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RESUMO

Estudos com modelos de organismos demonstraram que o ambiente enriquecido
induz mudancas celulares, estruturais e comportamentais ,e aumento nos niveis do
fator neurotréfico derivado do cérebro (BDNF) no sistema nervoso central. Essas
evidéncias sugerem que BDNF possa ser um interessante marcador biologico dos
efeitos de estilo de vida na cognicdo e outros parametros comportamentais em
humanos. Para testar esta hipotese, analisamos os efeitos do ambiente enriquecido
na memoaria de longa duracao, através do reconhecimento do objeto , e os niveis de
BDNF no hipocampo, cortex frontal e soro de ratos expostos a um protocolo
experimental que pode ser mais facilmente relacionado com estudos de interacdo
com humanos. Os animais foram mantidos durante dez semanas em condicéo social
(condicdes padronizadas de laboratorio) ou enriquecido (aumento da oportunidade
para exercicios fisicos e experiéncias de aprendizado). Na sétima semana 0s
animais foram submetidos a testes comportamentais (campo aberto e teste do
reconhecimento do objeto) e no final da décima semana foram eutanisados para
analise dos niveis de BDNF. Os animais mantidos na condicdo enriquecida
mostraram melhora na performance no teste de memoria, mas em contrapartida ndo
apresentaram alteracdo significativa nos niveis centrais e periféricos de BDNF. Os
resultados deste estudo sdo importantes para destacar a necessidade de
desenvolver protocolos experimentais usando 0 modelos animais que se
assemelham mais proximo as caracteristicas dos estudos com seres humanos e
motivar mais investigacoes para determinar as circunstancias sob que BDNF poderia

ser um marcador bioldgico dos efeitos do enriquecimento do ambiente.

Palavras-Chaves: = BDNF,hipocampo, coOrtex frontal, ambiente enriquecido,

reconhecimento do objeto.

Abreviaturas: BDNF ( fator neurotréfico derivado do cérebro).



ABSTRACT

Studies with organisms models demonstrated that cellular, structural and
behavioral changes induced by environmental enrichment are related to increased
levels of BDNF in the brain. These evidences suggest that BDNF could be an
interesting biomarker of the effects of lifestyle on cognition and other behavioral
parameters in humans. To test this hypothesis, we analyzed the effects of
environmental enrichment on long term memory for object recognition and on BDNF
levels of hippocampus, frontal cortex and serum of rats exposed to an experimental
protocol that could be more easily translated to human intervention studies. Animals
were maintained for 10 weeks in a social (standard laboratory conditions) or enriched
(increased opportunity for physical exercise an learning experiences) condition. In
the 7" week they were submitted to behavioral testing (open field and novel object
memory task) and at the end of the 10" week they were killed and BDNF levels were
analyzed. Animals maintained in the enriched condition showed enhanced
performance on the memory task in the absence of any significant alteration in
central or peripheral BDNF levels. The results of this study are important to highlight
the need to develop experimental protocols using animal models that more closely
resemble the characteristics of studies with humans and motivate more investigations
to determine the conditions under which BDNF could be a biomarker of the effects of

environment enrichment.

KEY WORDS : BDNF, hippocampus, frontal cortex , en  vironmental enrichment,

novel object recognition

ABREVIATIONS:

BDNF- brain-derived neurotrophic factor
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CAPITULO 1



1.1 INTRODUCAO

1.1.1 FATOR NEUROTROFICO DERIVADO DO CEREBRO (BDNF)

O fator neurotréfico derivado do cérebro (BDNF) é uma pequena proteina e
membro da familia de neurotrofinas, encontrado no sistema nervoso, onde
desempenha papel importante no desenvolvimento e manutencdo do sistema
nervoso periférico (SNP) e central (SNC), na plasticidade, sobrevivéncia e
proliferacdo neuronal (Yulug et al., 2009). No encéfalo é abundante especialmente
no hipocampo, cortex cerebral, estriado e amigdala, estruturas que estdo envolvidas
com memoaria e aprendizagem (Vaynman et al., 2003). Devido as evidéncias de seu
envolvimento na neurogénese hipocampal, suas funcdes e mecanismos de acéo
tém sido estudados principalmente na fase pdés natal, em doencas
neurodegenerativas e patologias associadas ao declinio cognitivo (Scheneider et al.
2000; Karege et al. 2002).

