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RESUMO 

A tese é composta por dois trabalhos complementares. No primeiro trabalho, 

estudamos o aprendizado do odor materno em ratos neonatos, com foco no final do 

período sensível para o aprendizado precoce de preferência de odor. No segundo 

trabalho, estudamos as características das correntes GABAérgicas dos interneurônios 

do córtex piriforme anterior (CPa) e seu papel no aprendizado precoce de preferência 

de odor. Para ambos os estudos, foram usados dados eletrofisiológicos experimentais 

e modelos computacionais foram desenhados usando modelagem baseada em 

agentes. Os resultados são descritos como o número acumulado de spikes e número 

de neurônios ativos, antes e depois do condicionamento. No primeiro artigo, 

mostramos que as mudanças nas propriedades intrínsecas das células piramidais no 

CPa reduzem a disponibilidade de células piramidais que respondem à exposição do 

odor materno. No segundo artigo, experimentos computacionais mostraram que a 

entrada GABAérgica no CPa melhora a habilidade do circuito olfatório para o 

aprendizado do odor materno. A discussão geral apresenta uma integração dos níveis 

da neuroetologia à biofísica como uma perspectiva de trabalho. 

 
 
Palavras-chave:  Neurociência computacional, relação mãe-filhote, córtex olfatório, 
abordagem biocomportamental. 
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ABSTRACT 

The thesis consists of two complementary studies. In the first study, we investigated 

the maternal odor learning in neonatal rats, focusing on the end of the sensitive period 

for early odor preference learning. In the second study, we examined the 

characteristics of the GABAergic currents of the interneurons of the anterior piriform 

cortex (aPC) and their role in early odor preference learning. For both studies, 

experimental electrophysiological data were used, and computational models were 

designed using agent-based modeling. The results are described as the cumulative 

number of spikes and the number of active neurons, before and after conditioning. In 

the first article, we showed that changes in the intrinsic properties of aPC pyramidal 

cells reduced the availability of the responsive pyramidal cells during maternal odor 

exposure. In the second article, computational experiments showed that GABAergic 

entry into the aPC improves the olfactory circuit's ability to learn maternal odor. The 

general discussion presents an integration of the levels from neuroethology to 

biophysics as a work perspective.  

 
Keywords: Computational neuroscience, maternal-infant relationship, Olfactory 
cortex, Biobehavioral approach.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

7 
 

LISTAS DE ABREVIATURAS  

 

BO  Bulbo olfatório 

CP  Córtex Piriforme 

CPa  Córtex Piriforme Anterior 

LC   Locus Coeruleus 

NA  Noradrenalina 

OSN  Neurônios sensoriais olfatórios 

PG  Neurônios periglomerulares 

Mi  Neurônios mitrais 

Gr  Neurônios granulares 

Ff  Interneurônios de conexões pró-ação  

Pyr  Neurônios piramidais 

Fb  Interneurônios de conexões de retroalimentação 

US  Estímulo reforçador 

UR  Resposta incondicionada 

CR  Resposta condicionada 

S  Estímulo ambiental 

CS  Estímulo condicionado 

DPN  Dia pós-natal 

MBA  Modelagem baseada em agentes 

EGABA Potencial de reversão das as respostas inibitórias mediadas por GABA 

GABA  Ácido gama-aminobutírico 

sIPSC  Correntes inibitórias pós-sinápticas espontâneas  

LTP  Potenciação de longa duração 

 

 

 

 

 

 

 

 



 

8 
 

LISTA DE FIGURAS  

Figura 1 ------------------------------------------------------------------------------------------------------------------- 16 

Figura 2 ------------------------------------------------------------------------------------------------------------------- 18 

Figura 3 ------------------------------------------------------------------------------------------------------------------- 19 

Figura 4 ------------------------------------------------------------------------------------------------------------------- 21 

Figura 5 ------------------------------------------------------------------------------------------------------------------- 22 

Figura 6 ------------------------------------------------------------------------------------------------------------------- 70 

Figura 7 ------------------------------------------------------------------------------------------------------------------- 71 

Figura 8 ------------------------------------------------------------------------------------------------------------------- 72 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9 
 

Capítulo 1 

Introdução, motivação e objetivos 

1.1. Estrutura da tese 

Essa tese está estruturada em cinco capítulos e um anexo. O conteúdo de cada 

capítulo será descrito a seguir. O Capítulo 1 estabelece a motivação para desenvolver 

a pesquisa, o propósito, as hipóteses e objetivos da tese. No Capítulo 2, o fenômeno 

de estudo e a estratégia de abordagem são detalhadas. São descritas a perspectiva 

da neuroetologia computacional, os circuitos neurais do aprendizado de preferência 

ao odor maternal, o princípio unificado do reforço, modelagem e simulação do circuito 

olfatório e uma visão geral dos métodos usados. No Capítulo 3, a primeira publicação 

referente à hipótese 1 é apresentada com uma breve introdução. No Capítulo 4, a 

segunda publicação referente à hipótese 2 é apresentada com uma breve introdução. 

Finalmente, o trabalho encerra-se no Capítulo 5, no qual são apresentadas uma 

discussão geral e uma conclusão com base nos dois artigos. Na parte do Anexo, a 

lista de pôsteres apresentados em vários eventos acadêmicos antes da publicação 

dos dois artigos é incluída.  

1.2. Uma visão introdutória da motivação da pesquisa 

A pesquisa do sistema nervoso nas últimas décadas forneceu uma quantidade imensa 

de dados e hipóteses que, devido à sua natureza como método experimental, são 

obtidos através do isolamento dos componentes de um sistema reduzido de variáveis. 

Nesse contexto, é necessário integrar dados e microteorias em micromodelos. Essa 

atividade de integração existe na neurociência, apresentada em trabalhos de revisão 

como hipóteses de grandes sistemas. Com os avanços da computação, é possível 

construir modelos que envolvam micro-teorias em grandes sistemas computacionais. 

No entanto, a neurociência e o estudo do comportamento na psicologia provêm de 

diferentes tradições e são categorizados em diferentes níveis de análise. Tentar 

integrar culturas científicas independentes da neurociência e do comportamento é um 

problema atual. 
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1.3. Visão geral e propósito da tese  

A presente tese procura contribuir na área da neurociência com a perspectiva de uma 

abordagem integrada da neuroetologia à biofísica, com o objetivo de estudar circuitos 

neurais de fenômenos comportamentais, usando como exemplo ilustrativo o 

fenômeno de aprendizado de preferência ao odor materno em filhotes de rato. Um 

único fenômeno comportamental ou cognitivo pode ser tratado usando estratégias 

diferentes. No entanto, cada uma dessas estratégias se concentra em diferentes 

níveis do fenômeno. Acreditamos que é necessária uma estratégia para integrar níveis 

da neuroetologia à biofísica ou da biofísica à neuroetologia. Uma integração desses 

níveis seria necessária para estudar qualquer comportamento. Contudo, há uma 

dificuldade. Cada uma desses níveis tem as suas próprias teorias e existem muitos 

níveis entre neuroetologia e biofísica. Então, como os níveis podem ser integradas da 

neuroetologia à biofísica? E por que a integração deve estar nessa direção?  

O significado último dessa abordagem integrativa é contribuir para entender como 

as mudanças ambientais poderiam levar a alterações no nível neural. Desse modo, 

essa tese propõe responder a duas perguntas: primeiro, como podemos integrar as 

mudanças ambientais às mudanças no nível neural e como podemos organizar esses 

níveis; e segundo, uma vez organizados os níveis, como podemos estudar com esse 

esquema um fenômeno comportamental específico, como o aprendizado de 

preferência pelo odor maternal em filhotes de rato? Portanto, o objetivo desta tese foi 

tentar integrar computacionalmente o nível neuroetológico à biofísica.  

1.4. Visão da integração de níveis para o estudo da preferência ao odor 

maternal  

A preferência pelo odor maternal, na prática, é um teste no qual o filhote de rato ou 

camundongo é colocado em uma caixa-teste para escolher entre dois odores. Através 

da mensuração do tempo gasto na área do odor do ninho ou o odor da mãe, em 

relação ao da área neutra, é inferida uma preferência por um desses odores (Moriceau 

and Sullivan, 2005; Morrison et al., 2013). Esse aprendizado é nosso fenômeno 

comportamental básico. Portanto, é importante explorar o que se sabe sobre ele, 

como estudá-lo, quais estruturas neurais podem ser ativadas por esses estímulos, 

quais neurotransmissores estão envolvidos e o que é conhecido experimentalmente.  
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Na neurociência computacional, existem modelos do bulbo olfatório (BO) e o córtex 

piriforme anterior (CPa) nos quais a modulação da noradrenalina (NA) é empregada 

no estudo da percepção e aprendizado olfatório em ratos adultos (DE ALMEIDA et al, 

2013; DE ALMEIDA et al., 2015; LI et al., 2015). Portanto, nesse trabalho, usamos as 

equações do modelo de DE ALMEIDA et al. (2013, 2015), e, com base na arquitetura 

neural também proposta por eles, implementamos um modelo baseado em agentes 

com características de ratos neonatos. No modelo computacional desenvolvido, 

mostramos que no aprendizado olfatório em neonatos a projeção noradrenérgica do 

locus coeruleus (LC) funciona como um estímulo incondicionado, semelhante ao 

relatado em modelos experimentais de condicionamento clássico em ratos neonatos. 

Integramos o circuito, simulamos o ambiente como interação mãe-filhote e treinamos 

o circuito com uma série de diferentes estratégias computacionais. Os resultados 

foram apresentados em vários eventos acadêmicos (Anexo). Com o sistema 

integrado e os novos dados experimentais, em nosso primeiro artigo trabalhamos em 

uma nova teoria para o final do período sensível de aprendizado precoce de 

preferência do odor. Finalmente, no último manuscrito focalizamos a biofísica das 

correntes GABAérgicas e sua importância durante o aprendizado de odor materno.  

Em resumo, testamos nossas hipóteses em um modelo de neuroetologia 

computacional. Nosso modelo de neuroetologia computacional considera os níveis 

neurais, plasticidade-microcircuito, comportamento animal e o ambiente. O modelo 

resultante deste trabalho permitiu a integração de dados experimentais desenvolvidos 

na Universidade Federal do Rio Grande do Sul (UFRGS), fazendo convergir as linhas 

de pesquisa de eletrofisiologia, relação mãe-filhote e neurociência computacional. 

1.5. Hipóteses exploradas na tese 

Na presente tese, foram exploradas as seguintes hipóteses: 

1. O período sensível para o aprendizado do apego se deve à maturação dos 

neurônios piramidais do córtex piriforme anterior. O filhote de rato ou 

camundongo pode aprender odores artificiais pareados com estimulação táctil 

que simula o contato materno (por exemplo, lambidas da mãe). Esse 

pareamento induz preferência pelo odor somente se for realizado dentro do 

período correspondente aos primeiros dez dias de vida pós-natal do filhote, 

considerado período sensível. Após esse período, o pareamento dos mesmos 
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estímulos deixa de induzir uma preferência pelo odor (veja o Capítulo 2). 

Presume-se que o filhote aprenderia o cheiro da mãe dessa maneira, e 

manteria essa habilidade nos primeiros dez dias pós-natais, a fim de garantir 

sua sobrevivência em uma fase em que ele está completamente dependente 

dos cuidados dela. Esse fenômeno nos levou a pensar em outras duas 

hipóteses específicas que podem apoiar o final do período sensível do 

aprendizado de apego. Primeiro, o filhote aprende a associar o cheiro da sua 

mãe dentro do ninho, e então isso serviria como base para aprender outros 

cheiros fora do ninho, mas isso não ocorreria após o período sensível. 

Segundo, aprender o odor materno dentro do ninho aumenta a conectividade 

do circuito olfatório envolvido, e essa conectividade está disponível quando o 

filhote é exposto a um experimento de condicionamento para induzir a 

preferência por um odor artificial. Mas esse condicionamento não resulta em 

preferência após o período sensível, pois o número de neurônios que são 

responsivos ao odor materno é reduzido. Essa redução na responsividade ao 

odor materno ocorreria devido à caraterística de maturação dos neurônios 

piramidais e não à perda da habilidade de aprendizado. Os resultados do teste 

dessa hipótese foram publicados no artigo 1 (veja Capítulo 3).  

2.  As caraterísticas de maduração das entradas GABAérgicas no córtex 

piriforme anterior contribuem em dar suporte ao aprendizado do odor 

materno durante o período sensível. Na literatura considera-se que o papel 

do GABA, durante o período sensível, possui um efeito inibitório nas células 

piramidais do córtex piriforme anterior, impedindo o aprendizado da preferência 

olfatória (veja Capítulo 2). No entanto, a exemplo de outros córtices em 

desenvolvimento, também é possível que o GABA possa ter um efeito 

excitatório e, se houver, poderia contribuir no suporte do aprendizado do odor 

materno. Os resultados da exploração dessa hipótese estão descritos no artigo 

2 (veja Capítulo 4).  

1.6. Objetivos da tese  

Objetivo geral:  
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Simular computacionalmente a interação ambiente-organismo-comportamento 

em modelo neuroetológico de aprendizado de preferência olfatória no início do 

desenvolvimento pós-natal de ratos.  

Objetivos específicos:  

1. Criar um modelo computacional do circuito olfatório do filhote de rato durante o 

período sensível para o aprendizado do odor maternal, usando dados 

eletrofisiológicos de neurônios piramidais do córtex piriforme anterior, obtidos 

de filhotes com idade dentro do período sensível. 

2. Simular o aprendizado da preferência ao odor maternal, durante o período 

sensível, no circuito olfatório artificial. 

3. Simular o papel dos interneurônios GABAérgicos no córtex piriforme anterior 

no aprendizado da preferência ao odor maternal durante o período sensível.  
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Capítulo 2 

Fenômeno de estudo, estratégia de abordagem e visão geral dos 

métodos usados 

2.1. O aprendizado de preferência do odor maternal  

O aprendizado de preferência olfatória é um fenômeno comportamental observado em 

roedores no início da vida pós-natal, descrito principalmente em ratos e camundongos. 

Logo após o nascimento, os filhotes de roedores são capazes de formar memórias de 

odor associados tanto a estímulos prazerosos, como leite, calor e estimulação táctil 

(MORICEAU;SULLIVAN, 2005; ROTH et al., 2013; GHOSH et al., 2015) quanto 

aversivos (RAINEKi et al., 2009; UPTON; SULLIVAN, 2010; ROTH et al., 2013; 

MEYER; ALBERTS, 2016). As memórias dos odores são expressas como 

preferências nas fases posteriores do desenvolvimento desses filhotes (MORICEAU; 

SULLIVAN, 2006). Igualmente foi demonstrado que outras formas de vínculo social no 

início do desenvolvimento, como o amontoamento com os irmãos de ninhada, ocorrem 

por meio de processos associativos de sinais olfativos com estimulação termo-táctil 

(ALBERTS; BRUNJES, 1978; KOJIMA; ALBERTS, 2009). Mas como ocorre esse 

aprendizado de preferência olfatória no filhote? O mecanismo para aprender o odor 

materno dentro do ninho é semelhante ou diferente do aprendizado de um odor 

artificial fora do ninho? Para aproximar algumas respostas a essas perguntas, 

consideramos importante separar os contextos etológicos em que o filhote aprende as 

preferências olfatórias dentro do ninho, interagindo com mãe, e fora do ninho em um 

ambiente controlado.  

O aprendizado de preferência olfatória, tanto do odor da mãe quanto de um odor 

artificial, pode ser rapidamente induzido em um período do desenvolvimento pós-

natal, durante o qual o filhote depende completamente dos cuidados da mãe para 

sobreviver (<DPN 10, dia pós-natal). Após esse período, os mesmos estímulos 

pareados (odor e estimulação táctil) perdem a habilidade de induzir a mesma 

preferência (Figura 1A). Foi sugerido, então, que esse tipo de aprendizado precoce 

em filhotes de rato ou camundongo ocorre durante um período sensível (SULLIVAN, 
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2003). Embora o aprendizado de preferência pelo odor materno e de um odor artificial 

estejam restritos ao mesmo período sensível, aparentemente, por mecanismos 

associativos semelhantes, ambos ocorrem em contextos e tempos diferentes. O filhote 

dentro do ninho está exposto ao cheiro da mãe desde o nascimento (DPN 0) (Figura 

1A, barra amarela), e os experimentos de condicionamento de odor artificial e 

estimulação táctil, que simula as lambidas da mãe, são realizados principalmente a 

partir do DPN 5 (Figura 1A, barra azul). Foi proposto que esses dois tipos de 

aprendizado de preferência têm como suporte um único circuito neural (MORICEAU; 

SULLIVAN, 2004). Na segunda parte da tese, descrevemos detalhes desse circuito. 

Propomos que o aprendizado de preferência pelo odor materno modela o circuito 

neural em desenvolvimento, e esse circuito suporta o aprendizado posterior de 

preferência olfatória induzida fora do ninho dentro da janela temporal do período 

sensível. A seguir discutimos a proposta.  

Como indicado acima, tanto a preferência pelo odor materno (Figura 1B) quanto a 

pelo odor artificial (Figura 1C) são induzidas por processos associativos, 

especificamente por condicionamento clássico (SULLIVAN, 2003). O processo de 

condicionamento clássico baseia-se na associação de dois tipos estímulos, um 

estimulo incondicionado (EI, para o qual a resposta do organismo é reflexa, por 

exemplo o jato de ar nos olhos de uma pessoa provoca que ela feche os olhos) e um 

estímulo neutro (EN, para o qual a resposta do organismo é diferente de sua resposta 

para o EI). A exposição repetitiva aos estímulos pareados EI-EN faz com que o EN, 

uma vez apresentado sozinho, seja capaz de induzir uma resposta semelhante à 

induzida pelo EI. Portanto, após o pareamento, o estímulo inicialmente neutro tornou-

se condicionado (EC). No paradigma de condicionamento clássico para induzir 

preferência por um odor artificial, o EI é a estimulação táctil no dorso do filhote 

(pinceladas vigorosas) e o EN é o odor artificial (Moriceau and Sullivan, 2005; Morrison 

et al., 2013). 

Usando modelos de condicionamento, associando estimulação táctil a um odor, e 

usando o teste de preferência olfatória, o grupo liderado pela Dra. Regina Sullivan 

propôs que o BO, modulado por uma alta inervação noradrenérgica originada no LC, 

é a estrutura necessária e suficiente para o aprendizado da memória de preferência a 

odores em filhotes durante o período sensível (SULLIVAN; WILSON, 2003; ROTH et 

al, 2006). Por outro lado, usando o mesmo modelo de comportamento, o grupo 
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liderado pela Dra Qi Yuan sugeriu que o aprendizado do odor é modulado por 

projeções de LC no CPa, que também seria uma estrutura necessária e suficiente 

para a representação do odor (MORRISON et al, 2013).  

 

Figura 1. Simulação do ambiente etológico no qual o filhote de rato ou 
camundongo aprende a preferência pelo odor materno. A simulação foi realizada 
usando o software NetLogo, usando a metodologia baseada em agentes. A) Linha temporal 
do desenvolvimento pós-natal do filhote de rato durante o qual os fenômenos de aprendizado 
de preferência para o odor maternal ou para um odor artificial são observados. Após 
nascimento, o filhote, dentro do ninho está exposto ao aprendizado do odor maternal mediante 
processos associativo do odor da mãe e os estímulos sensoriais que ela provê no cuidado 
materno (calor, lambidas, leite). Esse aprendizado ocorre dentro de uma janela temporal 
chamado de período sensível (linha amarela). A resultante desse aprendizado é a formação 
de uma preferência para o odor materno ou ninho materno, medido mediante comportamentos 
de aproximação para esses odores. Outro fenômeno observado em filhotes neonato é 
também a habilidade para formar preferências para odores artificiais quando pareados com 
estímulos tácteis que simulam as lambidas da mãe. Esse fenômeno tem sido observado em 
filhotes entre idades de DPN 5 e DPN 8. O pareamento do odor artificial e os estímulos tácteis 
não induzem preferência pelos odores condicionados depois do DPN 10 (linha azul). B) 
Simulação da representação do aprendizado do odor materno dentro do ninho usando o 
NetLogo. O odor da mãe (bolinhas vermelhas ao redor da mãe (rata azul grande) atrai os 
filhotes que se encontram perto da mãe. Quando os filhotes se aproximam da mãe, a mãe 
lambe ele, provê de calor e alimento. Esses estímulos podem servir de reforço para o 
aprendizado do odor materno. C) Representação das fases do condicionamento fora do ninho 
para o aprendizado de preferência de um odor artificial em filhotes DPN 5-DPN 10. Um odor 
inicialmente neutro (1) pareado repetidas vezes com um estímulo táctil (2-3) (estimulação 
vigorosa no dorso do filhote com um pincel suave) induze uma preferência no filhote, o qual é 
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medido em um labirinto de duas escolhas (4) e o odor artificial inicialmente neutro torna-se 
condicionado (5). Fonte elaborada pelo autor a partir do fenômeno descrito na seção 2.1. 

