnatado 5% (Blotting grade blocker — nonfat milk, Bio-Rad, #170-6404) diluido em tampéo
Tris-Base (10x TBS, Bio-Rad, #170-6435) com 1% de Tween-20 (Bio-Rad, #170-6531). Para
D2 o bloqueio e a incubacdo com o primario foram realizados com Albumina 5% (Sigma-
Aldrich, A4503), os outros anticorpos todos foram incubados diluidos em leite desnatado 5%.
Em seguida, as membranas foram incubadas overnight com o anticorpo primario. No dia
seguinte, foram incubadas por 1h com o anticorpo secundario (Goat anti-rabbit 1:2500, Bio-
Rad, #1706515) ou (Goat anti-mouse 1:2500, Bio-Rad, #1706516) e, em seguida, reveladas na
camara escura apds exposicdo de 5 minutos ao quimiluminescente (SuperSignal West Pico
Chemiluminescent Susbtrate, Thermo Scientific, 34080) sendo exposto imediatamente apds ao
filme (HyBlot CL™ Autoradiography Film, Denville Scientific, Inc., E3012,). Os seguintes
anticorpos primarios foram utilizados: SIRT1 (1:1000, Sigma-Aldrich, S5322), D2 (anti-
dopamine D2 receptor, 1:1000, Millipore, AB5084P), TH (anti-tirosina hidroxilase, 1:2000,
Millipore, MAB318). Para comparar os resultados das proteinas de interesse com uma proteina
padrdo, as membranas foram incubadas overnight com o anticorpo primario para B-Tubulina-
I11 (1:5000, Sigma-Aldrich, T8578) e no dia seguinte com o respectivo secundario (Goat anti-
mouse 1:2500, Bio-Rad, #1706516). As densidades das bandas foram determinadas pelo
densitdmetro (GS-800 Calibrated Imaging Densitometer, Bio-rad, USA) e a intensidade das
mesmas foram calculadas com auxilio do programa ImageJ® (Research Services Branch,
National Institute of Mental Health, Bethesda, Maryland, USA), disponivel gratuitamente on
line. Os resultados foram expressos como a razao entre as proteinas de interesse e a f-Tubulina.
As comparacgOes foram realizadas somente entre amostras da mesma membrana (maximo 18

amostras por membrana) (Laureano et al., 2016; Dalle Molle et al., 2015a).

3 RESULTADOS OBTIDOS

Considerando as fémeas submetidas ao protocolo de Inducdo de Obesidade Materna,
as fémeas do grupo high fat - Controle apresentaram maiores niveis de SIRT1 no NAcc
comparado aos controles, Teste t de Student (p=0,03). Quanto a SIRT1 no ARC, ndo houve

diferenca entre os grupos, Teste t de Student (p=0,516). N&o foi encontrando diferencas entre
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os grupos em TH no NAcc (Teste t de Student, p=0,115) e no ARC (Teste t de Student, p=0,143).
D2 no NAcc (Teste t de Student, p=0,611) e no ARC (Teste t de Student, p=0,115) também néo
foram diferentes entre 0s grupos.

SIRT1/tubulin in accumbens in Female mice
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0,70
- -
0,60

control-control highfat-control

Figura 1: Raz8o SIRT1/tubulina no NAcc de camundongos fémeas. Grupos controle/controle (n=4) e
HF/controle (n= 3). Teste t de Student (p=0,03).

SIRT1/tubulin in arcuate in Female mice
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0,94
0,92
0,90
0,88
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Figura 2: Razdo SIRT1/tubulina no ARC de camundongos fémeas. Grupos controle/controle (n=4) e
HF/controle (n= 3). Teste t de Student (p=0,516).
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Tyrosine hydroxylase/tubulin in accumbens in
Female mice
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Figura 3: Razdo TH/tubulina no NAcc de camundongos fémeas. Grupos controle/controle (n=4) e
HF/controle (n= 4). Teste t de Student (p=0,115).
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Figura 4: Razdo TH/tubulina no ARC de camundongos fémeas. Grupos controle/controle (n=4) e
HF/controle (n= 4). Teste t de Student (p=0,143).
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D2/tubulin in arcuate in Female mice
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Figura 5: Razdo D2/tubulina no ARC de camundongos fémeas. Grupos controle/controle (n=4) e
HF/controle (n= 4). Teste t de Student (p=0,115).