O BDNF exerce seus efeitos por meio de receptores tirosina quinase (TrkB),
aos quais se liga com grande afinidade, resultando no recrutamento de proteinas
que ativam duas vias de sinalizacdo intracelular. Uma destas vias ativa a proteina
quinase-1 dependente de fosfatidilinositol-3 (PI-3K), e a proteina quinase B (AKT),
que fosforilam e desativam agentes pro-apoptoticos (Halbook et al.,2006; Kermani et
al.,2007; Santos et al.,2010). O outro caminho envolve a TrkB, que induz a ativacao
de proteinas intracelulares como, Ras, Raf, MEKs e sinais extracelulares regulados
pelas quinases (ERKs) os quais ativam um ou mais fatores de transcricdo que irdo
induzir a transcricdo de BDNF, além de regular a expressao de genes envolvidos na
formacdo da LTP (potenciacdo de longa duracédo), na modulacdo da secrecdo de
neurotransmissores (como a serotonina), na plasticidade sinaptica, na resisténcia ao
estresse e na sobrevivéncia celular . Essa atividade é dependente da ativacdo dos
canais de calcio voltagem-dependentes voltagem dependente de calcio (Mattson et
al., 2004; Sossin et al., 2007; Santos et al.,2100).

Assim a ativagcdo destas cascatas modulam a proliferagéo, sobrevivéncia e
manutencdo do sistema neuronal, sugerindo que a deficiéncia de BDNF leva a
déficits funcionais e alteracbes no desenvolvimento poés-natal e maturacdo de

neurdnios do encéfalo (Mattson et al. 2004).



Grande parte dos estudos a respeito das funcées do BDNF é realizado em
roedores, onde normalmente seus niveis sao quantificados em estruturas cerebrais
(hipocampo e cortex frontal). JA& em estudos em modelos humanos, o BDNF é
analisado somente perifericamente ndo sendo observado em estruturas encefalicas
pela inviabilidade. Contudo poucos estudos reportam a concentracdo desta
neurotrofina no plasma, local esse, que seria de fundamental importancia de se
quantificar, visto que ja foi observado seu aumento, em um estudo com individuos
com doencas de retardo mental , que recebiam tratamento com estimulo cognitivo
(Mattson et al., 2004).

Um grande numero de estudos de transtornos psiquiatricos e doencas
neurodegenerativas mostraram alteragbes nos niveis de BDNF nestas
circunstancias patolégicas, indicando que BDNF poderia ser um marcador biolégico
interessante nestas situagdes (Cunha et al., 2006; Kim et al., 2007; Pillai et al.,2010).
A primeira evidéncia da presenca de BDNF no plasma e soro de humanos foi em
1995, em um estudo de Rosenfeld e colaboradores. Ha estudos experimentais que
relatam que o BDNF pode cruzar a barreira hematoenceféalica, sugerindo com isso,
que as concentragdes no sistema nervoso central podem ser paralelas com as
concentragcdes de BDNF, nos niveis plasmaticos (Pan et al., 1998; Klein et al., 2010)

Outro estudo mostrou também que BDNF foi capaz de cruzar a barreira
hematoencefalica em roedores. Os resultados indicaram que a passagem do fator
neurotréfico do cérebro para o plasma foi associado com a reabsor¢cdo do fluido
cérebro-espinhal por diferenca de concentracdo do fluxo, (Karege et al., 2002; Lang
et al., 2007).

Porém, as relacdes entre os niveis centrais e periféricos de BDNF ainda nao
estdo bem estabelecidas, uma vez que os mecanismos de troca de BDNF através
da barreira hematoencefalica ainda ndo estdo descritos (embora existam varias
evidéncias de sua ocorréncia) (Pan et al.,1998). E importante considerar o fato de
que as plaquetas sdo importantes locais de armazenamento e liberacdo de BDNF
(Karege et al., 2002). Estudo recente mostrou que mais de 99% das proteinas sao
estocadas nas plaquetas e podem ser liberadas no soro (Karege et al., 2002). Uma
vez que os estudos utilizando modelos animais indicam a participacdo do BDNF em
importantes aspectos funcionais do SNC, o interesse na elucidacédo do papel desta

neurotrofina em diferentes aspectos fisiolégicos (como no envelhecimento) e



patolégicos (como em doencas neurodegenerativas) tem crescido (Murer et
al.,2000).