 

Nosso projeto inicial foi criar um modelo computacional para diferenciar as duas 

propostas de suporte do aprendizado de preferência olfatória no nível neural durante 

o período sensível. Finalmente, o resultado do nosso modelo conseguiu integrar as 

duas propostas no mesmo modelo, tanto o incremento da frequência de disparo das 

células mitrais no BO como o efeito da taxa de disparo nos terminais axônicos nas 

conexões do trato olfatório lateral (LOT). No artigo 1, incluído no Capítulo 2, pode-se 

apreciar os esforços dessa integração.  

2.2. Estratégia de abordagem 

Para testar nossa hipótese, usamos um modelo de neuroetologia computacional 

no qual consideramos os seguintes níveis de integração: neural, plasticidade-

microcircuito, comportamento animal e ambiente. Para representar os níveis neurais 

e o comportamento, a modelagem foi desenvolvida de acordo com as principais 

variáveis obtidas na revisão da literatura (SULLIVAN et al., 2000; MORRISON et al., 

2013). Para a confiabilidade da modelagem, consideramos variáveis experimentais 

dependentes e independentes análogas as utilizadas pelos autores que descreveram 

o fenômeno e o circuito neural (Sullivan e Yuan); garantindo, assim, a consistência 

das saídas do sistema de simulação com os dados de laboratório. Para representar a 

plasticidade dentro do circuito olfatório, usamos o modelo de Jensen, Idiart e Lisman 

(JENSEN; IDIART; LISMAN, 1996). Além disso, para o nosso projeto usamos o 

princípio unificado do reforço (DONAHOE et al, 1993; BURGOS, 2010), descrito mais 

adiante, como um esquema teórico e para o desenho das contingências. Este 

referencial teórico também foi essencial para organizar os registros de saída da

simulação e apresentação dos estímulos em um paradigma de condicionamento 

respondente. Em vista disso, usamos essas estratégias para o caso especifico do 

circuito BO e CPa no aprendizado ao odor materno. A seguir descrevemos cada uma 

das estratégias mencionadas.   

2.2.1. Perspectiva da neuroetologia computacional  

A neuroetologia computacional estuda as bases neurais dos padrões de 

comportamento animal expostos em condições naturais (Figura 2A), propondo 
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modelos computacionais para avaliar teorias na área através de uma abordagem 

evolutiva e comparativa do comportamento animal.  

Nessa tese, nossa perspectiva para a neuroetologia computacional enfoca o nível 

após a ocorrência de mudanças ambientais, especificamente o comportamento da 

mãe, que é o ambiente natural para um filhote de rato e que pode ser representado 

através das entradas e saídas do ninho. Isso implica que o filhote seja exposto a 

estímulos intermitentes, como odor da mãe e o contato maternal (Figura 5B). Esse é 

considerado nosso esquema de trabalho. 

 

 

Figura 2. Perspectiva da neuroetologia computacional para a modelagem da 
base neural do comportamento animal. A) Esquema representando como o 
comportamento animal surge da interação entre a dinâmica neural com o periférico e o 
ambiente ecológico (Adaptado de http://www.scholarpedia.org/article/Computational_neuroethology). B) 
Representação do ambiente etológico dentro do ninho, no qual o comportamento do filhote de 
aproximação a mãe surge da interação da dinâmica neural com seu entorno que é a mãe.  

2.2.2. Circuitos neurais para o aprendizado de preferência do odor 

materno 

O aprendizado precoce para a preferência ao odor é uma forma rápida de 

condicionamento clássico que provou ser um modelo útil para identificar circuitos 

celulares e mecanismos moleculares de aprendizado. Ratos e camundongos recém-

nascidos podem ser condicionados a novos odores, mediante a utilização de 

estímulos que imitam os estímulos recebidos durante o cuidado materno. Uma 
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variedade de estímulos foi empregada como estímulo incondicionado (EI) na indução 

de respostas condicionadas a novos odores (estímulo condicionado, EC) em recém-

nascidos, incluindo o ambiente do ninho, apresentação de leite, estimulação táctil, o 

odor materno, choque elétrico leve na pata, e estimulação cerebral intracraniana 

(YUAN et al., 2014). Uma variedade de trabalhos sugere a existência de um período 

sensível para o desenvolvimento das preferências iniciais ao odor. Ensaios de 10 min 

de pareamento de choque elétrico e odor aplicado no DPN 6, induziram a preferência 

pelo odor e isso pode permanecer apenas 24 horas (YUAN et al., 2014) (Figura 3A).  

Sullivan e seus colegas (SULLIVAN et al, 2000) demonstraram a natureza 

associativa do comportamento de preferência precoce pelo odor. Seus trabalhos 

sugerem que os eventos simultâneos da entrada do odor e a liberação de 

noradrenalina dos terminais do LC no bulbo olfatório são suficientes para estabelecer 

o aprendizado de preferência olfatória (SULLIVAN et al., 2000) (Figura 3B). Além 

disso, Yuan e seus colegas também demostraram que o córtex piriforme anterior é 

importante para esse aprendizado (MORRISON et al, 2013) (Figura 3C). 

Figura 3. Hipótese de circuitos neurais que suportam o aprendizado de 
preferência olfatória. A) Representação do condicionamento de um odor artificial 
inicialmente neutro (1) com um estímulo táctil (estimulação vigorosa no dorso do filhote 
usando um pincel suave) que induz incremento na atividade locomotora do filhote (2) quando 
pareados (3) em tempos específicos, o odor apresentado durante 3 segundos e a estimulação 
táctil no último segundo, resulta em uma preferência pelo odor artificial quando testado contra 
um odor neutro (4), tornando-se assim o odor neutro inicial em um odor condicionado (5). B) 
A noradrenalina liberada do locus coeruleus no bulbo olfatório (proposta do grupo da Regina 
Sullivan em SULLIVAN et al, 2000) e também no córtex piriforme anterior (proposta do grupo 
da Qi Yuan em YUAN et al., 2014) (C) é necessária e suficiente para a aquisição do 
aprendizado de preferência olfatória durante o período sensível.  
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2.2.3. Princípio Unificado do Reforço 

O princípio unificado do reforço (DONAHOE et al, 1993) foi proposto com base na 

análise experimental do comportamento. Essa proposta foi importante para a 

classificação das entradas e saídas do nosso modelo computacional de 

condicionamento de redes neurais artificiais. Existem estratégias para a avaliação do 

aprendizado com base no paradigma do princípio unificado do reforço. Para tanto, 

usamos as mesmas estratégias para examinar o aprendizado de preferência olfatória. 

Donahoe e colegas indicaram dois conjuntos de condições que são necessárias para 

que o reforço selecione o comportamento: (a) curtos intervalos de tempo entre o 

evento ambiental, comportamental e reforço e (b) um estímulo de reforço que evoca 

mudanças no comportamento ou discrepância (Figura 4). Na Figura 4, a 

conectividade neural é mostrada de maneira simplificada a partir de estímulos 

comportamentais, onde qualquer R (resposta operante) contíguo temporariamente 

entre o aparecimento de S (estímulo ambiental) e UR (resposta incondicionada) ativa 

vias neurais que conectam S a R. Desse ponto de vista, as sensibilidades dos 

organismos a relações definidas em intervalos de tempo mais longos são devidas ao 

efeito cumulativo das relações momento a momento entre reforços, comportamentos 

e eventos ambientais (DONAHOE et al, 1993). 

 O princípio unificado do reforço estabelece que, sempre que houver uma 

discrepância comportamental, todos os estímulos anteriores a essa discrepância 

adquirirão controle sobre todas as respostas que ocorrem imediatamente antes e 

simultaneamente a ela (DONAHOE et al, 1993). Esse paradigma foi proposto a partir 

da análise experimental do comportamento como uma estrutura conceitual 

complementar com os resultados da análise experimental das neurociências, que 

forneceu uma variedade de modelos computacionais dos fenômenos do 

condicionamento respondente. Atualmente existem mais de 16 modelos 

desenvolvidos (BURGOS, 2010).  
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Figura 4. Princípio Unificado do Reforço.  O componente seleção-resposta de uma 
rede de seleção com três unidades de entrada, três unidades internas e duas unidades de 
saída. As unidades de entrada podem ser ativadas tanto por estímulos ambientais (S1 e S2) 
quanto por um estímulo reforçador (US). A ativação das unidades de saída simula a ocorrência 
da resposta operante (R) e da resposta incondicionada (UR), ou, quando a unidade UR é 
ativada por um estímulo diferente do US, a resposta condicionada (CR). A ativação das 
unidades UR/CR também pode engajar o sistema de reforço difuso que modifica a 
conectividade de pesos entre todas as unidades coativadas. A figura ilustra a contingência 
clássica (linhas pontilhadas em vermelho), em que a ocorrência do US é dependente de uma 
ativação prévia de uma unidade de entrada (S1). Também na figura se ilustra uma 
contingência operante (linhas pontilhadas em azul), em que a ativação da unidade US é 
dependente da ativação prévia da unidade de saída (R) pela representação de S1. Gráfico 
adaptado de  DONAHOE et al., 1993).  

 

2.2.4. Modelagem e simulação do circuito olfatório 

O modelo canônico consiste em duas redes diferentes que representam o BO e o 

CPa. O BO é composto pelos neurônios sensoriais olfativos (OSN), neurônios 

periglomerulares (PG), neurônios mitrais (Mi) e neurônios granulares (Gr). O CPa é 

constituído por interneurônios de conexões pró-ação ou feedforward (Ff), neurônios 

piramidais (Pyr) e os interneurônios de conexões de retroalimentação ou feedback 

(Fb) (DE ALMEIDA et al., 2015) (Figura 5).  

No intuito de conferir importância dos dados experimentais e preservar 

propriedades deduzidas desses dados na simulação, simplificamos essa arquitetura, 

especificamente no nível das conexões do BO. Nosso modelo considerou apenas 
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células Mt como um componente do BO. Nos pôsteres (em Anexo), usamos o modelo 

canônico.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 5. Arquitetura neural do circuito olfatório. O ponto de entrada no circuito é o 
grupo de neurônios sensoriais olfatórios (OSN), os quais projetam seus terminais axônicos 
para o bulbo olfatório (BO) dentro de estruturas chamados de glomérulos, onde estabelecem 
conexões sinápticas excitatórias com os dendritos principais dos neurônios Mitrais (Mi) e os 
interneurônios periglomerulares (PG) que rodeiam esses glomérulos. Os neurônios PG 
estabelecem conexões inibitórias com os dendritos apicais das células Mi. As células Mi 
também recebem entradas inibitórias das células granulares (Gr) nos seus dendritos laterais. 
Os axônios das células Mi saem do BO, formando o trato olfatório lateral (LOT) e se projetam 
para regiões centrais. O córtex piriforme anterior (CPa) é uma das regiões centrais que 
recebem esses inputs, formando conexões excitatórias com os dendritos apicais das células 
piramidais (Pyr) e os interneurônios de conexões pró-ação (feedforward) (Ff) na camada 
superficial do CPa. Os interneurônios Ff também estabelecem conexões inibitórias com os 
dendritos apicais das células Pyr. Em outras camadas do CPa, as células Pyr recebem 
entradas excitatórias de outras células Pyr, sendo chamada esta conexão de recorrente; além 
disso, também recebe entradas inibitórias de outro grupo de interneurônios que formam 
conexões de retroalimentação (feedback) (Fb). Os axônios das células Pyr se projetam para 
fora do CPa. Tomado de DE ALMEIDA et al., 2015.  
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2.3. Visão geral dos métodos usados 

2.3.1. Modelando o circuito olfatório em desenvolvimento 

Para modelar o circuito olfatório em desenvolvimento, além de revisar a literatura 

sobre os circuitos neurais envolvidos, foi necessário investigar as características das 

conexões e da plasticidade sináptica nas células piramidais do CPa. Trabalhos prévios 

foram muito úteis na determinação desses parâmetros (FRANKS; ISAACSON, 2005; 

POO; ISAACSON, 2007). Além disso, era necessário ter dados correspondentes às 

características de maturação dos neurônios. Com a colaboração de Grace Pardo, do 

PPG Fisiologia UFRGS, obtivemos esses dados através dos experimentos realizados 

como parte de sua tese de doutorado.  

2.3.2. Níveis de Modelagem 

As seguintes propriedades e seus respectivos níveis foram consideradas na 

modelagem: 

• Nível 1: Potenciais dos neurônios, potenciais pós-sinápticos excitatórios e inibitórios  

• Nível 2: Integração sináptica, plasticidade, microcircuito do BO e do CPa 

• Nível 3: Integração do Sistema Neural, Comportamento e Ambiente 

O aprendizado foi avaliado nos níveis 2 e 3. As entradas e saídas dos sistemas 

foram definidas com base nas descrições do fenômeno de aprendizado precoce da 

preferência olfatória e no princípio unificado do reforço, sendo que esses foram 

diferentes para cada nível. 

2.3.3.  Modelagem baseado em agentes: estratégia para simular o 

fenômeno  

A modelagem baseada em agentes (MBA) é uma classe de modelos computacionais 

utilizada para simular as ações e interações de entidades autônomas individuais 

chamadas agentes. Cada um desses agentes pode avaliar sua situação e tomar 

decisões com base em um conjunto de regras introduzidas no modelo. Uma 

caraterística importante da MBA é a interação repetitiva que existe entre eles, podendo 

ser simulada com o uso de computadores e softwares que permitem explorar a 

dinâmica do sistema. Com a MBA, fenômenos têm sido explorados em física, química, 
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biologia, ecologia e no comportamento animal e humano. Existem diversos ambientes 

de programação de MBA, os mais conhecidos são Repast, Mason, Breve, Netlogo. 

Igualmente existem ambientes de MBA implementados em linguagens como MATLAB, 

Python e C. 

NetLogo é um ambiente de programação para MBA e sistemas complexos. É 

usado por dezenas de milhares de estudantes, professores e pesquisadores em todo 

o mundo. O programa está disponível gratuitamente. O NetLogo foi projetado e criado 

por Uri Wilensky, diretor do Centro de Aprendizagem Conectada e Modelagem 

Computacional da Northwestern University. O Netlogo está sujeito a melhorias 

aproximadamente a cada 6 meses, e existem outros projetos para aumentar o 

potencial da plataforma como vínculos com outras linguagens de programação como 

MATLAB, Mathematica, R, Python, além da construção da extensão RNetlogo para 

aproveitar a computação paralela em R (WILENSKY, 1999; THIELE; GRIMM, 2010; 

THIELE et al, 2012). Usamos o Netlogo para o nosso trabalho.  

2.3.4. Registro eletrofisiológico de neurônios do córtex piriforme 

anterior em desenvolvimento  

Os dados eletrofisiológicos foram fornecidos por Grace Pardo, obtidos como parte da 

sua tese de doutorado no laboratório da professora Maria Elisa Calcagnotto, 

Departamento de Bioquímica, UFRGS. Para obter dados sobre as propriedades 

intrínsecas das células especificadas, foi usada a técnica de fixação de um fragmento 

da membrana plasmática (patch-clamp) no modo de fixação de corrente (current-

clamp). As células piramidais na camada 2/3 foram registradas em fatias de CPa, 

obtidas de filhotes de rato no DPN 5,6,7 e 8 e DPN 14,15,16 e 17. A descrição 

detalhada da técnica pode ser encontrada no artigo 1 (Capítulo 3). 

Para obter dados sobre as correntes pós-sinápticas GABAérgicas, foi utilizada a 

técnica de patch-clamp no modo de fixação de voltagem (voltage-clamp), na qual 

também se registraram as células piramidais da camada 2/3 em fatias de CPa, 

extraídas de cérebros de filhotes de rato nos DPN 5,6,7 e 8. A descrição detalhada 

pode ser encontrada no artigo 2 (Capítulo 3). 
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Capítulo 3 

3.1. Artigo 1 

O artigo intitulado “Maturation of pyramidal cells in anterior piriform cortex may be 

sufficient to explain the end of early olfactory learning in rats”, propõe a uma nova 

explicação para o fim do período sensível do aprendizado olfatório em ratos neonatos 

para o qual integra dados experimentais e modelagem computacional. Esse trabalho 

foi produzido de maneira colaborativa com a Grace Pardo, quem realizou o trabalho 

experimental no laboratório da professora Maria Elisa Calcagnotto e do professor Aldo 

Bolten Lucion como parte de sua tese de doutorado. O artigo fui publicado na Revista 

Learning and Memory 2020 (27:20–32) e também foi capa da edição 01-2020. O artigo 

pode ser citado como: 

Oruro, E.M., Pardo, G.V.E., Lucion, A.B., Calcagnotto, M.E., Idiart, M.A.P., 2020. 

Maturation of pyramidal cells in anterior piriform cortex may be sufficient to 

explain the end of early olfactory learning in rats. Learn. Mem. 27:20–32. 

https://doi.org/10.1101/lm.050724.119 
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Figura na capa da revista Learning & Memory volume 27, número 1 de janeiro 
de 2020, preparada pelos autores.  

Legenda da figura tirada de http://learnmem.cshlp.org/content/27/1.cover-expansion. 

The image illustrates a representation of the conditioned behavioral response of the infant rat to the 
maternal odor. A group of pyramidal neurons in the anterior olfactory cortex (aPC) respond preferentially 
when the pup is close to the mother`s odor. Using a combined electrophysiological and computational 
approach, Oruro et al. (LearnMem 27: 20–32) report that more neurons are sensitive to maternal odor 
in pups younger than 10 postnatal days (P) than in older pups due to the maturation of intrinsic properties 
of the neurons itself. Early odor preference learning is induced in rat pups <P10 by pairing an artificial 
odor with tactile stimuli that mimics maternal care. After P10, the pairing of the same stimuli becomes 
ineffective for conditioning. Based on these results, the authors proposed that odor conditioning in <P10 
pups recruits a group of pyramidal cells in the aPC that are also activated by the maternal odor. As this 
neural circuit promotes approximation to the maternal odor, we assume their coincidental activation also 
promotes behavioral preference for the conditioned odor. However, this overlap occurs only for younger 
pups. For older pups, the odor conditioning results in less activation of the aPC pyramidal cells, overlap 
in the circuit is no longer possible, and the conditioning is no longer effective.  
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Maturation of pyramidal cells in anterior piriform
cortex may be sufficient to explain the end of early
olfactory learning in rats
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Maria Elisa Calcagnotto,2,3 and Marco A. P. Idiart1,3
1Neurocomputational and Language Processing Laboratory, Institute of Physics, Universidade Federal do Rio Grande do Sul, Porto
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of Physiology, Institute of Basic Health Sciences, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, 90050-170 Brazil; 5Centre
for Interdisciplinary Science and Society Studies, Universidad de Ciencias y Humanidades, Los Olivos, Lima, 15314 Peru

Studies have shown that neonate rodents exhibit high ability to learn a preference for novel odors associated with thermo-
tactile stimuli that mimics maternal care. Artificial odors paired with vigorous strokes in rat pups younger than 10 postnatal
days (P), but not older, rapidly induce an orientation-approximation behavior toward the conditioned odor in a two-choice
preference test. The olfactory bulb (OB) and the anterior olfactory cortex (aPC), both modulated by norepinephrine (NE),
have been identified as part of a neural circuit supporting this transitory olfactory learning. One possible explanation at the
neuronal level for why the odor-stroke pairing induces consistent orientation-approximation behavior in <P10 pups, but
not in >P10, is the coincident activation of prior existent neurons in the aPC mediating this behavior. Specifically, odor-
stroke conditioning in <P10 pups may activate more mother/nest odor’s responsive aPC neurons than in >P10 pups,
promoting orientation-approximation behavior in the former but not in the latter. In order to test this hypothesis, we
performed in vitro patch-clamp recordings of the aPC pyramidal neurons from rat pups from two age groups (P5–P8
and P14–P17) and built computational models for the OB-aPC neural circuit based on this physiological data. We condi-
tioned the P5–P8 OB-aPC artificial circuit to an odor associated with NE activation (representing the process of maternal
odor learning during mother–infant interactions inside the nest) and then evaluated the response of the OB-aPC circuit
to the presentation of the conditioned odor. The results show that the number of responsive aPC neurons to the presen-
tation of the conditioned odor in the P14–P17 OB-aPC circuit was lower than in the P5–P8 circuit, suggesting that at P14–P17,
the reduced number of responsive neurons to the conditioned (maternal) odor might not be coincident with the responsive
neurons for a second conditioned odor.