D2/tubulin in accumbens in Female mice

1,10

1,05
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0,95

control-control highfat-control

Figura 6: Razdo D2/tubulina no NAcc de camundongos fémeas. Grupos controle/controle (n=4) e
HF/controle (n= 3). Teste t de Student (p=0,611).

Os camundongos machos submetidos ao protocolo de Inducéo de Obesidade Materna
pertencem aos grupos Controle — high fat e High fat — High fat. SIRT1 no accumbens néo foi
diferente entre os grupos (Teste t de Student, p=0,147). Os niveis de tirosina hidroxilase no
accumbens foi semelhante entre os grupos (Teste t de Student, p=0,079), no entanto foi
encontrado um aumento no grupo High fat - High fat comparado ao Controle — High fat no

arqueado, Teste t de Student, p=0,023. Encontramos 0 D2 no accumbens diminuido no grupo
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High fat - High fat comparado ao Controle — High fat (Teste t de Student, p=0,005), mas ndo
foi encontrado alteracfes no ARC, Teste t de Student (p=0,325).

SIRT1/tubulin in accumbens in Male mice
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Figura 7: Razdo SIRT1/tubulina no NAcc de camundongos machos. Grupos controle/HF (n=4) e HF/HF
(n=4). Teste t de Student (p=0,147).

Tyrosine hydroxylase/tubulin in accumbens in
0,90 Male mice
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Figura 8: Razdo TH/tubulina no NAcc de camundongos machos. Grupos controle/HF (n=4) e HF/HF
(n=4). Teste t de Student (p=0,079).
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Tyrosine hydroxylase/tubulin in arcuate in Male
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Figura 9: Razdo TH/tubulina no ARC de camundongos machos. Grupos controle/HF (n=4) e HF/HF
(n=3). Teste t de Student (p=0,023).

D2/tubulin in arcuate in Male mice
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Figura 10: Razdo D2/tubulina no ARC de camundongos machos. Grupos controle/HF (n=4) e HF/HF
(n=3). Teste t de Student (p=0,325).
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D2/tubulin in accumbens in Male mice
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Figura 11: Razdo D2/tubulina no NAcc de camundongos machos. Grupos controle/HF (n=4) e HF/HF
(n=4). Teste t de Student (p=0,005).

Foi realizado um Western Blotting no qual rodamos um gel do arqueado de
camundongos machos (grupos High fat - High fat e Controle — High fat) e fémeas (grupos High
fat - Controle e Controle — Controle). A membrana foi incubada com peptideo relacionado ao
gene agouti - AgRP 1:5000 (GT15023, Neuromics) seguido de donkey anti-got 1gG-HRP
1:2500 (SC-2020, Santa Cruz), mas ndo apareceu banda.

Foi realizado um stripping (incubacdo da membrana a 37°C por 15 min em solucgéo de
stripping — Restore Western Blotting Stripping Buffer, #21059, Thermo Scientific) seguido de
um bloqueio de 1h com leite desnatado 5% (Blotting grade blocker — nonfat milk, Bio-Rad,
#170-6404) diluido em tampéo Tris-Base (10x TBS, Bio-Rad, #170-6435) com 1% de Tween-
20 (Bio-Rad, #170-6531). Logo em seguida a membrana foi incubada com Pro-
opiomelanocortina - POMC 1:500 (ABIN185387, Antibodies online) seguido de donkey anti-
goat 1IgG-HRP 1:2500 (SC-2020, Santa Cruz) e novamente ndo apareceu banda.