Os fatores neurotroficos sdo responsaveis pelo crescimento neuronal e o
estabelecimento das conexdes sinapticas entre os neurbénios (Kim et al.,2007). Tais
fatores exercem um papel chave sobre a organizacdo de redes neurais durante os
estagios iniciais do desenvolvimento pdés-natal, bem como no cérebro adulto.
Evidéncias clinicas (Sklar et al., 2002; Cunha et al., 2006; Rosa et al., 2006 ) e
experimentais (Itoh et al., 2004) revelaram que os niveis de fatores neurotroficos
estdo alterados em pacientes com transtornos do humor, bem como em modelos
animais desses transtornos (Hashimoto et al.,, 2004). Véarios estudos ja
demonstraram alteracbes nos niveis plasmaticos de BDNF em doencas
neurodegenerativas, especialmente naquelas relacionadas ao envelhecimento e ao
declinio cognitivo (Halbach et al., 2010; Erickson et al., 2010) e em transtornos
psiquiatricos, como a depresséo e o transtorno de humor bipolar (Yan et al., 2010;
Scalzo et al.,, 2010). De uma forma geral, estes estudos indicam um declinio do
BDNF plasmatico, estando de acordo com as hipoteses dos mecanismos
patofisiologicos das doencas em questdo, e reforcando a idéia de que o BDNF
periférico € um bom indicador de seus niveis centrais. Entretanto, € importante
considerar que, em se tratando de patologias, € esperada uma alteracdo de varios
parametros fisico-quimicos, de forma que seria mais facil detectar alteracbes
periféricas, por se tratarem de situacdes patoldgicas, elas sdo mais pronunciadas do
que niveis centrais de BDNF (Sklar et al., 2002; Karege et al., 2002).

Além do interesse na participacdo do BDNF em alteracdes patoldgicas, os
estudos com animais tém sugerido que fatores como atividade fisica e
enriguecimento ambiental seriam capazes de aumentar os niveis de BDNF no
sistema nervoso central (Bayne et al. 2005; Segovia et al. 2009). Entretanto, ha
relativamente poucos estudos de alteragcbes nos niveis de BDNF induzidas por
diferentes ambientes nos seres humanos, muitos se restringem ao efeito do
exercicio e a na maioria deles, séo relativos aos efeitos agudos da atividade fisica
em BDNF.

Porém, neste caso, € mais dificil de estabelecer um paralelo com seres
humanos, pois é possivel que, apesar de ocorrer elevacdo dos niveis de BDNF em

diferentes estruturas cerebrais, talvez a variagcdo do mesmo nao seja suficiente para



ser detectada perifericamente. Portanto, o ponto de partida para a investigacdo em
humanos é justamente a verificacdo da possibilidade de se utilizar o BDNF periférico
como indicador de suas alteracdes centrais.

A falta de estudos com seres humanos reflete a necessidade de esclarecer a
importancia que cada componente que compde o0 ambiente enriquecido (fisico,
social e cognitivo) exerce no sistema nervoso central, bem como o efeito da idade , a
época de exposicdo ao ambiente enriquecido, que influenciam na relacdo entre
niveis centrais e periféricos de BDNF. Esses fatores tornam-se importantes, ja que
0s estudos em animais medem niveis centrais de BDNF e os estudos humanos
dependem da avaliacdo de concentragBes periféricas (soro ou plasma).
Considerando estudos humanos, e o0 enriguecimento ambiental como uma
intervencdo, o social versus a condicdo enriquecida € o mais conivente como
metodologia para ser avaliado em um modelo experimental com animal e
comparado com humanos. Embora nds saibamos que BDNF pode cruzar a barreira
hematoencefalica (Karege et al., 2002; Lang et al., 2007) e ja se obteve correlacbes
entre niveis central e periférico de BDNF em alguns animais, como ratos e porcos
(Klein et al. 2010), n6s ainda ndo sabemos a quantidade de alteracdes centrais de
BDNF necessérias para induzir a modificagdo periférica mensuravel de BDNF. O
anico estudo que analisou se as alteracdes induzidas da correlacdo central de BDNF
com sua medida periférica foram realizadas com o0s ratos expostos ao tratamento
eletro choque (Sartorius et al. 2009), wuma situacdo muito diferente das
circunstancias fisiolégicas e que provavelmente pode induzir modificacbes mais

pronunciadas de BDNF.

1.1.2 ENRIQUECIMENTO DO AMBIENTE E BDNF

O cérebro pode ser modificado como conseqiiéncia da interacdo entre o
ambiente e a constituicdo genética (Murer et al. 2000; Van Praaga et al., 2000;
Pham et al. 2002).