At an early stage of postnatal development, infant rats show a high
ability to learn artificial odors associated with tactile stimuli that
mimic maternal care. Younger pups (P5–P8) conditioned by pair-
ing a novel scent with vigorous strokes on their backs (using a
soft brush) show a consistent orientation-approximation behavior
toward the conditioned odor (Moriceau and Sullivan 2005;
Morrison et al. 2013; Roth et al. 2013; Ghosh et al. 2015).
Interestingly, in older pups (P14–P17) the odor-stroke condition-
ing protocol did not induce the same behavior (Moriceau and
Sullivan 2005; Morrison et al. 2013; Roth et al. 2013; Ghosh
et al. 2015). Why does the odor-stroke pairing lose its ability to in-
duce preference to the conditioned odor? Possible answers to this
question were offered based on the underlying neural mechanisms
of the behavioral phenomena.

It has been proposed that the relevant neural circuit includes
the OB and the aPC, both modulated by the NE released from the
locus coeruleus (LC). The pairing of odor with activation of
β-adrenoceptors in the OB (Sullivan et al. 1992) or in the aPC

(Morrison et al. 2013; Ghosh et al. 2015, 2017) induces behavioral
olfactory preference in younger infant rodents (rat and mice),
while the blocking of these receptors or the lesioning of the LC be-
fore pairing (Sullivan et al. 1994) prevents it.

In the LC-OB circuit, it has been suggested that developmen-
tal changes in the LCmight be in part responsible for the failure of
the odor-stroke conditioning in inducing olfactory preference
learning in older infant rats. For neonates, LC presents a large re-
sponse to somatosensory stimuli (noxious and nonnoxious)
(Kimura and Nakamura 1985), which no longer occurs in >P10
pups (Rangel and Leon 1995). This functional maturational chan-
ge in the LC–NE system appears to be dependent on the emergence
of the LC autoinhibitory function due to the increase of the NE in-
hibitory autoreceptor α2 and to the decrease of the autoexcitatory
functionmediated by NE α1 autoreceptors. Indeed, the pharmaco-
logical blockage of the α2 autoreceptors and the activation of the
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α1 autoreceptors in older pups, during odor presentation, rein-
states the odor preference learning (Moriceau and Sullivan 2004).

Another possible explanation focuses on the OB-aPC circuit,
specifically at the level of sensory synapses. Sensory information
from OB is projected to the aPC by the lateral olfactory tract
(LOT), formed by the axons of the mitral and tufted cells. LOT ter-
minals end at the superficial layer of aPC (L1a), forming sensory
synapses on the apical dendrites of the pyramidal cells with somas
positioned at deep layers (L2 and L3). The L2 and L3 layers and the
second portion of the superficial layer (L1b) receive inputs from as-
sociative regions, including autoassociative projections (Bekkers
and Suzuki 2013). At an early stage of development, high synaptic
plasticity at the LOT–L1a aPC synapses is observed, which declines
around the first month of postnatal life (Poo and Isaacson 2007)
possibly due to down-regulation of NMDA receptors (Franks and
Isaacson 2005). Furthermore, it has been found that LOT–L1a plas-
ticity is modulated by β-adrenoceptors induced an increase of
L-type calcium channel (LTCC) currents, and that may not be
true for older pups (Ghosh et al. 2017).

One hypothesis is that younger rat pups (<P10) learn the
mother’s odor by associative processes inside the nest (Moriceau
and Sullivan 2005). The neural circuit that supports the condi-
tioned learning of artificial odors in experimental conditions
(Moriceau and Sullivan 2005) must be the same involved in nat-
ural learning in the nest. According to this view, the initially neu-
tral maternal odor (CS) activates a specific group of pyramidal
neurons in the aPC, while the maternal care (UCS) elicits a larger
response in the pyramidal neurons via the LC–NE system. The re-
peated natural “pairing” of maternal odor with maternal care
(through providing warmth, feeding, touching, licking) causes
these neurons to become responsive to the conditioned maternal
odor alone and promotes the behavioral approximation. Thus,
the response of the neural circuit to the mother’s odor in the
1-wk-old pup is completely different from the response to the
same stimuli in the newborn rat. Based on this assumption, we of-
fer here an alternative answer for the behavioral olfactory learning
phenomena in infant rat pups based on the intrinsic developmen-
tal characteristics of the aPC pyramidal cells of younger (<P10)
and older pups (>P10).

We hypothesize that odor-stroke conditioning in P5–P8 pups
recruits a group of aPC pyramidal cells that are also activated by the
maternal odor. As this neural circuit promotes approximation to
the maternal odor, we assume their coincidental activation also
promotes behavioral preference for the conditioned odor.
However, this occurs only for younger pups (<P10). For >P10
pups, the odor-stroke conditioning results in less activation of

the aPC pyramidal cells and, therefore, limited chances of recruit-
ment of cells that are also responsive to maternal odor.

To test this hypothesis, we perform a patch-clamp electro-
physiological experiment to characterize the intrinsic passive and
active properties of the aPC pyramidal cells in two periods of post-
natal development (P5–P8 and P14–P18). Then, using the parame-
ters obtained from the experimental data, we implement a
computationalmodel of the OB-aPC circuit for the two age periods
with a pyramidal cell model that represents the intrinsic properties
of real pyramidal cells. Finally, we simulate the process of maternal
odor learning inside the nest in the computational OB-aPC model
and test the responsiveness of the circuits to the conditioned ma-
ternal odor. After conditioning, we expect a lower activation to
the presentation of the conditioned maternal odor for P14–P17
aPC pyramidal cells than for P5–P8 aPC.

Results

Patch-clamp electrophysiological data of L2/3 aPC
pyramidal cells
Whole-cell patch-clamp recordings were performed from 21 L2/3
pyramidal cells from P5–P8 and P14–P17 age rat pups. As for other
sensorial cortices in development, both the passive and active elec-
trophysiological properties of aPC L2/3 pyramidal cell were signifi-
cantly changed with age (Table 1). In addition, we examined the
spike frequency evoked by depolarizing current pulses 500 msec
long. The minimum current required for spike train induction
(Rheobase) increased significantly with development. At P5–P8, a
+40 pA step current-induced spikes in all cells tested (n=9), but
at P14–P17, +90 pA ormore was needed (n =12). The input–output
relationship was examined by plotting the spike frequency versus
the amplitude of the injected current (Fig. 1). Pyramidal cells
from P5–P8 increased rapidly their spiking frequency reaching
their maximum spiking frequency at lower current steps (+60
pA–+120 pA), and after that, the spiking frequency of the cells re-
mained relatively steady despite the increase in the intensities of
current injection. On the other hand, cells from P14–P17 reach
their maximum spiking frequency at higher current steps
(+180pA–+200 pA), and this continued to increase proportionally
to the injected current.

Computational model of aPC pyramidal cells
The computational models of P5–P8 and P14–P17 aPC pyramidal
cells were calibrated by optimizing their parameters to reproduce

Table 1. Passive and active electrophysiological properties of L2/3 aPC pyramidal neurons

Parameters

P5–P8 (n=9 cells) P14–P17 (n=12 cells)

t(19) PMean±SEM SD Mean±SEM SD

Passive membrane properties
Vrest (mV) −39.22 ± 1.89 5.66 −54.35 ± 0.66 2.27 8.45 <0.0001****
Rin (MΩ) 438.6 ± 33.15 99.44 177.1 ± 14.44 50.02 7.91 <0.0001****
τm (ms) 42.78 ± 4.17 12.53 30.33 ± 1.69 5.88 3.04 0.007**
Cm (pF) 98.21 ± 7.16 21.48 178.1 ± 10.83 37.51 5.70 <0.0001****

Active membrane properties
AP threshold, (mV) −36.63 ± 1.35 4.04 −45.96 ± 1.80 6.24 3.90 0.001**
AP amplitude (mV) 76.90 ± 3.38 10.13 85.43 ± 4.53 15.69 1.42 0.17
AP half-amplitude width (ms) 4.32 ± 0.33 0.98 2.97 ± 0.09 0.34 4.46 0.0003***
Max. frequency (Hz) 11 ± 2.36 7.07 21.50 ± 2.53 8.79 2.94 0.0085**
Rheobase (pA) 48.89 ± 6.76 20.28 95.00 ±11.04 38.26 3.27 0.004**
AP threshold -Vrest (mV) 3.92 ± 2.95 8.86 8.77 ± 2.38 8.23 1.29 0.21

Intrinsic properties were measures through whole-cell current clamp of L2/3 aPC pyramidal cells at P5–P8 and P14–P17. Values are mean± SEM or SD. Asterisks
represent statistically significant unpaired Student’s t-test comparisons. **P< 0.01; ***P< 0.001; ****P<0.0001.
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the characteristics of the two age groups. In Figure 2 the adjusted,
postoptimized, model of aPC pyramidal cells is shown superim-
posed (blue) to the experimental data (colors) of the spike numbers
as a function of current injection for P5-P8 (A, n=9 records from
nine cells) and P14–P17 (B, n =12 records from 12 cells) and for
the ISI-current injection relationship obtained from adjusted ex-
perimental data (black) for P5–P8 (C, n=7 records from seven cells)
and P14–P17 (D, n=11 records from 11 cells). The average injected
current that evoked only two spikes was considered for the first ISI
adjusted point. For P5–P8 it was 70 pA, and for P14–P17 it was 126
pA, with average ISI values of 56.6 and 107.23 msec, respectively.
For the second and third ISI adjusted points, we considered arbi-

trary representative current injections of 140 and 200 pA, and
the ISI average values were obtained from the first two spikes
evoked by those currents. For P5–P8, the ISI adjusted point for
140 pA was 31.95 msec, and at 200 pA was 22.17 msec. For P14–
P17, the ISI adjusted point at 70 and 140 pA were 62.6 and 37.1
msec, respectively.

We next tested if the distinct pyramidal cells properties of P5–
P8 and P14–P17 are still conserved when the adjusted models are
included in the OB-aPC circuits. In the OB-aPC circuits, one pyra-
midal cell receives random excitatory inputs from 20 to 140 mitral
cells, and we simulate synaptic change at the Mt–Pyr synapses for
6000 msec. In Figure 3, the change of input dependent weight in
pyramidal cells in OB-aPC circuits is shown superimposed for the
two age groups in 13 circuits (colors). In P5–P8, the circuit of 20
Mt–Pyr induced an important reduction in the synaptic weight
(42.85% from the basal value) (A1, red curve below the dotted line)
and circuits with 30–140 Mt–Pyr gain synaptic weight (34%–54%
from the basal value) (A1, colors curve above the dotted line). In
P14–P17, circuits of 20, 30, and 40 Mt–Pyr induced an important
reduction in the synaptic weight (42.85% from the basal value)
(A2, color curves below the dotted line), while circuits of 50–180
Mt–Pyr induced a great gain (37%–57% from the basal value).

A plot of individual circuits comparing the weight change in
the two ages is shown in Figure 3B. The aPC pyramidal cells receiv-
ing inputs from 20 Mt cells present a decrease in synaptic weight,
independently of age interval (B1); as the number of Mt inputs in-
crease, we observe a sharp transition after which there is an impor-
tant increase in synaptic change. For pyramidal cells in the P5–P8
age interval, the transition occurs at approximately 30 Mt inputs,
while for P14–P17 at approximately 50 Mt inputs (B1–B9).

A comparative plot of the average of synaptic weight as a func-
tion of Mt inputs is shown in Figure 3C. Circuits of 50Mt–Pyr gain

Figure 1. Number of AP-current injected curves of aPC L2/3 pyramidal
cells in P5–P8 and P14–P17age rat pups. A relationship between the
average number of AP and intensity of injected current (pA) in a 200
msec window recording in brain slices from P5–P8 (black curve, n=9
cells) and P14–P17 (gray curve, n=12 cells) aged pup rats. Asterisks repre-
sent statistically significant unpaired Student’s t-test comparisons between
P5–P8 and P14–P17 at each current intensity. (*) P<0.05; (**) P<0.01.

BA

DC

Figure 2. Representative results of current-clamp analysis and simulation of experimental data. Current injection versus the number of AP from individual
pyramidal cells in current-clamp recording at (A) P5–P8 and at (B) P14–P17. Colors represent different pyramidal cells measured in intervals of 20 pA. Note
the variability in cell response for different current injections. The blue curve represents the simulated data based on the adjusted curve. (C) Current in-
jection versus interspike interval (ISI) from individual pyramidal cells at P5–P8 and at (D) P14–P17 in a 200 msec window recording. Each point and
color represents the value of each individual pyramidal cell obtained in current-clamp recording from cells with two or more spikes in a given current in-
jection. The black curve (triangle) represents three adjusted points chosen to represent the experimental ISI mean curve for each age group (C,D).
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more synaptic weight in P5–P8 (52.66±0.12, n=50) than in
P14–P17 (51.58±0.14, n=50) [t(98) = 5.83, P<0.0001, unpaired
Student’s t-test]. On the other hand, circuits of 70 Mt–Pyr

(P5–P8: 54.12 ±0.14, n=70 vs. P14–P17: 54.27 ±0.14, n=70) or
80 Mt–Pyr (P5–P8: 54.18 ±0.12, n=80 vs. P14–P17: 54.50 ±0.07,
n= 80) show a similar gain of synaptic weight (P>0.05, unpaired

A A1 A2

B

C

B1 B2 B3

B4 B5 B6

Figure 3. Simulation of plasticity weight change at mitral-pyramidal cells synapses across 6000 msec simulation period for P5–P8 and P14–P17 age
group. The circuit formed by 200 mitral cells and 13 pyramidal cells was simulated during 15 respiratory cycles. Each pyramidal cell receives random
inputs from 20 to 80 mitral cells firing at respiratory rhythm of 2 Hz (color curves), and their activities induce changes in the synaptic weights of the
OB-aPC circuit (A). Inputs from 30 to 140 mitral cells (A1) or from 50 to 140 mitral cells (A2) induce gain in synaptic weight (plotted from synaptic
weight before simulation, 35) at P5–P8 and P14–P17, respectively. Note that only inputs from 20 mitral cells induce loss of synaptic weight in pyramidal
cells from the P5–P8 group, but inputs from 30 or more induce a great gain of synaptic weight (B1), which occurs with 50 or moremitral cells inputs for the
P14–P17 age group (B1–B6). When we look closer at the circuit when the two-age groups gain synaptic weight (C ), we can note that 50 Mt–Pyr circuits
gain more weight in the P5–P8 group than in the P14–P17 group and as the number of mitral cells inputs increase (70 and 80 Mt–Pyr circuits), the gain of
synaptic weight become similar for the two ages.
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Student’s t-test). These results indicate that in both circuits P5–P8
and P14–P17, the pyramidal cells still conserved their properties
to respond to depolarizing inputs and correspondingly gain synap-
tic plasticity. However, in the continuum development of circuits,
what will happen with synaptic modifications induced by Mt de-
polarizing inputs when the aPC pyramidal cells properties change
with the maturation from P5–P8 to P14–P17?

We next tested whether the gain in synaptic plasticity ob-
served in P5–P8 circuits is still conserved when parameters of the
pyramidal cells switch from the P5–P8 to the P14–P17. In Figure
4A, we see the change in the resting membrane potential of three

pyramidal cells receiving input from 50 random mitral cells (Cell
1, Cell 2, and Cell 3, superimposed orange, green, and blue traces)
when their intrinsic electrophysiological properties switch from
P5–P8 to P14–P17. After the switch, the Cell 1 reduces in 50% its
firing frequency, and after 1700 msec of simulation, it stops (B1).
Cell 2 (B2) and Cell 3 (B3) also reduce their firing frequency after
the switch but remain active until the end of the simulation.

In Figure 4C, we see the average of synaptic weight change for
circuits with 30Mt–Pyr, 40Mt–Pyr, and 70Mt–Pyr cells. Pyramidal
cells receiving inputs from 30 Mt cells experienced an increase in
synaptic strength with P5–P8 parameters (49.07±0.21, n=30,

A

B1
B B3

B2

C

Figure 4. Simulation of the evoked activity in aPC pyramidal cells during the switch in intrinsic properties from P5–P8 to P14–P17. We simulate the
Mitral-Pyramidal circuit and the evoked spikes of three random choices of pyramidal cells (color traces) recorded when receiving input from 50
random mitral cells firing at respiratory rhythm of 2 Hz (A). Initially, the passive and active membrane properties of these pyramidal cells were set up
to represent the profile of the P5–P8 age period and after approximately 10,000 msec of simulation, the passive and active properties membrane prop-
erties of pyramidal cells were switched to represent the profile of P14–P17 age period. Note the large hyperpolarization in the resting membrane potential
of the three neurons during the change of their membrane potential values, which continues steadily until the end of the simulation. Interestingly, the Cell
1 (orange traces) stops its firing after the switch of membrane properties values, but the Cell 2 (green trace), and Cell 3 (blue trace) continue to firing
steadily until the end of the simulation. In the same simulation, we recorded the synaptic changes of those pyramidal cells receiving inputs from 30,
40, and 70 random mitral cells (C) and recorded the average of synaptic weight at the end of 13,000 msec (red bar) and 36,000 msec (black bar) of
simulation. Pyramidal cells receiving inputs from 30 mitral cells show a synaptic weight gain after 13,000 msec but not after 36,000 msec. On the
other hand, the pyramidal cell receiving inputs from 40 and 70 mitral cells show a steady synaptic gain during all simulation periods. Δt: 0.5 msec;
Bin: 0.5 msec.
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measured at 13,000 msec of simulation, black bar) but suffered a
decrease when the parameters changed to the P14–P17 profile
(20.57±0.03, measured at 36,000 msec, red bar) [t(58) = 131.8, P<
0.0001, unpaired Student’s t-test]. On the other hand, pyramidal
cells receiving inputs from 40Mt cells show an increase in synaptic
weight with P5–P8 parameters (51.08±0.17, n=40, measured at
13,000 msec of simulation, black bar). After the switch to the
P14–P17 profile the average of synaptic weight (49.75±0.17, n=
40, measured at 13,000 msec of simulation, red bar) was above
the basal value and slightly smaller than for the P5–P8 profile
[t(78) = 5.55, P<0.0001, unpaired Student’s t-test]. On the other
hand, pyramidal cells receiving inputs from 70 Mt cells exhibited
a gain in synaptic strength independent of the age profile [P5–
P8: 54.00±0.16, n=70 vs. P14–P17: 54.01± 0.13, n=70; t(138) =
0.04, P=0.97, unpaired Student’s t-test]. These results indicate
that circuits that have gained synaptic connections at P5–P8 in-
duced by a given Mt input lost it after the properties of pyramidal
cells switched to the P14–P17 profile in response to the same input.