Foi realizado um novo stripping seguido de bloqueio e foram realizadas novas tentativas
de incubacdo com AgRP 1:5000 e POMC 1:500 (em pedacos diferentes da membrana), mas foi

novamente sem Sucesso.
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No experimento de restricdo de crescimento intrauterino os grupos foram divididos
em grupo mae (provenientes de mées controles ou FR) e grupo sala (animais que permaneceram
em sala de temperatura normal ou aumentada), foi usado somente animais machos e realizado
Western blotting apenas no accumbens desses animais. Considerando 0s niveis de tirosina
hidroxilase, o grupo mae FR apresentou um aumento comparado ao controle (p=0,021), o grupo
sala foi semelhante ao controle grupo sala (p=0,721), ndo existiu interacdo (p=0,130), ANOVA
de 2 vias. Foi encontrado diferencas entre 0s grupos na expressdo proteica de SIRT1 no grupo
mée, FR € menor comparado ao grupo mae controle (p=0,011), quanto ao grupo sala ndo houve
diferencas (p=0,065), ndo existiu interagdo (p=0,611), ANOVA de 2 vias. Os niveis de D2 néo
foram diferentes, tanto grupo mée (p=0,768), quanto grupo sala (p=0,372), ndo existiu interacdo
(p=0,385), ANOVA de 2 vias.

Tyrosine Hydroxilase in nucleus accumbens Male mice
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Figura 12: Razdo TH/tubulina no NAcc de camundongos machos. Grupo mée foi diferente (p=0,021),
grupo mae FR é maior comparado ao grupo mae controle. N&o existiu diferenca no grupo sala (p=0,721).
N&o existiu interacdo (p=0,130). ANOVA de 2 vias.
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SIRT1 in nucleus accumbens Male mice
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Figura 13: Razdo SIRT1/tubulina no NAcc de camundongos machos. Grupo mae foi diferente
(p=0,011), grupo mae FR é menor comparado ao grupo mae controle. Nao existiu diferenca no grupo
sala (p=0,065). N&o existiu interacdo (p=0,611). ANOVA de 2 vias.

D2 in nucleus accumbens Male mice

0,85
0,80
0,75
0,70
0,65
0,60
normal_room hot_room normal_room hot_room
control_mom FR_mom

Figura 14: Razdo D2/tubulina no NAcc de camundongos machos. N&o existiu diferenca no grupo mae
(p=0,768). Nao existiu diferenca no grupo sala (p=0,372). Néo existiu interag¢do (p=0,385). ANOVA de
2 vias.
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4 Consideracgdes em relagdo ao projeto de pesquisa executado

Esse projeto buscou estudar a via de recompensa focando no sistema dopaminérgico
mesocorticolimbico de animais submetidos a diferentes modelos de programacéo a obesidade,
protocolo de obesidade materna e restricdo de crescimento intrauterino.

Considerando os animais submetidos ao protocolo de obesidade materna em fémeas no
nacleo accumbens, SIRT1 apresentou maiores niveis no grupo HF - Controle comparado ao
grupo Controle — Controle. A literatura tem mostrado que a administragdo crénica de cocaina
induz o aumento de SIRT1 no nucleo accumbens, regido chave da recompensa. A SIRT1 regula
as acdes da cocaina no nucleo accumbens (Ferguson et. al., 2015), regula a secrecao de insulina
(Bordone et. al., 2006), logo pode estar envolvida na regulagédo da via da recompensa. Mas nao
houve diferengas significativas nos valores de TH e D2. No ARC, nédo foram encontrados
resultados significativos de SIRT1, TH e D2.

Camundongos machos do grupo HF — HF submetidos ao protocolo de obesidade
materna apresentaram diminui¢do nos niveis de D2 no NAcc comparado ao grupo Controle-
HF, demais pardmetros no NAcc ndo foram estatisticamente significativos. Provavelmente a
dieta HF primeiramente hiperativou o sistema de recompensa causando uma posterior
downregulation e dessensibilizacdo dos receptores. No ARC os valores de tirosina hidroxilase
foram aumentados no grupo HF - HF, ndo houve diferencas significativas em SIRT1 e D2. No
sistema tuberoinfundibular neurdnios dopaminérgicos do nuacleo arqueado e ndcleo
periventricular projetam-se & eminéncia média e a hipdfise. A dopamina nessa regido esta
relacionada a regulacdo de prolactina, o que ndo € o foco deste estudo. Talvez tenha sido um
equivoco ter estudado a via de recompensa através do hipotalamo (nucleo arqueado), a funcéo
do mesmo € principalmente a regulacdo homeostatica e ndo hedbnica do comportamento
alimentar.