Um dos modelos experimentais utilizados para investigar os efeitos da

estimulacdo ambiental € a manutencdo de animais em um ambiente enriquecido.



Nesse ambiente os animais sdo abrigados em condicdes que potenciam a
estimulacdo motora, sensorial e interagcdo social, condigbes que conduzem a
melhorias no aprendizado e na memodria. Donald Hebb (1949) foi o pioneiro
demonstrando resultados da estimulacdo ambiental desde cedo no desenvolvimento
sistema nervoso central e na sinaptogénese. Ele sugeriu que esse estimulo seja
importante no desenvolvimento neurofisiolégico e comportamental (Cooper et al.
2005).

Em geral os roedores sao abrigados em caixas mais espacosas e com outros
animais com oportunidade de promover interacdo social. O ambiente € composto por
uma variedade de objetos dentre eles: tuneis, bolas, brinquedos que séo trocados
frequentemente. Estes objetos constituem-se em fatores estimuladores do sistema
sensorial e motor (Van Praaga et al., 2000).

O enriguecimento  ambiental causa mudancas  neuroquimicas,
neuroanatdbmicas e comportamentais em muitas espécies de animais (Van Praaga et
al., 2000; Cooper et al., 2005; Zhu et al., 2006). Apresenta um impacto nas
condicbes neuroanatdbmicas, como, mudancas na anatomia neural, modificacdo da
expressao genética, no numero de espinhas dendriticas (Mora et al. 2007). Além
disso, induz mudancas neuroquimicas, como a melhora na sinaptogénese para
neurogénese e aumento nos niveis de neurotrofinas em diferentes regides do
cérebro como no hipocampo, cortex pré-frontal e amigdala (Falkenberg et al.,1992;
Pietropaolo et al., 2004; Gelfo et al., 2010) . O hipocampo € a estrutura cerebral mais
analisada em estudos, por estar envolvido no aprendizado e na memaria. Estudos
mostram essa estrutura influenciada pelo enriguecimento ambiental, apresentando
niveis elevados de neurotrofinas, sugerindo que estejam envolvidos na plasticidade
sinaptica, influenciando no processo de aprendizado e memoria ( Rossi et al.,2006).

Por sua vez as alteragbes comportamentais desencadeadas pelo ambiente
enriquecido, auxiliam na regulacéo do estresse (Segovia et al., 2009) ajudando na
manutencdo da memoria pelo aumento da expressdo de BDNF ( Ickes et al., 2000),
melhorando o aprendizado em animais velhos ( Undine et al., 2007; Gobbo et al.,
2004), sugerindo um efeito neuroprotetor em doengas neurodegenerativas. Assim,
supde-se que esses fatores ambientais influenciem de forma benéfica no
desenvolvimento do sistema nervoso central e no processo de envelhecimento

(Pham et al., 2002). Estudos mostram que na fase jovem ocorre continua



modificacdo das conexdes neuronais e que este remodelamento também ocorre na
idade adulta no cérebro, mostrando que o sistema nervoso é capaz de responder a
mudancas na plasticidade durante toda a vida. Essa plasticidade pode ser definida
como mudancas observadas no sistema nervoso ou no comportamento. Entdo
plasticidade comportamental refere-se a alguma mudanca significativa observada no
comportamento enquanto que plasticidade neural pode se referir a mudancas na
funcdo e estrutura do sistema nervoso a niveis moleculares que influenciam na

plasticidade comportamental (Ickes et al. 2000).

1.1.3 MEMORIA E BDNF

A memoria, umas das mais importantes funcdes cognitivas do ser humano,
pode ser entendida como a habilidade que possuimos de armazenar informacdes e
conhecimentos sobre n6s mesmos e o mundo que nos cerca. E a base para o
desenvolvimento da linguagem, do reconhecimento das pessoas e dos objetos que
encontramos todos os dias, para sabermos quem é e para termos a consciéncia da
continuidade de nossas vidas. Sem a memdria, a cada dia, ou a cada momento,
estariamos comecando uma nova vida, sem podermos nos valer do que
aprendemos anteriormente (Yassuda et al., 2002).