Responses to the presentation of the conditioned odor
First, we submitted the P5–P8 OB-aPC model to a classical condi-
tioning protocol (odor-stroke) to simulate the process of learning
the pup preference for the mother’s odor. Then we exposed the

conditioned OB-aPC model to the condi-
tioned odor (CS) in two conditions: (1)
The model has parameters compatible
with P5–P8 age (Fig. 5), and (2) the model
parameters switch from the P5–P8 to the
P14–P17 profile (Fig. 6). In Figure 5, the
change in pyramidal cells activity and
weight at the Mt–Pyr synapses during
conditioning and odor exposure protocol
(A) are shown in cumulative dots regis-
tered at every 200 msec of simulation.
After the conditioning, the number of
spikes and the number of active Pyr cells
in response toCS increases (B andC) com-
pared to the CS before the conditioning.
These changes were maintained steady
during the CS presentation (10 msec)
(B and C).

Moreover, after conditioning, the
synaptic strengths increased at Mt–Pyr
(blue curve), Pyr–Pyr synapses (black
curve), and this gain was maintained dur-
ing CS presentation (D). This result indi-
cates that P5–P8 OB-aPC circuits modify
their synaptic plasticity, number of active
cells, and spikes in response to the condi-
tioned odor because of training. However,
in nature, the rodent pups learn the
mother`s odor during the first postnatal
days (<P10), and this learned odor is test-
ed in >P10 age pups. What will happen at
the circuit level with synaptic modifica-
tions induced by maternal odor learning
when the aPC pyramidal cell properties
change with the maturation from P5–P8
to P14–P17?

Next, we repeated the classical con-
ditioning protocol, but this time, after
the test of the CS odor, we switched the
intrinsic properties of the aPC pyramidal
cells to the P14–P17 age profile before
submitting the circuit to the CS odor ex-

posure protocol (Fig. 6A). After conditioning, the behavior of the
network is similar to Figure 5. But this time, the prolonged expo-
sure to the CS odor results in a gradual reduction in the number
of pyramidal spikes (Fig. 6B), the number of active cells (Fig. 6C),
and synaptic strength at Mt–Pyr but not at Pyr–Pyr synapses
(Fig. 6D).

Figure 7 shows the comparative changes in the number of py-
ramidal spikes (A) and thenumber of active pyramidal cells (B) after
the conditioning CS test and during CS odor presentation in the
switched P14–P17 circuit (red dots) superimposed on the non-
switched P5–P8 circuit (black dots). During CS odor presentation,
the pyramidal cells from the switched circuit (P14–P17) showed
an important reduction in the number of spikes compared to pyra-
midal cells from the nonswitched circuit (P5–P8) (A). Similarly,
during CS odor presentation, the number of active pyramidal cells
was dramatically reduced in the switched circuit (P14–P17) com-
pared to the nonswitched (P5–P8) (B). These results indicate that
when the properties of cells mature from P5–P8 to P14–P17, the
P5–P8 circuits that have learned the maternal odor lose plasticity
at the level of the OB-aPC synapses, as well as the number of active
pyramidal cells and spikes in response to the maternal odor.
Together these results suggest that the P14–P17 OB-aPC circuits
may have a reduced number of pyramidal cells responsive to the
maternal odor.

B

C

D

A

Figure 5. Simulation of the maternal odor preference’s learning and exposure to the conditioned ma-
ternal odor in P5–P8 aPC pyramidal cells. (A) Protocol for classical conditioning of maternal odor pref-
erence in the nest. A delayed pairing procedure was used in which the CS (maternal odor) onset
preceded the UCS (maternal care, NE action) by 2 sec. CS and UCS overlapped for 1 sec, after which
the CS was terminated. The CS–UCS pairing was presented seven times with 1 sec intervals. Learning
was tested by the presentation of CS during 3 sec. After the test, CS alone was presented again
during 10 sec. After a 2-sec interval learning was tested again by the presentation of CS during 3 sec.
During this period, the pyramidal cells of the aPC had properties compatible with the P5–P8 age.
(B) Number of cumulative aPC pyramidal cell spikes during the CS–UCS pairing and CS presentation,
collected at every 100 msec of simulation. (C) Number of active aPC pyramidal cells during the CS–
UCS pairing and CS presentation, collected at every 100 msec of simulation. (D) Synaptic weight
gain of Pyr–Pyr (black curve) and Mt–Pyr (blue curve) synapses during CS–UCS pairing and CS presen-
tation. Excitatory mitral inputs fire at the respiratory rhythm (2 Hz). Bin 0.5 msec.
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Discussion

Intrinsic membrane properties of aPC pyramidal cells
change from P5–P8 to P14–P17, and the number of cells
reduces gradually in response to the exposure to the
conditioned maternal odor
Younger infant rats (<P10) rapidly learn olfactory preference to a
novel odor pairedwith a vigorous stroke on their back, but the pair-
ing of the same stimuli did not induce this learning in older pups
(>P10) (Moriceau and Sullivan 2005). Here we explore whether the
odor-stroke conditioning is effective in inducing olfactory prefer-
ence learning in younger pups because it activates more aPC pyra-
midal cells responsive to the maternal odor that promotes an
orientation-approximation behavior that no longer occurs in older
pups. Given that intrinsic membrane properties of pyramidal cells
determine the integration of the synaptic inputs and ultimately
the action potential generation, we hypothesized that in older
pups (P14–P17), there are fewer aPC pyramidal cells responsive to
maternal odor than in younger pups (P5–P8) due to their intrinsic
maturational properties.

To address this question, we examined the membrane and AP
properties of aPC pyramidal cells of rat pups of P5–P8 and P14–P17.
We found in aPC slices that L2/3 pyramidal cells in older pups had

reduced resting membrane potential,
input resistance, and membrane time
constant compared to younger pups.
Moreover, action potentials (AP) in older
pupshadahigherhyperpolarizing thresh-
old and more rapid APs than in younger
pups. In older pups, higher step ampli-
tudes of depolarizing current were needed
to elicit action potentials, and the fre-
quency of their firing increased as the
step of current injection amplitude in-
creased. The aPC pyramidal cells of youn-
ger pups evoked APs at lower amplitude
steps of depolarizing current injection,
and after reaching the maximum fre-
quencies of firing, these cells showed a
rapid adaptation in their firing frequency.
Using characteristics of real cells, we
constructed an artificial model of the
P5–P8 and P14–P17 OB-aPC circuits and
simulated the learning of the maternal
odor inside the nest using a classical con-
ditioning paradigm, and after that, we
simulated the exposure of the circuits
to the conditioned maternal odor. We
found that aPC cells from the P5–P8 cir-
cuit showed a greater number of active
aPC pyramidal cells and spiking respons-
es during the exposure (10 sec) to the ma-
ternal odor, while the aPCs fromP14–P17
showed a gradual reduction in the num-
ber of active aPC pyramidal cells and spik-
ing responses during the exposure to the
same stimuli.

Processing of the OB synaptic
inputs in the aPC pyramidal cells
at P5–P8 and P14–P17
One of the main findings in this study is
that the number of aPC pyramidal neu-
rons responsive to the conditionedmater-

nal odor (the neurons that mediate orientation-approximation
behavior) decreases with age due to maturational changes in the
intrinsic properties of the aPC pyramidal cells. Our proposed expla-
nation is that in older pups (P14–P17) the reduced number of aPC
pyramidal neurons responsive to the maternal odor, might be not
overlapping with the aPC pyramidal neurons responsive to a sec-
ond conditioned odor and that this might be more likely to occur
when they are younger (P5–P8). We also propose that the different
results for odor-stroke conditioning in infant rats at <P10 and >P10
can be explained by the developmental changes in the intrinsic
membrane properties of the target aPC pyramidal cells, which
have a lower threshold for synaptic inputs from the OB in P5–P8
than in P14–P17. It has been suggested that pyramidal cells with
a higher input resistance and prolonged time membrane constant
have responses of greater magnitude and prolonged duration for
the synaptic input (McCormick and Prince 1987). Therefore, aPC
pyramidal cells fromyounger rats with these intrinsic electric char-
acteristics, would respond better to synaptic inputs with small cur-
rents and slow kinetics, while these cells in older pups have more
hyperpolarized resting membrane potential, reduced input resis-
tance and fastermembrane time constant responding better to pro-
longed synaptic inputs with higher currents with faster kinetics.
Therefore, a novel odor-stroke conditioning in older pups did not
induce olfactory preference learning.

B

C

D

A

Figure 6. Simulation of maternal odor preference learning in P5–P8 aPC pyramidal cells and exposure
to the conditioned maternal odor in P14–P17 aPC pyramidal cells. (A) Protocol for classical conditioning
of maternal odor preference in the nest. A delayed pairing procedure was used in which the CS (maternal
odor) onset preceded the UCS (maternal care, NE action) onset by 2 sec. CS and UCS overlapped for 1
sec, after which the CS was terminated. The CS–UCS pairing was presented seven times with 1s intervals
for the network with aPC having parameters compatible with the P5–P8 age. Learning was tested by the
presentation of CS during 3 sec. After the test, the network had its parameters shifted to the P14–P17
age and the CS alone was presented again during 10 sec. After 2-sec of interval, learning was tested
again by the presentation of CS during 3 sec. (B) Number of cumulative aPC pyramidal cell spikes
during the CS–UCS pairing and CS presentation, collected at every 100 msec of simulation.
(C) Number of active aPC pyramidal cells during the CS–UCS pairing and CS presentation, collected
at every 100 msec of simulation. (D) Synaptic weight gain of Pyr–Pyr (black curve) and Mt–Pyr (blue
curve) synapses during CS–UCS pairing and CS presentation. Excitatory mitral inputs fire at the respira-
tory rhythm (2 Hz). Bin 0.5 msec.
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Maternal odor preference learning is supported by the
same circuit that supports early olfactory preference
learning for an artificial odor
Our simulation of learning represents the current understanding
that rodent pups learn maternal odor through experiences with
the mother inside the nest during the first postnatal week.
Neonate rats (P1–P4) tested in two-choice tests show organized
orientation-approximation behavior toward the maternal odor in
relation to nest bedding (Polan and Hofer 1998; Polan et al.
2002), nest bedding in relation to clean bedding (Cornwell-Jones
and Sobrian 1977; Szerzenie and Hsiao 1977) and the maternal
diet odor in relation to standard diet (Duveau and Godinot
1988). Older pups (in the second and third postnatal weeks) con-
tinued to show consistent preferences to the maternal odor
(Polan andHofer 1998; Al Aïn et al. 2016; Perry et al. 2016), to their
own nest bedding (Gregory and Pfaff 1971; Cornwell-Jones and
Sobrian 1977), and to the maternal diet odor (Duveau and
Godinot 1988; Terry and Johanson 1996). All this behavioral evi-
dence suggests that associations formed inside the nest between
the maternal/nest odor and a range of maternal care stimuli
(warmth, feeding, touching, licking) mediate the olfactory prefer-
ence learning for the mother/nest’s odor (Moriceau and Sullivan
2005). Therefore, at birth, themother’s odormay be a neutral stim-

ulus that elicits littlemore than an orient-
ing response in pups, and only after a
period inside the nest, does the mother’s
odor becomes effective in eliciting an
orientation-approximation behavior in
the pup.

It has been proposed that maternal
odor learning is the same that supports
the conditioned learning of artificial
odor outside the nest (paired with stroke
and tactile stimuli that mimic maternal
licking stimulation) (Sullivan 2001).
Thus, in the newborn rat, the neutral ma-
ternal odor may elicit the activity of spe-
cific groups of pyramidal neurons in the
aPC,whilematernal caremayelicit a great
response in the pyramidal neurons via
the LC–NA system. The repeated natural
“pairing” of maternal odor withmaternal
care during mother–infant interactions
elicits the activity of groups of aPC pyra-
midal neurons. After a few days, these
neurons become responsive only to the
conditioned maternal odor and promote
behavioral approximation. Therefore, the
response of the neural circuit to the
mother’s odor in the 1 wk pup would be
completely different from the response
to the same stimuli in the newborn rat.

Future Work
In this work, we show a change in the ac-
tivity of the aPC pyramidal cells in the
OB-aPC circuit for two age periods as a
function of the connections of mitral
cells with pyramidal cells, where the ac-
tivity of the mitral cells for both age cir-
cuits was the same. To control the
number of variables in the experimental
model, we made some simplifying as-
sumptions. First of all, some cells types
were not included, like the axonal termi-

nal from the olfactory nerve (olfactory sensory neurons), periglo-
merular cells and granule cells in the OB circuit, the feedforward
and feedback interneurons in the aPC circuit (cf. de Almeida
2013, 2016). Additionally, developmental distinctions in the in-
hibitory synaptic inputs to the aPC pyramidal cells in the two
age groups (Pardo et al. 2018) were also not included.

Similarly, we have omitted the NE modulation of the
LOT-aPC synapses proposed to mediate the enhanced synaptic ex-
citation and reduced inhibition underlying early odor preference
learning in <P10 (Ghosh et al. 2015). The excitatory synaptic plas-
ticity has not beenmodeled inMitral-Pyramidal synapses, another
developmental difference between these periods (higher at an early
postnatal period and progressively declining around the first
month (Poo and Isaacson 2007)) as a function of the down-
regulation of NMDA receptors at LOT-aPC synapses (Franks and
Isaacson 2005). Some of these variables could be relevant to pre-
vent the early odor preference learning in P14–P17 infant rats
and are left for future work.

We constructed OB-aPC circuits for P5–P8 and P14–P17 rats,
in which we modeled similar spontaneous activity of Mt cells for
the two periods. Moreover, during the simulation of conditioning
and odor presentation protocols, the Mt cells were modeled to fire
at a constant frequency for the two circuits and each pyramidal cell

B

A

Figure 7. Comparison of the number of spikes and number active cells in P5–P8 and P14–P17 aPC
pyramidal cells evoked by conditioned maternal odor. After the conditioning of CS (maternal odor)
and UCS (maternal care) in an artificial olfactory circuit with aPC pyramidal cells with passive and
active electrophysiological characteristics of P5–P8 rats, the evoked response of pyramidal cells to CS
alone was tested in the same age circuit (first CS in A,B). In order to compare the evoked pyramidal
cells to conditioned maternal odor at P5–P8 and P14–P17, the CS alone was presented again (second
CS in A,B) 1 sec after the first CS was finished and 2 sec after the second CS was finished (third CS in
A,B). (A) The number of spikes with characteristics of P5–P8 was higher in response to CS alone (black
points). On the other hand, the evoked response of pyramidal cells characteristic of P14–P17 was
reduced progressively throughout the CS presentation (red points). The same evoked response was ob-
served for the two age group cells during the third CS presentation. (B) The reduced spike activity at
P14–P17 in response to CS was due to the reduction in the number of active pyramidal cells compared
with P5–P8. Excitatory mitral inputs fire at the respiratory rhythm (2 Hz). Bin 0.5 msec.
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to receive inputs from 15–45 randomMt cells. Higher inputs from
Mt cells to aPC pyramidal cells (>80) may enable P14–P17 infant
rats to learn the preference for the novel odor paired with stroke.
However, as semilunar cells (SL), whose somas are more superfi-
cially located in layer 2 of the piriform cortex (Bekkers and
Suzuki 2013), do not have autoassociative connections (Choy
et al. 2017), they could be more affected by the reduction in num-
ber of aPCpyramidal cells responsive to conditionedmaternal odor
than the deeper pyramidal cells with autoassociative properties
studied here.

Our model does not exclude the other reasons for the odor-
stroke conditioning lack of effectiveness in inducing olfactory
preference in older pups (i.e., development of the LC–NE system,
development of LOT-aPC synaptic plasticity). Instead, our hypoth-
esis adds to these previous findings in explaining the phenome-
non. During the maturation of the olfactory system many
scenarios may occur. The one we adopt here is due to the matura-
tion of the aPC pyramidal cells, as observed in our experiments,
and it is a straightforward and comprehensive hypothesis.

Contributions of the model to the odor-stroke
conditioning outcomes in infant rats
The results presented here can help us to understand at a neural
level the behavioral outcomes of odor-stroke conditioning in
<P10 and >P10 rat pups. In the classical conditioning paradigm
adopted for younger rat pups (P5–P8), the unconditioned stimulus
is a vigorous stroke on the pup’s back, which after repeated pairing
with an odor (the conditioned stimulus) induces the behavioral re-
sponse of approximation toward the conditioned odor.
Interestingly, the stroke did not elicit this response before training,
only an increase in the motor basal activity of the pups (Sullivan
et al. 1986; Sullivan and Wilson 1993). However, how can a novel
odor become effective in eliciting an approximation response
when it has been paired with a tactile stimulus that did not elicit
this response? Our answer for that is to consider that the odor-
stroke pairing takes advantage of the cir-
cuitry in aPC already developed during
the pup`s interactions with the mother
in the nest. In other words, the properties
of the immature pyramidal cells in aPC al-
low the odor-stroke conditioning to re-
cruit a circuit that partially overlaps with
the circuit supporting the approximation
behavior toward the mother`s odor. With
the maturation of the pyramidal cells in
the aPC after P10 the overlap in the cir-
cuits is no longer possible, and the odor-
stroke pairing is no longer effective. We
think that this is themost straightforward
hypothesis given the knowledge of the
circuitry, and it is an experimentally test-
able hypothesis. This approach would
also be supported by the unified rein-
forcement principle proposed by
Donahoe et al. (2006), in which the re-
spondent/operant behavior emerges
simultaneously inside the nest. From
this perspective, the neurons recruited
for the conditioned maternal odor in
the aPC could be the same activated dur-
ing the odor-stroke conditioning, and
these coincident neurons would be the
ones that are reduced in the P14–P17
OB-aPC circuit in the simulation of the
maternal odor exposure.

In conclusion, our model suggests two distinct functions for
odor processing in the OB-aPC circuit for the associative learning
in <P10 and >P10 infant rats based on the development of intrinsic
electrophysiological properties of aPC pyramidal cells. For the two
developmental OB-aPC circuits, the success for the odor-stroke
pairing is dependent on the coincidental activation during condi-
tioning of the aPC pyramidal cells responsive to the maternal odor
promoting orientation-approximation behavior (Fig. 8). The chan-
ge in the intrinsic properties of the aPC pyramidal cells reduces the
availability of the maternal odor responsive pyramidal cells during
the maternal odor exposure.

Materials and Methods

Experimental procedures

Animals and ethics statement
Electrophysiological data were obtained from Wistar rat pups in
two age groups (P5–P8 and P14–P17) from the Centre for
Reproduction and Animal Experimentation Laboratory of the
Universidade Federal do Rio Grande do Sul (UFRGS). Animals
were housed under controlled temperature (21±1°C) and humidi-
ty (60%) conditions and were maintained on a 12-h light–dark
schedule (lights on at 06:00 h) with free access to water and rodent
chow (Nuvilab Cr2). Animal use and all experimental procedures
were in concordance with the Guidelines for Animal Care and
Use of Laboratory Animals of the National Institute of Health
and were approved by the Ethics Committee in Use of Animals
(CEUA) of UFRGS (Number 27961/2014).

Patch-clamp current-clamp recording
For electrophysiological studies, slices of aPC were prepared from
male and female Wistar rat pups at age P5–P8 and P14–P17 as de-
scribed previously (Pardo et al. 2018). Whole-cell patch-clamp re-
cordings were made on pyramidal cells located in the L2/3 of
aPC under the mode of current-clamp with axon Multiclamp

Figure 8. Graphical representations of the hypothesis. Some neurons that are responsive for an arti-
ficial odor may be coincident with neurons that are responsive to the maternal odor. This could occur
to a lesser extent at P14–P17 than at P5–P8 (A). One possibility is that at P14–P17, the number of ma-
ternal odor responsive neurons could be reduced before the artificial odor-stroke conditioning in relation
to P5–P8 (B).
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700B amplifier (Molecular Devices). For current-clamp recording
(Fig. 1A), the intracellular solution contained (in mM): potassium
gluconate (120), KCl (10), MgCl2 (1), CaCl2 (0.025), EGTA (0.2),
Na2-ATP (2), Na2-GTP (0.2), HEPES (10), titrated to pH 7.2 with
KOH, and 290 mOsmol L−1. Whole-cell recording pipettes had a
tip resistance of 3–4 MΩ. Data were digitalized at 10 kHz with
Digidata 1440-A System (Molecular Devices), filtered at 1 kHz (−3
dB, eight-pole Bessel) and analyzed offline with pClamp 10.6 soft-
ware (Molecular Devices). The membrane potential was held at
−65 mV for all neurons. Cells were excluded if they did not meet
the following criteria: a stable resting membrane potential more
negative than−55mV, action potential crossing 0mV. Formeasur-
ing intrinsic properties of cells, a series of depolarizing and hyper-
polarizing currents, 500msec long, square-pulse current steps were
injected (−180 pA to +300 pA) with intervals of 500 msec, steps
of 20 pA.