No modelo de obesidade podemos observar que a dieta HF crénica ofertada a mae
modificou a resposta do sistema do dopaminérgico mesolimbico de machos e fémeas com uma
provavel hiperativacdo do mesmo, observado em fémeas com o aumento de SIRT1 no grupo
HF — Controle e nos machos com a diminui¢cdo de D2 no grupo HF - HF. No entanto é
impossivel fazer uma comparacéo direta entre machos e fémeas pois usamos animais de grupos
diferentes nos diferentes sexos.

Analisando os camundongos machos submetidos ao protocolo de restri¢do intrauterina

podemos observar em relagdo a TH os animais FR apresentaram maiores niveis comparado aos
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Controles, em relacdo a SIRT1 os animais FR apresentaram menores niveis e ndo houve
diferenca significativa em D2. Comparando as diferentes salas em que os animais ficaram
alojados - temperatura normal e aumentada, ndo houve diferencas significativas entre os grupos,
nesse estudo a diferenca de temperatura ndo alterou significativamente o metabolismo.

O modelo de restricdo de crescimento intrauterino alterou a via de recompensa a
hiperativando, visto pelo aumento de TH, proteina limitante da sintese de dopamina, ndo
havendo diferencas em D2 e diminuindo os niveis de SIRT1. Diferentemente do que ocorreu
no modelo de inducdo de obesidade materna em machos no NAcc, onde os niveis de SIRT1
nédo foram diferentes entre os grupos, no modelo de restricdo de crescimento intrauterino houve
uma diminuicdo de SIRT1 em animais FR (foram utilizadas estatisticas diferentes nos diferentes
protocolos, no modelo de restricdo de crescimento intrauterino foi usado ANOVA de 2 vias e
no modelo de inducdo de obesidade materna foi usado Teste t de Student). Possivelmente a
ativacdo da via da dopaminérgica observada nos diferentes modelos ocorreu de maneiras
diferentes.

E importante ressaltar a dificuldade em comparar diretamente dois modelos tdo
distintos, o0 modelo de obesidade materna e o de restricdo de crescimento intrauterino. Esses
dois modelos programam obesidade na idade adulta. Podemos concluir que esses dois modelos
de diferentes maneiras modificam a via de recompensa. No entanto, mais estudos sdo
necessarios para responder essa questao.

Quanto as dificuldades encontradas durante a pesquisa, um ponto a ser levado em
consideracdo é a falta de um teste comportamental para avaliar o padrdo alimentar e
comportamental dos animais, ndo € realizado esse tipo de teste nesse laboratério. Outro fator
que devemos observar é a falta do acompanhamento nutricional e ponderal dos animais, ndo
realizavam mensuracdo do consumo alimentar ou do ganho de peso do animal ao longo da vida,
somente ao nascer e antes da eutanésia. Outra dificuldade encontrada foi a falta de planejamento
prévio nas diferentes etapas da pesquisa, a dindmica deste laboratério era diferente da que eu
conhecia no Brasil, onde todos os passos dos experimentos sdo planejados previamente a

execucdo do mesmo.
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APENDICE B: Imagens referentes aos experimentos realizados nessa Tese

Figura 1: BioDAQ®. Cada caixa em que o0 animal se encontra esta conectada a uma central (A) que
envia as informagdes diretamente ao computador (B).

Figura 2: Vista lateral BioDAQ®.



Figura 3: BioDAQ®. Compartimentos onde séo acondicionados os alimentos.

Figura 4: Eletrodo de fibra de carbono utilizado para a realizacdo da cronoamperometria.
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Figura 5: Imagens cirurgia estereotaxica.
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Figura 6: Programa FAST. Imagem captada durante a realizagdo da cronoamperometria.

Figura 7: Imagem captada durante a realizagdo da cronoamperometria. Openfield onde foi realizado o
experimento.
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Figura 8: Sala onde foi realizada a cronoamperometria.