Em relacdo ao conteddo, a memaria pode ser classificada como declarativa
ou procedural. As memadrias procedurais sdo aquelas relacionadas as capacidades,
habilidades motoras ou sensoriais. As memarias que registram fatos, eventos, ou
conhecimentos sdo chamadas de declarativas, porque ndés seres humanos,
podemos relatar seu contetudo. Entre elas, as referentes a eventos aos quais
participamos, sdo denominadas episédicas e, ainda, as de conhecimentos gerais
sdo denominadas semanticas (Milner et al., 1998).

Um dos exemplos mais profundamente estudados da memoaria declarativa € a
memoria de reconhecimento, que € a capacidade de julgar um item recentemente
encontrado como familiar. A memoéria de reconhecimento em seres humanos
consiste de dois componentes: um episédico que diz respeito a habilidade de
lembrar-se do episédio (situacdo) no qual um item (que pode ser um objeto, uma

face, uma mdusica) foi introduzido (item novo), e um componente familiar, que se



relaciona com a habilidade de reconhecer um item como ja conhecido (ou familiar),
mas sem a necessidade da lembranca do proprio episédio (Manns et al., 2003).

A memoaria de reconhecimento pode ser testada em roedores usando tarefas
de reconhecimento de objetos que sdo baseadas na tendéncia espontanea que os
roedores apresentam de explorar objetos novos quando os animais se lembram dos
objetos aos quais eles foram previamente expostos. As vantagens desse tipo de
teste incluem o fato de que eles ndo sédo baseados em refor¢cos positivos (como a
utilizacdo de alimentos) ou negativos (como a utilizacdo de choques elétricos)
(Mumby et al., 2001; Clark et al., 2005).

Além disso, esse tipo de tarefa revelou ser dependente tanto do hipocampo
(uma regido cerebral importante para o processamento da memaria), quanto da via
nigro-estriatal. Estudos recentes tém focado a expressdo abundante de BDNF no
hipocampo, coértex e estriado. Evidéncias j& indicaram que BDNF est4 envolvido na
manutencdo da (LTP), aprendizado espacial e reconhecimento. A LTP é induzida
pela alta freqiiéncia de sinapses excita torias, resultando do modelo de aprendizado
dependente da plasticidade do cérebro (Ernfors et al., 2003).

Com base no exposto até o momento, investigamos os efeitos do
enriguecimento ambiental nos niveis centrais e periféricos de BDNF e a possivel
relacdo dos mesmos com o desempenho em testes de memoria de reconhecimento
de ratos. Embora seja esperado um aumento dos niveis de BDNF central (Schneider
et al., 2000; Ickes et al., 2000) e uma correlacdo dos mesmos com o desempenho
cognitivo dos animais, somente a confirmacdo de uma correspondéncia com
alteracdes nos niveis periféricos de BDNF permitira inferéncias mais concretas a
respeito do papel do BDNF em aspectos cognitivos de seres humanos e a analise
dos mecanismos através dos quais o enriquecimento ambiental exerce seus efeitos
plasticos e neuroprotetores no SNC.

A fim de contribuir com a elucidacdo de algumas destas situagoes,
mantivemos ratos por 10 semanas em uma condicdo social ou enriquecida e
investigamos se estas condicfes de moradia teriam efeitos na memoria de longa
duracdo do reconhecimento do objeto (uma tarefa que fornece uma analogia
proxima os testes do reconhecimento que sdo amplamente utilizados nos seres
humanos), e em niveis centrais e periféricos de BDNF. As condi¢cdes experimentais

e a escolha dos parametros a serem analisados foram escolhidas porque poderiam



mais facilmente ser correlacionadas com situacdes experimentais de estudos

humanos para investigar o efeito da intervengédo ambiental na cogni¢ao e no BDNF.

1.2 OBJETIVOS

1.2.1 OBJETIVO GERAL

Avaliar os efeitos do ambiente enriquecido (maior oportunidade de
experiéncias de aprendizado e atividade fisica) nos niveis centrais e periféricos de
BDNF e sua relacdo com o desempenho na tarefa de reconhecimento de objetos em

ratos.

1.2.2 OBJETIVOS ESPECIFICOS

» Avaliar os efeitos do enriquecimento ambiental (maior oportunidade de
experiéncias de aprendizado e atividade fisica) nos niveis centrais (hipocampo e

cortex frontal) e periféricos (soro) de BDNF através do kit ELISA em ratos adultos.