Data analysis
The membrane resting potential (Vrest) was measured within a few
minutes after breaking the membrane and defined as the steady-
stable membrane potential (in the I = 0 mode). Input resistance
(Rin) from the steady-stable voltage response to 1 sec of subthresh-
old current injection of −100 pA was calculated as the ratio of
the peak voltage deflection to the current injected. The time cons-
tant (τm) was defined as the time necessary for the cell to reach
63.2% of its maximal deflection in response to hyperpolarizing
current injection (−100 pA). The membrane capacitance (Cm)
was calculated using the formula Cm= τm/Rin. To measure action
potentials (AP) a 1-sec long series of depolarizing stepswere applied
(range 20–300 pA, at 20 pA increments). Only APs with amplitudes
above 10 mV were included in the analysis. Rheobase was defined
as the minimal depolarizing current injected to generate at least
one AP. The first spike evoked by a current step was used for the
measurement of AP properties. The average AP amplitude was de-
fined as the mean of the voltage increase from the AP threshold
to the AP peak of the first spike amplitude for all depolarizing cur-
rent injections. Average of the AP duration was defined as the full
width at the half-maximal amplitude for the first spike of all depo-
larizing current injections. Spike frequency was calculated by
quantifying the number of spikes elicited by 1-sec duration of de-
polarizing current injection. Interspike interval (ISI) was defined
as the time between the peak of the first and the second AP. To
characterize the pyramidal cell response in a time-window equiva-
lent to the inhalation phase of the respiration cycle, we also quan-
tified the number of spikes and the ISI at the first 200 msec from
recordings with a 1-sec duration of depolarizing current injection.

All chemical substances used were obtained from Sigma–
Aldrich. For statistical analysis, all data sets were tested for normal-
ity using the Kolmogorov–Smirnov test (α=0.05) in Graph Prism
6. The electrophysiological statistical analysis was performed using
a two-tailed unpaired Student’s t-test after the normality test.
Significance was considered when P<0.05. All values in text, fig-
ures, and table are given as mean± SEM.

Computational model
We developed an integrated model of OB and aPC based on the
models by de Almeida et al. (2013, 2016) to investigate (a) how
the aPC P5–P8 and P14–P17 circuit learn olfactory preference for
maternal odor inside the nest and (b) how aPC pyramidal cells in
these age groups respond after exposure to the conditioned mater-
nal odor.

The computational model and simulations were developed
using NetLogo 6.0.4 Software (Wilensky, U. 1999. NetLogo. http
://ccl.northwestern.edu/netlogo/. June 4, 2018). In the framework
of NetLogo, each neuron was represented as an individual agent
that processes information.

Model architecture and connectivity
The OB network incorporates only the mitral cells (Mt) described
in the work of de Almeida et al. (2013, 2016). We considered 100

Mt cells, and these were modeled with their firing dependent on
the respiratory rhythm (2 Hz).

The aPC network is comprised only by pyramidal cells (Pyr)
(Stokes and Isaacson 2010; Bekkers and Suzuki 2013) and consists
of 200 neurons. We added experimental data (results reported in
this paper) to the model. Passive (membrane resting potential, in-
put resistance, membrane time constant, membrane capacitance)
and active (AP threshold, AP amplitude, AP duration, AP firing fre-
quency) intrinsic properties of aPC pyramidal cells were included
from patch-clamp experimental data.

For the connectivity betweenOB and aPC, we considered that
each Pyr cell is randomly connectedwith∼15 to 45Mt cells (Franks
and Isaacson 2006). For the associative Pyr–Pyr connectivity, we
considered that each Pyr cell is connected randomly with 10% of
Pyr cells (Franks et al. 2011). All parameters are presented in
Table 2.

Models for the neurons and connections
The Mt and Pyr cells are modeled as leaky integrate-and-fire neu-
rons, in which the change in the membrane voltage is described
by the equation (1):

dV(t)
dt

= 1
C
(Ie(t)− gL(V(t)− EL)), (1)

where V (t) is the membrane potential, C is the capacitance, gL is
the membrane leaky conductance, EL is the resting potential, and
Ie is the time-dependent external current input. To maintain the
adjusted form of the experimental data for ISI and conserve the dis-
tribution for aPC pyramidal cells for each age period, Ie was multi-
plied by an adaptation factor α.

The external input (Iije) to neuron i from a given presynaptic
neuron j at time t is a function of the synaptic strength (Wij), the
channel conductance gij (t) at time t, and the difference between
the equilibrium potential (Nernst) (EN,ij) of the specific channel

Table 2. Modeling parameters for P5–P8 and P14–P17

Neurons P5–P8 P14–P17

Mitral Cells (Mt)
(n =100)

τ=20 msec
Ɵmin =−0.0014; Ɵmax =
0.009a

Ɵmin =−0.0014; Ɵmax =
0.002b

Vhyper =−0.01; trefrac =
2 msec

Pyramidal cells (Pyr)
(n=200)

Ɵmin =−0.03922 ;
Ɵmax =−0.03663

Ɵmin =−0.05435; Ɵmax
=−0.04596

Vhyper =Ɵmin ; trefrac =
2 msec

Vhyper =Ɵmin ; trefrac =
2 msec

τ=42.78c τ=30.33c

Cm=98.21c Cm=178.1
c

Rinp = τ/Cm
c Rinp = τ/Cm

c

APampl = 0.07690
c APampl = 0.07690

c

Epahp =−0.060 Epahp =−0.060
τpahp = 1 τpahp = 20
Apahp = 30 Apahp = 30
Rmadapt = 0.12 Rmadapt = 0.45
WMt to Pyr = 35 WMt to Pyr = 35
gmax

Pyr to Pyr = 10 gmax
Pyr to Pyr = 10

WPyr to Pyr = 35 W Pyr to Pyr = 35
gmax

Mt to Pyr = 10 gmax
Mt to Pyr = 10

Eglu = 0 Eglu = 0
τpp = 12 msec τpp = 12 msec
τpnp = τnpp = 500 msec τpnp = τnpp = 500 msec
WLTP = 62.2 WLTP = 62.2
WLTD = 12.25 WLTD = 12.25

aValues without NE modulation.
bValues with NE modulation.
cValues from electrophysiological data.
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type and themembrane potential Vi (t) of the postsynaptic neuron
at time t and is described by the equation (2):

Iije (t) = Wijgij(t)[EN,ij − Vi(t)]. (2)

The firing probability of the model neuron at voltage V is de-
scribed by the equation (3):

Fi(V) =

0 if V , umin

V − umin

umax − umin

� �b

if V [ [umin, umax],

1 if V . umax

⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

(3)

whereƟmax represents the saturation value of threshold,Ɵmin is the
minimal value of threshold, and β is a constant defining the non-
linearity of Fi (V). At each spike of the presynaptic neuron j the cor-
responding conductance in the postsynaptic neuron i is set to:

gij(t) = gmax
ij exp −

t − t firej

t1,ij

� 	
− exp −

t − t firej

t2,ij

� 	� 	
, (4)

where t firej is the last spike time of neuron j, gmax
ij represents themax-

imum conductance of the corresponding channel, while τ1,ij and
τ2,ij are its rise and fall. Following an action potential, the voltage
of each neuron is reset to the hyperpolarization potential Vhyper,
where it remains clamped for the refractory period trefract.

We also implemented adaptation for the Pyr cells defined as a
change in the voltageVi

ahc (t) due to a hyperpolarizing current that
increases the firing threshold for the recently activated Pyr neurons
i and it is described by the equation (5):

tahc
dVahc

i

dt
+ Vahc

i = AahcXi, (5)

where Xi is equal to 1 in the time-step after neuron i spikes and 0
otherwise. Therefore, Vahc increases with the constant Aahc and de-
cays with the characteristic time τahc (de Almeida et al. 2013, 2016).

In the model, the excitatory output from Mt cells is modulat-
ed by the sinusoidal wave of 2 Hz, which mimics the respiratory
rhythm (Uchida and Mainen 2003; Kepecs et al. 2007; Verhagen
et al. 2007; Wesson et al. 2008; Poo and Isaacson 2009). The dura-
tion of each respiratory cycle was based on in vivo experimental
works in rodents (Poo and Isaacson 2009; Haddad et al. 2013;
Stern et al. 2018) and the beginning of the odor stimulation was
programmed to coincide with the beginning of the exhalation
phase.

Experimental works have shown that odor-stroke pairing en-
hances theOB activity in <P10 infant rodents (Sullivan andWilson
1991a,b, 1995) and that at the same time the level of NE increases
(Rangel and Leon 1995). NE release is necessary for the acquisition
of olfactory preference in infant rodents, the behavioral
orientation-approximation response to the conditioned odor
(Sullivan et al. 1991, 2000; Sullivan andWilson 1991a). The block-
age of β-adrenoceptors in the OB (Sullivan et al. 1992) or a lesion of
LC, blocking NE release, prevents this learning (Sullivan et al.
1994) and rat pups do not show olfactory preference for the condi-
tioned odor. The presence of NE during odor presentation main-
tains Mt cells responsiveness to that odor, preventing the
habituation they normally exhibit to repeated odor presentations
(Wilson and Sullivan 1992). Therefore, we model the circuit so
that during the conditioning experiments NE modulates only OB
mitral cells.

Model for synaptic plasticity
For synapticmodifications ofMt to Pyr and Pyr to Pyr connections,
activity-dependent synaptic plasticity was implemented (Hebbian
learning) similar to that used by Jensen et al. (1996). The synaptic
strengthWij is increased if both pre- and postsynaptic neurons fire

together; otherwise, it is reduced. This change is described by equa-
tion (6):

dWij

dt
= (WLTP −Wij)

i post (t − t firei )bglu(t − t firej − tdelay)

t pp

+ (WLTD −Wij)
i post (t − t firei )

tnpp
+

bglu(t − t firej − tdelay)

t pnp

� 	
(6)

where tdelay is the time required for the action potential to travel
from the soma to the recurrent collateral connections, ipost is the
postsynaptic depolarization attributed to the retropropagated ac-
tion potential of postsynaptic neurons described by equation (7):

i post (t) = t
t post exp 1− t

t post

� �
, (7)

where the time course of the depolarization at the postsynaptic
neuron (τpost) is 2 msec. bglu is the time course of the kinetics of
the binding of glutamate on NMDA receptors (de Almeida et al
2013, 2016) described by equation (8).

bglu(t) = exp
−t

tNMDAf

� �
1− exp

−t
tNMDAr

� �� �
, (8)

where τNMDAf (7 msec) and τNMDAr (1 msec) characterize the NMDA
receptor kinetics.

During thefirst postnatal weeks, NMDA receptors are predom-
inant at the LOT-aPC synapses (Mt–Pyr) (Franks and Isaacson
2005), which express a robust NMDA-dependent LTP plasticity
but whose strength declines by the first postnatalmonth. The asso-
ciative synapses (Pyr to Pyr), on the other hand, are always plastic
(Poo and Isaacson 2007). In the simulation, the initial weight value
(W) was set to 35, and the maximum weight value (WLTP and the
minimum value (WLTD was set to 62.2 and 12.25, respectively. If
ipost and bglu peak together, then the synaptic weight between the
neurons i and j is driven to WLTP with the characteristic time τpp

(12 msec) otherwise, in the case of unsynchronized firing, it is
slowly reduced to WLTD with the time constants τpnp= τnpp=500
msec.

Conditioning
After the model of the OB-aPC circuit was implemented for P5–P8
and P14–P17 age periods, we simulated a classical conditioning
protocol. It assumes that by the time the younger pups (<P10)
are submitted to the pairing of a novel odor with stroke (a tactile
stimulus that mimics maternal licking), they already have learned
in the nest the mother’s odor. The conditionedmaternal odor elic-
its in the pup an orientation-approximation behavior. At the cir-
cuit level, the coincidental activation of the same group of aPC
neurons responsive for this behavior toward the mother odor sup-
ports the acquisition of a preference for a conditioned novel odor
in young pups (<P10) in experimental conditions outside the
nest. Conversely, preference learning for a novel artificial odor fails
for older pups (>P10) because the stroke-odor pairing recruits less
aPC neurons that are sensitive to the maternal odor.

We hypothesized that aPC Pyr cells are less responsive to
odor-stroke conditioning after P10 because they become less re-
sponsive to the maternal odor with the changes in their intrinsic
electric properties. Pyr cells in other sensory cortices of rats become
more adult-like around the first postnatal month (Lorenzon and
Foehring 1993; Kasper et al. 1994; Maravall et al. 2004; Oswald
and Reyes 2008; Valiullina et al. 2016). Moreover, in recent electro-
physiological studies, aPC Pyr cells of mice have been found to un-
dergo developmental changes in their intrinsic passive and action
potential properties from P8–P11 to P14–P21 (Ghosh et al. 2015).
In this paper, we show that from P5–P8 to P14–P17, the resting
membrane potential, the input resistance, and the membrane
time constant have an important reduction.Moreover, the Pyr cells
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APs reduce in threshold and become faster with age but with little
change in amplitude.

In our simulation of the classical conditioning protocol, the
OB-aPC model initially receives the mother’s odor as a neutral
stimulus. Before CS–USC pairing, the response of aPC pyramidal
cells to the maternal odor was measured in a 3 sec window with
2 sec of interval. In the delayed pairing procedure, theCS onset pre-
ceded the UCS onset by 2 sec, CS–USC overlapping for 1 sec, after
which the CS was terminated. This pairing was presented seven
times with 1-sec intervals. During this procedure, we measured
the activity of the pyramidal cells (number of spikes, number of ac-
tivated cells, and change in the synaptic weight). Two seconds after
the last pairing, the CSwas presented alone during a 3-sec window.

After the pup has learned the mother`s odor by conditioning
(representing pups <P10), exposure to this conditioned odor is ex-
pected to elicit orientation-approximation behavior, and at the
neural level, it is expected that specific aPC pyramidal cells are
highly active. To illustrate this, we exposed the P5–P8 OB-aPC arti-
ficial circuit to the CS stimuli for a 10-sec window and measured
the activity of the Pyr cells during this period. After a 2 sec interval,
we exposed the P5–P8 OB-aPC circuit again during a 3-sec window
to the CS and measure the aPC pyramidal cells activity.

In the >P10 pups, exposure to the maternal odor also elicits
orientation-approximation behavior (Sullivan et al. 1986;
Sullivan and Wilson 1993), but the novel odor repetitively paired
with stroke does not induce any of this behavior (Moriceau and
Sullivan 2005). We hypothesized that the specific aPC pyramidal
cells that were highly active in <P10 pups should have been re-
duced in >P10 pups. To test this hypothesis, we switched the elec-
trophysiological characteristic of the pyramidal cells from P5–P8 to
P14–P17 and exposed the circuit to the CS during a 10 sec time-
window and measured the activity of the aPC pyramidal cells.
After a 2-sec interval, another 3 sec of CS exposure was measured
2 sec after the first exposure.
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Capítulo 4 

4.1 Artigo 2 

O artigo intitulado “The maturational characteristics of the GABA input in the 

anterior piriform cortex may also contribute to the rapid learning of the maternal 

odor during the sensitive period” também apresenta uma atualização do modelo 

computacional proposto no artigo 1 com a integração das caraterísticas maturacionais 

das entradas GABAérgicas no córtex piriforme anterior, interneurônios de conexões 

de retroalimentação e Interneurônios de conexões pró-ação, e dados obtidos 

experimentalmente. No modelo, o trabalho explora o papel do GABA no aprendizado 

do odor maternal no período sensível e discute uma possível ação despolarizante do 

GABA no córtex piriforme anterior durante essa faixa do desenvolvimento, o qual 

contraria o papel GABA no aprendizado de preferência olfatória em ratos neonatos 

como descrito na literatura. Esse trabalho foi produzido de maneira colaborativa com 

a Grace Pardo, quem realizou o trabalho experimental no laboratório da professora 

Maria Elisa Calcagnotto e do professor Aldo Bolten Lucion como parte de sua tese de 

doutorado. O trabalho foi submetido no dia 21 de junho de 2020 à revista Learning 

and Memory e foi aceito para publicação no dia 27 de setembro de 2020. O artigo 

também foi capa da edição Vol 27 N° 12, 2020. O artigo pode ser citado como: 

Oruro, E.M., Pardo, G.V.E., Lucion, A.B., Calcagnotto, M.E., Idiart, M.A.P., 2020.  The 

maturational characteristics of the GABA input in the anterior piriform cortex may 

also contribute to the rapid learning of the maternal odor during the sensitive 

period. Learn. Mem. 2020, 27:493-502 

https://doi.org/10.1101/lm.052217.120 
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Figura na capa da revista Learning & Memory volume 27, número 12 de 
dezembro de 2020, preparada pelos autores. 
Legenda da figura tirada de http://learnmem.cshlp.org/content/27/12.cover-expansion 
 
Using a combined electrophysiological and computational approach, Oruro et al. (LearnMem 
27: 493–502) show that the GABAergic input enhances the olfactory bulb-anterior piriform 
cortex (OB-aPC) circuit's ability for maternal odor learning and amplifies its recall. Such an 
effect is due to the maturational characteristics of the GABAergic inputs that depolarize aPC 
pyramidal neurons during the sensitive period for attachment learning. The image shows that 
aPC circuits without (top figure) or with (bottom figure) GABAergic interneurons can learn 
maternal odor after conditioning. However, GABA-conditioned circuits are more likely to recruit 
more aPC pyramidal cells and engage them in more triggering activity in response to the 
conditioned maternal odor, thereby amplifying the entire circuit's response to maternal odor.  
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The maturational characteristics of the GABA input
in the anterior piriform cortex may also contribute
to the rapid learning of the maternal odor during
the sensitive period
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Los Olivos, Lima 15314, Peru; 6Center for Biomedical Research, Universidad Andina del Cusco, San Jerónimo, Cuzco 08006, Peru

During the first ten postnatal days (P), infant rodents can learn olfactory preferences for novel odors if they are paired with
thermo-tactile stimuli that mimic components of maternal care. After P10, the thermo-tactile pairing becomes ineffective for
conditioning. The current explanation for this change in associative learning is the alteration in the norepinephrine (NE)
inputs from the locus coeruleus (LC) to the olfactory bulb (OB) and the anterior piriform cortex (aPC). By combining patch-
clamp electrophysiology and computational simulations, we showed in a recent work that a transitory high responsiveness
of the OB-aPC circuit to the maternal odor is an alternative mechanism that could also explain early olfactory preference
learning and its cessation after P10. That result relied solely on the maturational properties of the aPC pyramidal cells.
However, the GABAergic system undergoes important changes during the same period. To address the importance of
the maturation of the GABAergic system for early olfactory learning, we incorporated data from the GABA inputs, ob-
tained from in vitro patch-clamp experiment in the aPC of rat pups aged P5–P7 reported here, to the model proposed
in our previous publication. In the younger than P10 OB-aPC circuit with GABA synaptic input, the number of responsive
aPC pyramidal cells to the conditioned maternal odor was amplified in 30% compared to the circuit without GABAergic
input. When compared with the circuit with other younger than P10 OB-aPC circuit with adult GABAergic input profile,
this amplification was 88%. Together, our results suggest that during the olfactory preference learning in younger than P10,
the GABAergic synaptic input presumably acts by depolarizing the aPC pyramidal neurons in such a way that it leads to the
amplification of the pyramidal neurons response to the conditioned maternal odor. Furthermore, our results suggest that
during this developmental period, the aPC pyramidal cells themselves seem to resolve the apparent lack of GABAergic syn-
aptic inhibition by a strong firing adaptation in response to increased depolarizing inputs.

[Supplemental material is available for this article.]

Infants of altricial animals learn very rapidly to attach to their
mothers.While essential for the immediate survival, these early ex-
periences may also have long lasting consequences in adulthood.
Understanding themechanisms involved in the developing neural
circuits underlying this first affiliative behavior is a critical step to-
ward understanding the impact of the mother’s care on the behav-
ioral outcomes of the adult offspring, including mental health
issues in the case of humans (Perry et al. 2017; Sullivan and
Opendak 2018).

Newborn rodents are blind, deaf and possess limited motor
skills. They are confined to the nest for the first 2 wk of postnatal
life. Recognizing the mother’s odor during this period is crucial

for odor-guided behaviors such approaching the mother and at-
taching to a nipple (Farrell and Alberts 2002; Moriceau and
Sullivan 2004; Kojima and Alberts 2009; Raineki et al. 2010;
Meyer and Alberts 2016; Al Aïn et al. 2017). It is presumed that
the pups learn the mother’s odor by associating it with maternal
care during the first 10 postnatal days (Moriceau and Sullivan
2005). This hypothesis has been extensively tested in an experi-
mental paradigm where young rodents were subjected to pairings
of an artificial odor (the unconditioned stimulus) with tactile stim-
ulation, such as brush strokes, tomimic the presence of themother

7These authors contributed equally to this work.
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(the conditioned stimulus). Results shows that animals younger
than P10 display orientation approximation behavior toward the
artificial odor (Moriceau and Sullivan 2005; Morrison et al. 2013;
Roth et al. 2013; Ghosh et al. 2015). However, pairing becomes in-
effective for older than P10 age (Moriceau and Sullivan 2005;
Morrison et al. 2013; Roth et al. 2013;Ghosh et al. 2015), but learn-
ing can be reinstated by direct application of NE in the OB or LC
stimulation, which may suggest that the learning changes could
be due to local LC changes (Sullivan et al. 2000).

It has been proposed that the olfactory circuit primarily in-
cluding the OB and the aPC, both modulated by NE inputs from
LC, is sufficient to support this learning (Sullivan et al. 1991,
1992, 1994; Morrison et al. 2013; Ghosh et al. 2017). In fact, in
vivo studies show that the LC of neonate rats have large responses
to somatosensory stimuli (Kimura and Nakamura 1985) and high
levels of NE are released in the OB during odor-stroke conditioning
in pups younger than P10, but this is no longer observed in pups
older than P10 (Rangel and Leon 1995). Although, for pups older
than P10, the pairing of an odor with electrical stimulation of NE
fibers projecting to the OB results in preference for that odor
(Wilson and Sullivan 1992). Moreover, in the aPC, NE release
seems to be necessary and sufficient for the early odor preference
learning. The pairing of an artificial odor with pharmacological ac-
tivation of β-adrenoceptors, in the absence of any tactile stimula-
tion or direct LC activation, induce behavioral olfactory
preference in pups younger than P10. On the other hand, the
blockage of the β-adrenoceptors before the odor-stroke pairing pre-
vents the acquisition of odor preference (Morrison et al. 2013;
Ghosh et al. 2015, 2017). In addition to the NE release, an elevated
plasticity at the OB-aPC sensory synapses
is present for ages younger than P10
(Franks and Isaacson 2005; Poo and
Isaacson 2007) what has been considered
critical to early olfactory learning (Yuan
et al. 2014). The blockage of excitatory
synaptic plasticity in the aPC before odor-
stroke pairing, by blocking NMDA recep-
tors, prevent the preference learning in
pups younger than P10 (Morrison et al.
2013; Mukherjee and Yuan 2016; Ghosh
et al. 2017).

In recentwork, we proposed an alter-
native explanation based on a computa-
tional model of the OB-aPC circuit (Fig.
1) where we added aPC pyramidal cells
age-dependent intrinsic properties ob-
tained in our laboratory by in vitro patch-
clamp electrophysiology of aPC slices
from P5–P8 and P14–P17 infant rats
(Oruro et al. 2020). We used the model
to simulate a classical conditioning para-
digm by pairing an odor (a random input
to the network representing the maternal
odor) with NE release (changes in neuro-
nal properties, representing the maternal
care) and then after the pairing protocol
wemeasured the activity of the aPC pyra-
midal cells in response to the maternal
odor exposition. We found that the
OB-aPC circuit shows a higher aPC pyra-
midal activation to the maternal odor at
ages P5–P8 than at ages P14–P17, and
this can be explained by the changes in
the intrinsic properties of the pyramidal
cells due to maturation, indicated by our
electrophysiological data. We also pro-

pose that, similarly, the experiments using artificial odors could
be explained by an overlap between the novel odor neural
representation at aPC (after pairing it with strokes) and the
mother’s odor neural representation at aPC, and this effect is prom-
inent at P5–P8 and occur to a lesser extent at P14–P17 (Oruro et al.
2020).

In this work, we add yet another ingredient to our model. In
addition to the age-dependent changes of aPC pyramidal cells, an-
other intrinsic developmental mechanism could contribute to fa-
cilitate the higher responsiveness of pyramidal cells for the
maternal odor at P5–P8. Previous study has shown that activation
of GABAA receptor by local infusion of agonist prevents the olfac-
tory conditioning learning in rat pups younger than P10 (Morrison
et al. 2013). Recent experimental work had shown that the
GABAergic inputs to the aPC pyramidal cells at the P5–P8 age are
reduced compared to older ages (Pardo et al. 2018). In addition,
we found in the present study that theGABAA receptor equilibrium
potential (EGABA) is more depolarized than the resting membrane
potential and the threshold of the aPC pyramidal cells recorded
in pups from the same age period. To address the impact of this
developmental change to the maternal odor learning, we include
a variable GABAergic synaptic input to our previous P5–P8
OB-aPC circuit model and simulate the maternal odor learning
by pairing odor input with norepinephrine (NE) release.
Simulations revealed that OB-aPC circuits modeled with
GABAergic synaptic inputs present an even more significant num-
ber of active cells in response to the maternal odor, suggesting that
during this period of development, the GABAergic synapses also
contribute to support higher responsiveness to the maternal odor.

Figure 1. A simplified architecture of the artificial circuit of the olfactory system. The figure is a simpli-
fied structure of the olfactory bulb (OB), containing only the mitral cells (Mt; red), and the anterior piri-
form cortex (aPC) with principal kinds of cells: pyramidal cells (Pyr; yellow), feed-forward (Ff; black), and
feedback (Fb; blue) interneurons. The axons of the Mt cells extend to the aPC forming the lateral olfac-
tory tract (LOT; red). The LOT terminals make excitatory synapses (red dots) with the apical dendrites of
the Pyr cells and with the Ff interneurons. In turn, the Ff interneurons make inhibitory synapses on the
dendrites of Pyr cells (black arrows). The Pyr cells form an important associative input making excitatory
synapses with another adjacent Pyr cells and with Fb interneurons (ASSN; yellow dots). In turn, Fb inter-
neurons make inhibitory synapses with basal dendrites and soma of Pyr cells (blue arrows). Mt cells are
modulated by NE (green arrow).
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Results
Computational experiment 1: GABAergic synaptic input
enhances the learning of the maternal odor
The maturational characteristics of the GABAergic synaptic input
in the aPC during the P5–P8 age period (the sensitive period for at-
tachment learning) contributes to the maternal odor learning.
Specifically, simulation results of classical conditioning of two
P5–P8 OB-aPC circuits (Fig. 2A) revealed that circuits modeled
with GABAergic input profile (see Table 1) increased their activity
in response to the conditioned maternal odor. Figure 3 shows the
activity profiles of the aPC before, during, and after conditioning
in two situations with the introduction of GABA synapses and
without the introduction of GABAergic synapses. Before condi-
tioning, the P5–P8 OB-aPC circuit “with GABA” exhibited a slight-
ly higher response to odor when compared to the circuit “without
GABA.” Over the seven sessions of odor-NE pairing, the activity of

the circuit “withGABA”was twice higher than the circuit “without
GABA” (Fig. 3B,C; red dots). At the last trial session, the number of
spikes and the number of active cells reached their maximum in-
crease of 179% and 134%, respectively (taking the maximal num-
ber of evoked spikes during the first trial as 100%, from 10
respiratory cycles).

After conditioning, the average maximum number of spikes
(86± 2.07 vs. 46.50 ±0.88) (Fig. 3B, inserted graph) and the average
maximum number of active cells (83.16±1.88 vs. 44.13 ±0.13)
(Fig. 3C, inserted graph) were higher when GABA was present
[number of spikes: t(14) = 17.53; number of active cells: t(14) =
20.75; both P<0.0001, unpaired t Student test]. These results indi-
cate that both circuits, with and without GABAergic synaptic in-
puts, learn the maternal odor; however, in the presence of GABA
inputs the pyramidal cells exhibit an enhanced response for the
conditioned maternal odor. It could be the that the GABAergic
contribution is restricted only to the training phase, by allowing
a higher recruitment of pyramidal cells during odor pairing with
NE, but with little effect afterward. To clarify that, in the next sec-
tion we measured the effect of GABA during recall.

Computational experiment 2: GABAergic synaptic input
amplifies the recall of the maternal odor
In order to test the individual effect of GABA in recall, three groups
of P5–P8 OB-aPC circuits “with GABA” were trained (Fig. 2B) and
after the last pairing, three different recall conditions where ex-
plored (Fig. 4A): The GABA input properties remained the same
(“with GABA”), were blocked (“without GABA”), or switched to
adult GABAergic input profile (“with adult profile”). The aPC pyra-
midal cells activity in the “without GABA” (n=10 circuits) (Fig. 4B,
C; black dots) or “with adult profile” conditions (n= 10 circuits)
(Fig. 4B,C; green dots) show a significant reduction in the number
of spikes (one-way ANOVA, F(2,21) = 598.1; P<0.0001, followed by
Tukey test; n=8 respiratory cycles in each condition) when com-
pared with the “with GABA” condition (n=10 circuits). The same
is true for the number of active cells (one-way ANOVA, F(2,21) =
597; P< 0.0001, followed by Tukey test; n=8 respiratory cycles in
each condition) (Fig. 4B,C; red dots). Moreover, the circuit “with
adult profile” has a dramatic reduction in the maximum number
of spikes and a number of active cells when compared to the two
other conditions (Fig. 4B,C, inserted graphs). These results indicate
that the GABAergic input per se contributes to the amplified re-
sponse during the recall of the maternal odor. Next, we investigat-
ed whether the individual variability of the circuits in the
experimental groups (intersubject design) (see Fig. 2B), which
was modeled by randomizing the connectivity, may have partly
contributed to this result.

Computational experiment 3: GABAergic synaptic input
amplifies the recall of the maternal odor independently of
the variability of the circuit
To control possible effects of the variability of connections be-
tween the models, a group of P5–P8 OB-aPC circuits, modeled
“with GABA” input (n=10 circuits), was submitted to the condi-
tioning protocol (Fig. 2C) where two recall phases 2 sec apart
were tested. We found that all pyramidal cells that fired during
the recall 1 phase reduced their spiking frequency significantly in
the recall 2 phase (Fig. 5B shows a representative spiking profile
from an aleatory aPC pyramidal cell). The mean of the number
of spikes (recall 1: 94.69 ±0.76, n=8 respiratory cycles vs. recall 2:
76.23 ±0.45, n=7 respiratory cycles; t(6) = 15.57; P<0.0001; paired
t Student test) (Fig. 5C, inserted graph) and the mean of the num-
ber of active cells (recall 1: 83.49 ±0.52, n=8 respiratory cycles vs.
recall 2: 71.67 ±0.35; n=7 respiratory cycles; t(6) = 20.35; P<

B

A

C

Figure 2. Computational experimental design and conditioning proto-
cols. (A) Computational experiment 1. Two OB-aPC circuits groups,
modeled with GABA (red horizontal bar) and without GABA (black hori-
zontal bar) were separately conditioned using a delayed pairing procedure
of odor and NE. In the protocol, the odor onset preceded the NE onset by
2 sec, odor-NE overlapping for 2 sec, after which the odor was terminated.
This pairing was presented seven times with a 2-sec interval. Two seconds
after the last pairing, the odor was presented alone during a 3-sec window.
(B) Computational experiment 2. OB-aPC circuits modeled with GABA
were conditioned (red horizontal bar) using the same previous protocol,
and 1 sec after the last pairing, the GABAergic synaptic input was
blocked (black horizontal bar), or switched to adult GABAergic input
profile (green horizontal bar) and the recall (test) was measure in those
conditions. (C) Computational experiment 3. OB-aPC circuits modeled
with GABA (red horizontal bar) using the same odor-NE pairing protocol
and 2 sec after the last pairing were tested for the recall 1 of the maternal
odor (test 1). One second after the recall 1 was finished, the GABAergic
input was blocked (black horizontal bar) and the plasticity of mitral cell
and pyramidal cells was excluded. In those conditions, the activity of the
circuits was measured during another 3 sec window to the recall 2 of
the maternal odor (test 2).
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0.0001; paired t Student test) (Fig. 5D, inserted graph) were signifi-
cantly reduced in the recall 2 phase when compared with recall
1. Moreover, we observed that onset of the pyramidal cell activity
was closer to the rising phase of inhalation during recall 1, but was
delayed to the middle of the inhalation phase during recall 2. This
computational experiment (intrasubject design) (see Fig. 2C) con-
firms that the GABAergic input per se contributes to the amplifica-
tion of the response of the P5–P8 OB-aPC circuit for the
conditioned maternal odor.

Discussion
Previous studies of early olfactory learning in infant rodents (most-
ly rats and mice) have pointed the OB and aPC as crucial areas, in
whichNE release is both necessary and sufficient for infant olfacto-
ry learning (for a revision, see Moriceau and Sullivan 2005; Yuan

et al. 2014). The main contributions of the present study are (1)
to propose a model of the OB-aPC circuit for the maternal odor
learning during the sensitive period based on the GABAergic syn-
aptic input profile, in addition to the aPC experimental intrinsic
electric properties of pyramidal cells, and (2) to reveal that the
GABAergic synaptic input profile during this period also contrib-
utes to supporting the maternal odor learning and the recall
process.

Does GABAergic input in aPC contributes to the maternal
odor learning during the sensitive period?
In this work, we investigate the possible contribution ofGABAergic
synapses into ourmodel for early olfactory learning.We found that
addingGABAergic inputs increased by 47%both the number of ac-
tive pyramidal cells in aPC and their spiking activity in response to
the conditioned odor (Fig. 3).Moreover, we found thatGABA is not
only relevant during learning but also in the recall phase (Fig. 4).
The contribution for immature GABA cells was able to increase
in 70% the number of pyramidal cells in aPC that were responsive
to the learned odor when compared to the scenario where these
cells have the adult profile (Fig. 4). Finally, after eliminating any
possible effect of random connections in the OB-aPC circuit on
the effect of GABAergic input in thematernal odor recall, we tested
the circuit for two recall scenarios (with intact or blocked GABA in-
put) after odor conditioning. We found that blocking GABA input
reduced the number of active cells (15%) and spiking activity
(20%), suggesting that the GABAergic input in the aPC amplifies
the ability of the circuit to support the recall process of the mater-
nal odor (Fig. 5). Therefore, we showed that GABAergic input char-
acteristic of P5–P7 contributes to the maternal odor learning and
this contribution resides in the ability to amplify the response of
the OB-aPC circuit to the conditioned maternal odor in terms of
both numbers of active cells and spikes.

How does the GABAergic input in aPC manage to amplify
the activity of pyramidal cells during the sensitive period?
We found that the EGABA of the aPC pyramidal cells fromP5–P8 an-
imals was more depolarized (−24.58 mV) (reported in the present
study) in comparison with the resting membrane potential and
the voltage threshold potential of the same type of cells (−40.27
mV and −35.94 mV, reported in our previous work (see Fig. 6;
Oruro et al. 2020). The EGABA of the aPC pyramidal cells from
P5–P8 animals was also ∼18 mV more depolarized than the value
obtained in older pups (GVE Pardo, AB Lucion, ME Calcagnotto,
et al. unpubl.). This result strongly suggests that during the sensi-
tive period of attachment learning, the activation of GABA synaps-
es produces depolarization in the aPC pyramidal cells instead of
the characteristic hyperpolarization. It is not uncommonphenom-
ena in developing cortices. Excitatory GABA has been reported for
many immature brain areas attributed to the positive switch in the
chloride reversal potential due to elevated intracellular chloride
concentration (Rivera et al. 1999; Rheims et al. 2008; Ehrlich
et al. 2013; Tyzio et al. 2014) and for revision see (Ben-Ari 2014)).

If GABAergic input to aPC pyramidal cells is excitatory
during this period, as we are suggesting, why is that the
local infusion of GABA receptor agonist (muscimol) into
the aPC 10 min before odor-stroke training has shown to
prevent the olfactory preference learning in P7 age rat
pups?
A possible answer to this question arises from our experimental ob-
servation of the active membrane properties of the aPC pyramidal
cells during this period of development. In the experiment by

Table 1. Model parameters

Neurons Parameters

Mitral (Mt) cells (n=100 cells) τ=20 ms
⊖min =−0.0014 V;
⊖max = 0.009 Va

⊖min =−0.0014 V;
⊖max = 0.002 Vb

Vhyper =−0.01 V; trefrac = 2 msec
Pyramidal (Pyr) cells (n=200 cells) ⊖min =−0.03922 V;

⊖max =−0.03663 Vc

Vhype =⊖min; t
refrac = 2 msec

τ=42.78 msecc

Cm=98.21 pFc

Rinp = τ/Cm MΩc

APampl = 0.07690 Vc

Eahc =−0.060 Vd

τahc = 1
d

Aahc = 30
d

Rmadapt = 0.12
e

WMt to Pyr = 35
e

gmax
Pyr to Pyr = 10

e

WPyr to Pyr = 35
e

gmax
Mt to Pyr = 10

e

Eglu = 0 V
τ2 Mt to Pyr = 1 msec; τ2 Mt to

Pyr = 2 msec
τpp = 12 msec
τpnp = τnpp = 500 msec
WLTP = 62.2
WLTD = 12.25
EGABA=-0.02458 Vc

τ2 Ff to Pyr = 4.8 msec; τ2 Ff to

Pyr = 5.36 msecc

EGABA adult =−0.070 V
Feed-forward (Ff) interneurons (n=
100 cells)

τ=15 msec
⊖min = 0 V; ⊖max = 0.015 V
Vhyper =−0.01 V
gmax

Ff to Pyr = 13693, 7096
d

EGlu = 0 V
τ2 Py toff = 1 msec; τ2 Pyrτ to ff = 2
msecc

Feedback interneurons (Fb) (n=100
cells)

τ=5 msec
⊖min = 0 V; ⊖max = 0.013 V
Vhyper =−0.01 V
gmax

Fb to Pyr = 13693, 7096
d

EGlu = 0 V
τ2 Pyr to Fb = 1 ms; τ2 Pyτ to Fb = 2
msec

aValues without NE modulation.
bValues with NE modulation.
cValues from electrophysiological data.
dValues inferred from electrophysiological data reported in this study.
eValues inferred from electrophysiological data reported in the literature.
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Morrison et al. (2013), the injection of muscimol into the aPC was
used to increase the inhibitory synaptic effect of GABA onto the
pyramidal cells. The effect of muscimol can be interpreted as a
constant excitatory synaptic effect of GABA similar to the effect
of the sustained depolarizing current into the pyramidal cells on
in vitro current clamp experiment, as we have observed in our pre-
vious experiments (Oruro et al. 2020). The aPC pyramidal cells of
P5–P8 pups exhibit adaptation properties to increasing depolariz-
ing inputs but this is no longer observed in older pups
(Supplemental Fig. S1). In Figure 7, pyramidal cells respond main-
taining constant or reducing their firing to increasing inputs,
which suggest that aPC pyramidal cells can eventually reduce or in-
terrupt their activity in response to increasing GABAergic input.
Thus, the local infusion of muscimol into the aPC may be equiva-
lent to the synaptic activity of all GABAergic neurons at the same
time, which in physiological conditions is unlikely to occur.
Therefore, if the aPCpyramidal cells showadaptation, the resulting
increase in depolarizing inputs could have inhibitory effect in their
activity. This effect could be progressively reduced with develop-
ment, as data from older pups seem to indicate, since EGABA tends
to change to more hyperpolarized values (GVE Pardo, AB Lucion,
ME Calcagnotto, et al., unpubl.). This also suggests that the firing
adaptation properties of the aPC pyramidal cells could be the

way to manage the lack of synaptic inhi-
bition in the circuit during early develop-
ment period.

It is interesting to think that during
the P5–P8 age period, the inhibition in
the aPC is provided by the action poten-
tial properties of pyramidal cells itself
and not by the GABA synaptic conduc-
tance. However, it remains to be verified
if indeed the GABAergic synaptic trans-
mission in the aPC during the sensitive
period of attachment learning is excitato-
ry, how the depolarizing GABA could in-
fluence the pyramidal cells’ excitability
and how it could amplify the response to
the entrance of odor remains for future
work. Interestingly, inhibitory action of
GABA has been proposed to be critical
for the emergence of aversive conditioned
responses induced by odor-shock pairing.
InP11 rodents,GABAB receptor activation
prevents the acquisition of olfactory pref-
erence learning induced by pairing odor
with electric shock, and its pharmacolog-
ical blocking paired with an odor induce
anaversive response to thatodor (Okutani
et al. 2003). GABAA receptor activation
also has been reported to be critical for
the long-term depression in excitatory
synapsis in the basolateral amygdala,
which correlates with the emergence of
conditioned odor aversion in rodent
pups older than P10 (Thompson et al.
2008). For an excellent revision in the
matter see (Ross and Fletcher 2019).

In conclusion, our computational
experiments show that the GABAergic in-
put enhances the OB-aPC circuit’s ability
for maternal odor learning and amplifies
its recall. Such effect is due to the matura-
tional characteristics of the GABAergic in-
puts that depolarize aPC pyramidal
neurons at age younger than P10.

Furthermore, in this developing circuit, the apparent lack of synap-
tic inhibitionmediated byGABA appears to be compensated by the
adaptivefiring properties of aPC immature pyramidal neurons. The
depolarizingGABA inputmay contribute, at least in part, to induce
the immature pyramidal neuron to reach its adaptive firing pattern
therefore preventing runaway excitation in the circuit. The pano-
rama unfolded here indicates that although an immature circuit
may present very different properties regarding its individual cell
types, this does not render the circuit useless. On the contrary, im-
mature cells may provide the circuit with important computation-
al properties while the stability of the circuit as a whole remains
unchanged.

Materials and Methods

Circuit model and connectivity
The model presented here is an extension of our previous work
(Oruro et al. 2020). The OB and aPC are implemented in separate
subnetworks (de Almeida et al. 2013, 2016). Only the mitral cells
(Mt) were implemented in the OB, which projects to the aPC by
the lateral olfactory tract (LOT), as shown in Figure 1. The aPC
was implemented with three cell types: pyramidal (Pyr) cells, feed-
forward (Ff) interneurons, and feedback (Fb) interneurons (Stokes

C

B

A

Figure 3. Cumulative number of spikes and number of active aPC pyramidal cells during maternal
odor conditioning in the P5–P8 OB-aPC circuit with and without GABA synaptic input. (A) Protocol
for odor conditioning. A delayed pairing procedure was used in which the odor (black trace) onset pre-
ceded the NE (blue trace) by 2 sec and odor and NE overlapped for 2 sec, after which the odor was ter-
minated. The odor-NE pairing was presented seven times with 2 sec intervals. Plot of cumulative number
of spikes (B) and number of active cells (C) during odor-NE pairing and odor test are showed for the P5–
P8 OB-aPC circuit with GABA input (red dots) superimposed to the circuit without GABA input (black
dots). Data were collected at every 0.5 msec in a 200-msec window of simulation. Simulation (from 0
msec to 54,000 msec) was carried out over several respiratory cycles modulating the activity of the
mitral cells, starting with 200 msec of the exhalation phase followed by 200-msec inhalation phase.
Activity was measured during inhalation and exhalation phase. After conditioning, the test of the
odor (yellow background) evoked a higher cumulative number of spikes and number of active cells
for the circuit with GABA input compared to the cells for the circuit without GABA input (inserted
graphs). Asterisks represent statistically significant unpaired t Student test comparison between the
groups during the odor test. (***) P<0.001. Bin: 0.5 msec.
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and Isaacson 2010; Bekkers and Suzuki
2013), with parameters listed in Table 1.

Thepresentmodel contains100neu-
rons of Mt cells, 200 neurons of Pyr cells,
and 100 neurons of each type of interneu-
rons (Ff and Fb). In our previous work, we
adjusted the parameters for connectivity
of Mt and Pyr cells to best match the ex-
perimentally reported data (Oruro et al.
2020).Weassume that each Pyr cell is ran-
domly connected with ∼15–45 Mt cells.
For the autoassociative Pyr–Pyr connec-
tivity, we considered that each Pyr cell is
randomly connected with five to 15 Pyr
cells. This model does not consider the
feedback interaction between the aPC
andOB. The Ff interneurons receive excit-
atory input fromMt cells via the lateral ol-
factory tract (LOT) and connect the distal
apical dendrites of the L2/3 Pyr cells
(Suzuki and Bekkers 2007; Bekkers and
Suzuki 2013). In our model, each Pyr cell
is connected to40%of theFf interneurons
population. Each Fb cell is excited by 25%
random Pyr cells, and each Pyr cell is con-
nected to 40% of the Fb cells. The param-
eters for the connectivity of Ff and Fb
interneurons were adjusted using experi-
mental data reported in our previous
work (Pardo et al. 2018) and with data re-
portedhere (Table 2). Toassure continuity
between models, the architecture and pa-
rameters in the model, other than those
related to the function of GABAergic in-
put investigated here, were kept the
same as the previous model (Oruro et al.
2020), as detailed in Table 2. Details about
connectivity canbe found in Figure 1, and
all neural and synaptic parameters are de-
tailed in Table 1.

The computationalmodel and simu-
lations were developed using NetLogo
6.0.4 software (NetLogo, http://ccl.north
western.edu/netlogo, June 4, 2018). In
the framework of NetLogo, each neuron
was represented as an individual agent
that processes information.

Neuron model
All neurons were modeled as single com-
partment leaky integrate-and-fire neu-
rons, in which the change in the mem-
brane voltage is described by Equation 1:

dV(t)
dt

= 1
C
{Ie(t)− gL[V(t)− EL]}, (1)

where V (t) is the membrane potential, C is the capacitance, gL is
the leaky membrane conductance, EL is the resting potential, and
Ie is the time-dependent external current input adapted fromprevi-
ous work (Oruro et al. 2020). A particular external input (Iije ) that a
neuron i receives from a presynaptic neuron j at time t is given by
Equation 2:

Iije (t) = Wijgij(t)[EN,ij − Vi(t)], (2)

where Wij is the synaptic strength of the synapse connecting neu-
rons i and j, gij (t) is the change of channel conductance at time t,
EN,ij is the reversal potential of the specific channel type andVi (t) is
the membrane potential of the postsynaptic neuron at time t. The

firing probability of the model neuron at voltage V is described by
Equation 3:

Fi(V) =

0
V− umin

umax − umin

� �b

1

⎧
⎪⎪⎨
⎪⎪⎩

if V , umin

if V [ [umin, umax]
if V . umax

, (3)

where θmax represents the saturation value of the threshold, θmin is
the minimum value of the threshold, and β is a constant defining
the nonlinearity of Fi (V). At each spike of the presynaptic neuron j
the corresponding conductance in the postsynaptic neuron i
changes according to Equation 4:

gij(t) = gmax
ij exp

−t + t firej

t1,ij

� 	
− exp

−t + t firej

t2,ij

� 	
 �
, (4)

C

B

A

Figure 4. Comparative cumulative number of spikes and active number of cells during maternal odor
recall in the P5–P8 OB-aPC circuit with GABA, without GABA and adult GABAergic input profile. (A)
Illustration of the protocol of recall of CS (during 3 sec), which onset 2 sec after the last odor-NE
pairing. Superimposed plot of cumulative number of spikes (B) and number of active cells (C)
(average of 10 simulations) of the P5–P8 OB-aPC circuits with GABA input (red dots), without GABA
input (black dots), and adult GABA input profile (green dots), collected at every 0.5 msec in a
200-msec window of simulation. The simulation (from 0 msec to 53,000 msec) was carried out over
several respiratory cycles modulating the activity of the mitral cells, starting with 200 msec of the exha-
lation phase followed by 200-msec inhalation phase. Activity was measured during the inhalation and
exhalation phase. The circuit P5–P8 OB-aPC with GABA input was submitted to seven trials of
odor-NE pairing (simulation carried out from 0 msec to 47,000 msec) and 1 sec after the last pairing
the GABA synaptic input (EGABA =−25 mV) was switched to adult profile (EGABA =−70 mV, approximate
value based on experimental data reported in Kapur et al. 1997; Whalley and Constanti 2006; Kfir et al.
2020) or blocked (without GABA) (red arrows indicate the beginning of the switch; simulation carried
out from 48,000 msec to 53,000 msec). Under those conditions, the mean of cumulative number of
spikes and the number of active cells were significant higher in the circuits with GABA input than in
the circuits without or with adult profile (inserted graphs). Asterisks represent statistically significant
one-way ANOVA comparison among the three condition groups followed by Tukey’s multiple compar-
isons test. (****) P<0.0001. Bin: 0.5 msec.
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where t firej is the spike time of neuron j, gmax
ij represents the maxi-

mum conductance of the corresponding channel, while τ1,ij and
τ2,ij are its rise and fall. Following an action potential, the voltage
of each neuron is reset to the hyperpolarization potential Vhyper,
where it remains clamped for the refractory period trefract.

In themodel, Pyr cells adaptationwas implemented as a chan-
ge in the voltage Vahc

i (t) due to a hyperpolarizing current that in-
creases the firing threshold for the recently activated Pyr neuron i,
described by Equation 5:

tahc
dVahc

i

dt
+ Vahc

i = AahcXi, (5)

where Xi is equal to 1 in the time-step after neuron i spikes and 0
otherwise. Accordingly, Vahc increases with the constant Aahc and
decays with the characteristic time τahc.

The output fromMt cells is modulated by a sinusoidal wave of
2 Hz, which mimics the respiratory rhythm (Uchida and Mainen
2003; Kepecs et al. 2007; Verhagen et al. 2007; Wesson et al.

C

D

B

A

Figure 5. Activity of pyramidal cells during maternal odor recall in the P5–P8 OB-aPC circuit with and without GABA synaptic input. (A) Protocol of
two periods of maternal odor recall. Two seconds after the last odor-NE pairing (simulation carried out from 0 msec to 47,000 msec), the circuit was
exposed to the odor for 3 sec (recall 1) and 2 sec after it has finished, the circuit was exposed again to the odor for 3 sec (recall 2) (simulation carried out
from 48,000 msec to 57,000 msec). At the middle of the interval, the circuits have their GABA input profile blocked (red arrows indicate the beginning
of the switch, corresponding to 53,000 msec of simulation). The simulation (from 0 msec to 57,000 msec) was carried out over several respiratory cycles
modulating the activity of the mitral cells, starting with 200 msec of the exhalation phase followed by 200-msec inhalation phase. Activity was measured
during the inhalation and exhalation phase and date were collected at every 0.5 msec in a 200-msec window of simulation. (B) Action potential traces of
one pyramidal cell during the recall 1 and recall 2. Note that during recall 2 the cell reduced its firing frequency. Plot of cumulative number of spikes (C)
and number of active cells (D) (average of 10 simulations) of the P5–P8 OB-aPC circuits during recall 1 and recall 2. Note that during the recall 2 (circuits
without GABA synaptic input) the number of spikes and number of active pyramidal reduced significantly (inserted graphs). Asterisks represent statisti-
cally significant unpaired t Student test comparison between recall 1 and recall 2. (****) P<0.0001. Bin: 0.5 msec.

Figure 6. The reversal potential for the GABAAR- mediated synaptic cur-
rents in P5–P8 L2/3 aPC pyramidal cells are more depolarized than the Vrest
and VThresh. Bar graph showing comparison of mean (±SEM) values of re-
versal potential for the GABAAR-mediated synaptic currents (EGABA), resting
membrane potential (Vrest) and the threshold potential (VThresh). The value
for EGABA is more positive than Vrest and VThresh, suggesting that during the
P5–P8 age period, the GABAergic synaptic transmission mediated by
GABAA receptors could result in the depolarization of the membrane po-
tentials of the L2/3 aPC pyramidal cells. The bar graph was generated
using data described in Table 2.
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2008; Poo and Isaacson 2009). Based on in vivo experimental stud-
ies in rodents (Poo and Isaacson 2009; Haddad et al. 2013; Stern
et al. 2018) we simulated the activity of mitral cells over the course
of several respiratory cycles, with a single respiratory cycle consist-
ing of a 200-msec exhalation followed by a 200-msec inhalation.
The onset of odor stimulation was set to coincide with the begin-
ning of the exhalation phase. In the model, only Mt cells received
NE modulation.

Synaptic plasticity model
Similar to de Almeida et al. (2013, 2016), activity-dependent syn-
aptic plasticity (Hebbian learning) was implemented for synapses
fromMt to Pyr and from Pyr to Pyr. The synaptic strengthWij is in-
creased if both presynaptic and postsynaptic neurons fire together;
otherwise, it is reduced to a plasticity rate of 0.25, whichmultiplies
the change of W. This change described by Equation 6:

dWij

dt
= WLTP −Wij

� 
 i post t − t firei

� �
bglu t − t firej − tdelay

� �

t pp

+ WLTD −Wij
� 
 i post t − t firei

� �

tnpp
+
bglu t − t firej − tdelay

� �

t pnp

⎡
⎣

⎤
⎦,

(6)

where tdelay is the time it takes for the action potential to travel from
the soma to the recurrent collateral connections, and ipost is the
postsynaptic depolarization attributed to retropropagated action

potential of postsynaptic neurons de-
scribed by Equation 7:

i post (t) = t
t post

exp 1− t
t post

� �
, (7)

where the time course of the depolariza-
tion at the postsynaptic neuron (τpost) is
of 2 msec. bglu is the time course of the ki-
netics of the binding of glutamate on
NMDA receptors (de Almeida et al.
(2013, 2016) is described by Equation 8.

bglu(t) = exp
−t

tNMDAf

� �

× 1− exp
−t

tNMDAr

� �� �
, (8)

where τNMDAf (7 msec) and τNMDAr (1
msec) characterize the NMDA receptor
kinetics.

Duringearlypostnatalweeks,NMDA
receptors predominate at the LOT-aPC
synapses (Mt-Pyr) (Franks and Isaacson
2005), and these synapses express a robust
NMDA-dependent LTP plasticity with
strength declining by the first postnatal
month.However, theassociative synapses
(Pyr to Pyr) plasticity do not lose strength
in the same period (Poo and Isaacson
2007). The maximum weight for LTP
(WLTP) was set initially to 62.2 and the
minimal weight for LTD (WLTD) was set
initially to 12.25. If ipost and ipost peak to-
gether, then the synaptic weight between
theneurons i and j is driven to (WLTP)with
the characteristics time τpp (12 msec) oth-
erwise, in the case of unsynchronized fir-
ing, it is reduced to (WLTD)_with the
time constant τpnp= τnpp=500 msec.

Experimental data
In our previous work, we reported characteristics of the GABAA
receptor-mediated spontaneous inhibitory postsynaptic currents
(sIPSC) obtained by patch-clamp recordings in voltage-clamp
mode from pyramidal neurons in layer 2/3 (L2/3) of the aPC in vi-
tro slice preparation of the P5–P8 rat brain slices (Pardo et al. 2018).
In some of those recordings fromcontrol animals, we identified the
GABAA receptor equilibrium potential (EGABA) by systematically
varying the holding potential from 0 to −100 mV in 5-mV-steps.
The holdingpotentialwhere the EGABA has its current zerowas con-
sidered as a potential for reversion. The analysis of EGABA was car-
ried out by pClamp 10.0 software, through the measurement of
the amplitude (pA) of the sIPSC in each step of holding potential
tested. Results from this experiment are reported in Table 2.
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Figure 7. In P5–P8, the firing responses of L2/3 aPC pyramidal cells show adaptive properties to in-
creasing depolarizing currents. Firing properties of the L2/3 aPC pyramidal cells were estimated in the
current-clamp mode by applying depolarizing current steps (1 sec of constant current injection). (A)
Representative traces of pyramidal cell responding to steps of depolarizing currents. Note how the
cells reduced its firing at higher intensities of injected currents. (B) For depolarizing currents >180 pA,
the cells responded by reducing their spike rates. Data are mean (± SEM) values from nine cells. The
graphs were generated based in our previous work (Oruro et al. 2020).
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Material suplementar 

 

Figure S1. Representative voltage traces from aPC pyramidal cells of P5-P8 and P14-P17 
age period at depolarizing current injections.  
Note how the cell from P5-P8 animals start to fire at lower intensities of injected currents (a pulse of 
square-wave current with a one-second duration) and reduced its firing at higher intensities and show 
adaptation (A) compared to cells from P14-P17 animals, which start to firing at relative higher intensities 
of the injected currents and increase their firing with the increase of the intensity of injected currents, 
with no apparent adaptation (B). Amplitude of injected currents are indicated at the beginning of each 
trace. Representative voltage traces are from current-clamp recordings from aPC pyramidal cells 
reported in our previous work (Oruro et al., 2020). 
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Capítulo 5 

Discussão geral e conclusão  

5.1  Principais contribuições do trabalho 

5.1.1 Abordagem integrativa da neuroetologia e neurociencia computacional 

no estúdio de fenômenos comportamentais  

A presente tese apresenta um modelo computacional que integra dados 

experimentais, simulando o aprendizado do odor maternal durante o período sensível 

do apego. Propomos uma hipótese sobre o final do período sensível e, igualmente, 

avaliamos a função das correntes GABAérgicas durante o período sensível. Nossa 

estratégia de trabalho é nova no campo do aprendizado olfatório de recém-nascidos, 

pois nos permite integrar níveis de análise.  

Os problemas de integração em vários níveis foram estudados por cientistas da 

complexidade. Com o objetivo de estudar em vários níveis, grupos de pesquisa de 

sistemas complexos e sociedades surgiram em todo o mundo, sendo o mais 

importante o Instituto de Santa Fé (SFI), nos Estados Unidos de América, fundado por 

cientistas de prestígio de diferentes áreas, incluindo vencedores de prêmio Nobel. 

Outro movimento é a Sociedade de Sistemas Complexos, fundada na Europa em 

2004. Atualmente, a CSS se encarrega de organizar o evento mais importante em 

sistemas complexos, a Conferência sobre Sistemas Complexos (Conference on 

Complex System, CCS). O evento CCS foi influenciado pelos grupos da complexidade 

da França, organizados em Roadmaps (French Roadmap for Complex Systems 2008-

2009 https://hal.archives-ouvertes.fr/hal-00392486). Uma peculiaridade que torna o CCS 

especial foi a promoção do método de modelagem baseado em agentes (Figura 6) 

para resolver os problemas em vários níveis (para obter mais detalhes, consulte: The 

CSS Roadmap for Complex Systems Science and its Applications 2012 – 2020” Edited 

by Paul Bourgine, Jeffrey Johnson, and Davis Chavalarias).  
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Figura 6. Metodologia de sistemas complexos para a reconstrução de modelos 
a partir de dados.  

 

Nossa proposta foi integrar a organização conceitual da abordagem 

biocomportamental com uma visão experimental no nível neural, todavia considerando 

a emergência no mesmo nível neural (aparecimento de um novo padrão na 

organização do nível neural), contrariando a proposta biobehaviorista.  

O princípio unificado do reforço é uma proposta teórica computacional de 

Donahoe, Burgos e Palmer (1993) para um dos problemas abertos do behaviorismo, 

que é a distinção operante/respondente. Nesse trabalho não queremos abordar o 

caráter histórico nem discutir as soluções para esse problema. A proposta do grupo 

Biobehaviorista já foi discutida na edição especial da revista behaviorista Journal of 

Experimental Analisys of Behavior na edição de março 1997, volume 67 (DOMJAN, 

2016); e no trabalho de Burgos (2010). Para essa tese, consideramos a proposta de 

princípio unificado do reforço como esquema conceitual para estudar o aprendizado 

de preferência ao odor da mãe.  
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Figura 7. Esquema de integração. Figura adaptada de Oruro, PE; Pardo, G.E, do 
trabalho “ A hipótese da seleção por reforço em resposta à emergência do problema dos 
sistemas complexos adaptativos”. Título original em Inglês: “The hypothesis of selection by 
reinforcement in response to the emergence problem of complex adaptive systems in 
computational neuroethology” (trabalho apresentado na seção de pôster no congresso da 
International Brain Research Organization, IBRO, Rio de Janeiro, agosto, 2015).    

 

Uma aplicação do princípio do reforço unificado foi distinguir que comportamentos 

respondentes e operantes são adquiridos simultaneamente e podem ter diferentes 

saídas do sistema (Figura 7). Isso pode estar acontecendo durante o aprendizado do 

odor da mãe no período sensível, ocorrendo naturalmente no momento em que o 

filhote recebe o cuidado materno.  Por tanto, sabemos que durante o condicionamento 

para o aprendizado de preferência olfatória de um odor artificial, usando o protocolo 

de condicionamiento clássico em filhotes com DPN 5-7, uma reposta operante de 

aproximação não é reforçada, mas essa resposta já existe no circuito do filhote dessa 

idade e durante o condicionamento clássico ela é ativada no circuito. Agora 

entendemos que ele é ativado simultaneamente com o procedimento de 

condicionamento clássico, sendo por isso que o filhote se aproxima durante o teste de 

preferência olfatória. Após o período sensível, o circuito operante não é recrutado. A 

questão do que acontece no nível neural ao final do período sensível foi estudada no 

artigo 1. Consequentemente, esta proposta do princípio unificado do reforço nós 

permitiu integrar os níveis de comportamento e da neurociência com conteúdo teórico 

da análise do comportamento. 
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Figura 8. A figura é uma simulação baseada em agentes feita com Netlogo. A rata 
mãe é fonte de calor (em branco) e fonte de odor (vermelho), o filhote pode se mexer no 
espaço, a resposta dos neurônios incrementa quanto mais perto ele estiver do odor da mãe. 
Na simulação os agentes são a mãe, a molécula de odor, o filhote e os neurônios 

 

5.1.2 O aprendizado da preferência do odor maternal e o aprendizado precoce 

de preferência olfatória para um odor artificial  

Uma das principais contribuições da presente tese para o entendimento do 

aprendizado de preferências olfatórias nos roedores neonatos é a proposta de que a 

preferência do aprendizado do odor maternal é mediada pelo mesmo circuito 

envolvido no aprendizado precoce de preferência olfatória para um odor artificial. Os 

dois artigos fazem contribuições nesse ponto baseado em experimentos de simulação 

computacional com dados das caraterísticas eletrofisiológicas maturacionais dos 

neurônios piramidais e da transmissão sináptica GABAérgica no CPa. Os dois 

trabalhos de simulação representam o entendimento atual de que os roedores 
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neonatos aprendem o odor maternal mediante as experiências com mãe dentro do 

ninho durante a primeira semana pós-natal.  

Os resultados da presente tese podem ajudar na compreensão dos desfechos 

comportamentais do condicionamento odor-estimulação táctil de filhotes de rato antes 

e depois do DPN 10, em um nível neural. No paradigma do condicionamento clássico 

usado para filhotes com DPN 5-8 para induzir preferência olfatória para odores 

artificiais, o estímulo incondicionado é uma pincelada vigorosa no dorso dos filhotes, 

o qual depois de repetidos pareamentos com um odor artificial (o estímulo neutro), 

induz uma resposta comportamental de aproximação para o odor artificial (agora 

estímulo condicionado). Curiosamente, a estimulação táctil no dorso do filhote não 

induz essa resposta de aproximação antes do pareamento, apenas induz um 

incremento na atividade locomotora basal dos filhotes (Sullivan et al., 1986; Sullivan 

and Wilson, 1993). Porém, como pode ser que um odor artificial induza uma resposta 

de aproximação depois de ter sido pareado com a estimulação táctil, o qual não induz 

uma resposta de aproximação? A presente tese oferece uma resposta para essa 

pergunta, discutida na seguinte seção.  

5.1.3 O papel das caraterísticas maturacionais dos neurônios piramidais do 

CPa no aprendizado da preferência do odor maternal e implicâncias para 

o aprendizado precoce de preferência olfatória para um odor artificial  

A resposta para a pergunta na seção anterior está baseada na consideração de 

que o pareamento de um odor artificial com a estimulação táctil é possível porque esse 

novo aprendizado aproveita um circuito no CPa previamente formado durante a 

interação mãe-filhote dentro do ninho. Ou seja, as propriedades das células piramidais 

imaturas do CPa permitem que o condicionamento de um odor artificial- estimulação 

táctil recrute um circuito neural que parcialmente se encontra superposto com o 

circuito que suporta o comportamento de aproximação para o odor da mãe. Conforme 

amadurecem as células piramidais do CPa, a superposição do circuito não é mais 

possível. Assim o pareamento do odor artificial- estimulação táctil em filhotes > DPN 

10 não é mais efetivo em induzir aprendizado de preferência olfatória.  

Pensamos que essa hipótese oferecida é a mais simples, dado o conhecimento da 

circuitaria que se tem até o momento. Além disso a hipótese proposta é possível de 

ser testada experimentalmente. Por outro lado, a proposta poderia ser explicada pelo 

princípio unificado do condicionamento proposto por Donahoe e colaboradores, 
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(1993), no qual os comportamentos operantes e respondentes emergem 

simultaneamente. Desde essa perspectiva, os neurônios recrutados para o odor 

maternal condicionado no CPa podem ser os mesmos que são ativados durante o 

condicionamento do odor- estimulação táctil, e esses neurônios coincidentes 

poderiam ser os que se encontram reduzidos no circuito BO-CPa P14-P17 na 

simulação da exposição do odor maternal (resultados do artigo 1). 

Em suma, o nosso modelo apresentado no primeiro artigo sugere duas distintas 

funções para o processamento no circuito BO-CPa no aprendizado associativo em 

filhotes de ratas com idades antes e depois do DPN 10, isso baseado no 

desenvolvimento das propriedades intrínsecas das células piramidais do CPa. Para 

os dos circuitos BO-CPa em desenvolvimento, o sucesso para o pareamento odor- 

estimulação táctil é dependente da ativação coincidente das células piramidais do CPa 

responsivas para o odor maternal, promovendo o comportamento de aproximação-

orientação. As mudanças nas propriedades intrínsecas das células piramidais do CPa 

reduzem a disponibilidade das células responsivas para o odor maternal durante a 

exposição desse odor.   

5.1.4 O papel das caraterísticas maturacionais das entradas GABAérgicas no 

CPa no aprendizado de preferência do odor maternal  

Além do papel das propriedades intrínsecas das células piramidais do CPa, os nossos 

experimentos computacionais têm mostrado que as entradas GABAérgicas melhoram 

a habilidade do circuito BO-CPa para aprender o odor mãe e amplificar o recordo de 

esse odor. Esse efeito é devido às caraterísticas maturacionais das entradas 

GABAérgicas que despolarizam os neurônios piramidais do CPa em filhotes com 

idades menores ao DPN 10. Esses resultados publicados no segundo artigo sugerem 

que durante o aprendizado de preferência olfatória em filhotes menores do DPN 10, 

as entradas sinápticas GABAérgicas possivelmente atuam depolarizando os 

neurônios piramidais do CPa, de modo que isso leva para uma amplificação na 

resposta dos neurônios piramidais para o odor maternal condicionado. Contribuindo 

assim para um rápido aprendizado do odor maternal durante esse período do 

desenvolvimento.  
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5.2  Conclusões  

Nosso trabalho é o primeiro na literatura de simulação na área de estudo do apego 

mãe-filhote. Apresentamos novidades para a literatura do aprendizado do odor 

maternal, como:  

1. Incluir a técnica da modelagem baseada em agentes e sistemas de equações 

para modelar neurônios e comportamento usando o software Netlogo; 

2. Identificar componentes importantes no sistema olfatório para o aprendizado 

precoce de preferência olfatória; 

3. Integrar modelos de registro etológicos e eletrofisiológico no campo da 

neuroetologia computacional; 

4. Usar abordagens teóricas da análise do comportamento para estudar a 

distinção operante/respondente no aprendizado precoce de preferência 

olfatória; 

5. Uma explicação para o fim do período sensível para o aprendizado de 

preferência olfatória em filhotes de roedor, rato ou camundongo, depois do DPN 

10, é que a mudança nas propriedades intrínsecas das células piramidais do 

CPa reduz a disponibilidade de células piramidais que respondem ao odor 

materno durante a exposição a esse estímulo. Assim, o número reduzido de 

neurônios que respondem ao odor condicionado (materno) pode não coincidir 

com os neurônios que respondem a um segundo odor condicionado; 

6. As entradas GABAérgicas melhoram a capacidade do circuito BO-CPa para 

aprender o odor materno durante o período sensível. Esse efeito é devido às 

características maturacionais das entradas GABAérgicas que despolarizam os 

neurônios piramidais do CPa em idades menores a DPN 10. Além disso, nesse 

circuito em desenvolvimento, a aparente falta de inibição sináptica mediada por 

GABA parece ser compensada pelas propriedades de ativação adaptativa de 

neurônios piramidais imaturos do CPa; 

7. A preferência ao odor maternal tem circuitos que são coincidentes com a 

preferência a um segundo odor condicionado, o qual só é possível adquiri-lo 

durante uma janela temporal do desenvolvimento. Nosso modelo 

computacional, desenhado usando estratégias que vão da neuroetologia à 

biofísica, permitiu estudar o circuito neural da preferência do odor maternal e 

permitirá explorar novas hipóteses sobre como mudanças ambientais podem 



 

60 
 

gerar mudanças no padrão da conectividade neural no circuito em 

desenvolvimento.  

5.3  Futuras perspectivas da neuroetologia computacional 

No pôster “Computational Simulation of Maternal Odor on Neonatal Learning in the 

Nest” apresentado no congresso da Sociedade para a Neurociência dos Estados 

Unidos (Society for Neuroscience) do ano 2017(anexo), realizamos um estudo sobre 

como as diferentes mudanças ambientais em cada período de cuidado maternal 

(variações naturais no padrão do comportamento maternal durante o pós-parto) pode 

ter um efeito diferente ao aprender o odor materno. Este tipo de desenho experimental 

para simular o aprendizado pode ser usado para trabalhar em neuroetologia.  

Outra característica importante que nosso modelo preserva é que o mesmo sujeito 

possui propriedades de estímulo neutro/condicionado e estímulo incondicionado, 

como proposto por Domjam como característica do aprendizado em condições 

naturais (DOMJAN, 2005); nesse caso, a mãe é fonte do estímulo neutro e 

incondicionado simultaneamente para o filhote. Para tanto, o desenho mais apropriado 

para condicionar o circuito foi apresentar o odor primeiro e após alguns segundos o 

efeito da NA, representando assim a aproximação da mãe para o filhote e o contato 

materno, respectivamente. Na Figura 8 mostramos uma representação ideal para 

simulação em neuroetologia. Essa perspectiva pode crescer ainda mais na 

Neuroetologia. Por exemplo, para explorar como as mudanças do cuidado materno 

dois dias antes e depois ao período sensível organizam o circuito. Progressivamente, 

entendendo as propriedades do nível neural durante o condicionamento, estaremos 

no caminho de estudar situações de maior complexidade comportamental. Neste 

trabalho, portanto, introduzimos uma estratégia de simulação da Neuroetologia à 

biofísica com dados experimentais. 
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ANEXO 

Pôsteres apresentados em eventos acadêmicos 

1. Título: “The Operant/respondent distinction: An analysis in artificial piriform cortex”.  
Evento: 2nd FALAN Congress, Buenos Aires, outubro 17-20 de 2016.  
Autores: 

Enver Oruro Puma (primeiro autor e apresentador) 

Grace E. Pardo (Doutoranda PPG Fisiologia UFRGS) 

Maria Elisa Calcagnotto (Professora associada, Dpto de Bioquímica, ICBS, UFRGS) 

Marco Idiart (Professor Titular, Dpto de Física, UFRGS) 
2. Título: “O problema das assembleias celulares no modelo selecionista do córtex 

piriforme anterior”.  
Evento:  IX Oficina de Neurociências - As múltiplas dimensões da plasticidade neural. 
Bento Gonçalves, RS - 10 e 11 de setembro de 2016 

Autores:  

Enver Oruro Puma (primeiro autor e apresentador)

Grace E. Pardo (Doutoranda PPG Fisiologia UFRGS) 

Maria Elisa Calcagnotto (Professora associada, Dpto de Bioquímica, ICBS, 
UFRGS) 

Marco Idiart (Professor Titular, Dpto de Física, UFRGS) 
3. Título: “Contato materno seleciona neurônios preferentes ao odor no córtex 

piriforme de filhotes de rato”. 
Evento: Apresentado em XXXIV Anual de Etologia, 12-15 de novembro 2016, 
Jaboticabal, SP, Brasil. 

Autores:  

Enver Oruro Puma (primeiro autor e apresentador) 

Grace E. Pardo (Doutoranda PPG Fisiologia UFRGS) 

Maria Elisa Calcagnotto (Professora associada, Dpto de Bioquímica, ICBS, 
UFRGS) 

Marco Idiart (Professor Titular, Dpto de Física, UFRGS) 

 

4. Título: “Computational model of early odor preference learning”.  
Evento: Brain, Behavior and Emotions Congress. Porto Alegre, 14-17 de junho 
2017 

Autores:  

Enver Oruro Puma (primeiro autor e apresentador) 

Grace E. Pardo (Doutoranda PPG Fisiologia UFRGS) 

Maria Elisa Calcagnotto (Professora associada, Dpto de Bioquímica, ICBS, 
UFRGS) 

Marco Idiart (Professor Titular, Dpto de Física, UFRGS) 

5. Título: “Neurocomputational Simulation of Natural Olfactory Learning in the Neonatal 
Rat” 
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Evento: 38 th World Congress of the International Union of Physiological Sciences, 1-5 
agosto 2017, Rio de Janeiro, Brasil 

Primeiro autor e apresentador: Grace E. Pardo (Doutoranda PPG Fisiologia UFRGS) 

Autores:  

Grace E. Pardo (primeira autora e apresentadora) 

Izabela Amaro Espíndula (Estudante de Iniciação Científica, Dpto Fisiologia, ICBS, 

UFRGS) 

Enver Oruro Puma (Doutorando, PPG Neurociências UFRGS. 

6. Título: “Computational simulation of the infant maternal odor learning in the nest”.   
Evento: SfN's 47th annual meeting, Neuroscience 2017, Washington, D.C, novembro 
2017 

Autores: 

Grace E. Pardo (primeira autora e apresentadora) 

Izabela Amaro Espíndula (Estudante de Iniciação Científica, Dpto Fisiologia, ICBS, 

UFRGS) 

Enver Oruro Puma (Doutorando, PPG Neurociências UFRGS. 
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Studies have shown that neonatal rats exhibit high ability to learn artificial 
odor associated with a stimulus that mimics maternal care (Sullivan, 2003). It 
is presumed that this association also occurs under natural circumstances 
within the nest (Domjan, 2005). 
During the first 6 postnatal days (P), maternal care shows variation with a 
progressive increase in the maternal absence of the nest.  
  

 

 

 

 

We hypothesized that the profile on P6 could shape the olfactory neural cir-
cuit to distinguish the mother odor or the nest odor than the profile of day P2. 

 

 
1. Network architecture of the olfactory bulb (OB) and piriform cortex 

(PCx) 
 

 

We measured a neural activity every 1 ms and in a window of 2000 ms  
seconds we quantified the rate of firing every 500 ms.  

Simplified artifical neural network of the OB and PCx(A) (from de Almeida, Idiart and   Linster,) and Equations used for the artifi-
cal neural network (B) (from Almeida et al 2015).  

Introduction  

Method 

Acknowledgments 

Results 

2. Reduction of the data from Fig 1 to an equivalent minimal  

representation 

 

3. General protocol of natural conditioning 
 

We simulated the norepinephrine release from 
LC as a US and odor (mother and nest) as a 
NS/CS and measured the neural activity of 
anterior piriform cortex pyramidal cell. 
 

 

 

 

 

4. Criteria for data analysis 
 

Total neural activity before, during and after conditioning 

1.After the conditioning a specific test was performed to select the neurons that 
fire exclusively in response to the mother odor and in response to the nest 
odor. 

2.Only data with firing rate greater than 0.0002 in response to the nest odor 
presentation was considered for analysis.  

3. To determine if the artificial circuit discriminates the mother odor from the 
nest odor after conditioning, we realized a qualitative analysis based on fol-
lowing criteria:  

A) The nest odor presentation evokes firing of set of neurons specific to nest 
odor but not the firing of neurons specific to mother odor 
B) The mother odor presentation evokes firing of set of neurons specific to 
mother odor but the the firing of neurons specific to the nest odor should re-
main stable and not increase their firing.  

 Nest Off 

P2 65.8 34.1 

P4 47.15 51.4 

P6 35.9 64.1 
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A higher percentage of the artificial circuit of day 6 meet the criteria for  
odor discrimination than that the circuit of day 2.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The circuit was able to learn in the three days 

 

 

 

 

The artificial neural circuit representive for rat pup shown a progressive in-
crease with age in discriminative capacity of mother odor from the nest odor, 
which is coincident with a progressive increase maternal absence from the 
nest during the first postpartum days.  

These results suggest that the profile of maternal care at postnatal day 6, 
outside and inside the nest, allows a greater distinction of the mother´s odor 

and the nest´s odor than at postnatal day 2. 
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M illis ec o n d s

F
ir

in
g

 r
a

te

0 2 0 0 0 0 4 0 0 0 0 6 0 0 0 0 8 0 0 0 0 1 0 0 0 0 0

0 .0

0 .5

1 .0

1 .5

T o ta l 6

T o ta l 4

T o ta l 2

US

M o th e r

O d or

N S1

N est

O d or

N S2 N S2

N est

O d or

N S1

M o th e r

O d or

C S 1

M o th e r

O d or

C S 2

N est

O d or

C S 2

N est

O d or

C S 1
M o th e r

O d or

US 

3 s 1 s 

Mother odor  Nest odor 

1 s  1 s 

3 s 

1 s 

P2  P4 P6 

Nest odor 
9s 

7s 

US 

1s 2s 1s 2s 

7s 

9s 

Mother  
odor 

Mother  
odor 

US 

Nest odor 
7s 

5s 

US 

3s 2s 3s 2s 

5s 

7s 

Mother  
odor 

Mother  
odor 

US 

Nest odor 
6s 

4s 

US 

4s 2s 4s 2s 

4s 

6s 

Mother  
odor 

Mother  
odor 

US 

Discussion and Conclusion 

Day 2  Day 4  Day 6 

M
e

a
n

 o
f 

fi
ri

n
g

 r
a

te

0 .0 0

0 .0 5

0 .1 0

0 .1 5

U S B e fo re A fte r B e fo re A fte r

M o th e r o d o r N e s t o d o r

* *

M
e

a
n

 o
f 

fi
ri

n
g

 r
a

te

0 .0 0

0 .0 5

0 .1 0

0 .1 5

U S B e fo re A fte r B e fo re A fte r

M o th e r o d o r N e s t o d o r

** **

M
e

a
n

 o
f 

fi
ri

n
g

 r
a

te

0 .0 0

0 .0 5

0 .1 0

0 .1 5

U S B e fo re A fte r B e fo re A fte r

M o th e r o d o r N e s t o d o r

*** ***

Day 2  Day 4  Day 6 
Comparision of mean of    
total firing rate before and 
after conditioning (Mann-
Whitnney Test, *p<0.05, 
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Maternal profile of the presence and absence of the nest in postpartum day 2, 4 and 6 of the rat. The graph was constructed from 
the work of Pardo et al. 2016 . Blue: mother outside the nest. Grey: mother in the nest. n=12  
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Cartas de aceitação dos artigos e convite para submeter figura capa de jornal  
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