* Verificar se existe relacdo entre niveis de BDNF em estruturas cerebrais

(hipocampo, cortex frontal) e no soro .
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ABSTRACT

Studies with animal models showed that cellulaycstural and behavioral changes induced by
environmental enrichment are related to increasacekls of BDNF in the brain. These
evidences suggest that BDNF could be an interetiognarker of the effects of lifestyle on
cognition and other behavioral parameters in humaéaogest this hypothesis, we analyzed the
effects of environmental enrichment on long terrmmagy for object recognition and on BDNF
levels of hippocampus, frontal cortex and serunmaté exposed to an experimental protocol
that could be more easily translated to human vetgion studies. Animals were maintained
for 10 weeks in a social (standard laboratory coma) or enriched (increased opportunity for
physical exercise a learning experiences) conditiorthe 7' week they were submitted to
behavioral testing (open field and novel object ragntask) and at the end of the™@eek
they were killed and BDNF levels were analyzed. mals maintained in the enriched
condition showed enhanced performance on the metaskyin the absence of any significant
alteration in central or peripheral BDNF levels.eThesults of this study are important to
highlight the need to develop experimental proteaging animal models that more closely
resemble the characteristics of studies with humam$ motivate more investigations to
determine the conditions under which BDNF could d@ebiomarker of the effects of

environment enrichment.

KEY WORDS: BDNF, hippocampus, frontal cortex, envionmental, novel object

recognition

ABREVIATIONS : BDNF - brain-derived neurotrophic factor



1. Introduction

An increasingly body of evidences from animal medes shown that enriched environment,
namely rearing conditions that provide an increasggortunity for physical exercise,
learning experiences and social interaction, cgoraove development and function of brain
over the lifetime (Van Praaga et,&000 ; Cooper .,2005; Zhu et al.,2006).

Among the behavioral changes induced by environaltergnrichment are
improvement in motor function (Johansson ., 19R&edal et al.,, 2002), learning and
memory (Duffy et al., 2001; Gomez-Pinilla., 200|mRiet al., 2006),as well as emotionally-
related behaviors (Zhu et al., 2006 ; Koh et2007). Cellular alterations, such as increases
in neurogenesis, synaptic density and neuronatigikys( Mora et al.,2007) has also been
observed in animals housed in complex environmamisseem to be related to improvement
in behavioral parameters (Pham et al.,2002 ; Gol#8®4). These changes in neural circuits
have been associated with alterations in neuroitopdictors, especially brain-derived
neurotrophic factor (BDNF). It is well documentdtht the expression and levels of BDNF
are prone to environmentally induced changes (Rakey et al., 1992; Pietropaolo et al.,
2004; Gelfo et al., 2010) and that increases in BDiluced by enriched environment are
associated with better performance in differentdvéral tasks (Schneider et al., 2000; Ickes
et al., 2000; Gomez-Pinilla., 2005; Hopkins et 2010). The binding of BDNF to TrKB and
p75 receptors (Kermani et al, 2007; Halbook e2@06) activates biochemical cascades that
can lead to cell proliferation, survival and plegyi (Mattson et al., 2004; Sossin et al.,
2007) and, at least in part, explain the effects of dmithousing conditions on brain and
behavior.

All these evidences suggest that BDNF would be rdaeresting biomarker of the

effects of environmental enrichment on cognitiod ather behavioral parameters in humans.



A great numbers of studies on psychiatric (Sktaal., 2002; Itohet al., 2004 Cunhat al.,
2006; Rosat al., 2006; Kimet al., 2007) and neurodegenerative disorders (Mattsah. e
2004; Yan et al.,, 2010; Scalzo et al., 2010; P#iaal., 2010) have shown consistent
alterations of BDNF in these pathological condition

However, there are relatively few studies of enwnentally induced alterations of
BDNF in humans, all of them restricted to the effeicexercise and most of them related to
the acute effects of physical activity on BDNF (Winet al.,, 2007; Nofuji et al., 2008;
Zoladz et al., 2008; Rasmussen et al., 2009). #sdtlen part, this lack of studies with humans
reflects the need to clarify some issues, as tlagive importance off each component of the
enriched environment (physical, social and cogejtien the central nervous system, the
effects of age and time of exposure to the enrictredronment and the relation between
central and peripheral levels of BDNF, since anistatlies measure central BDNF levels and
human studies depend on the evaluation of peripfsaum or plasma) concentrations.

Studies that compared healthy animals maintaine@énnched and impoverished
conditions (isolation, no stimulation for physicallearning experiences) showed higher brain
levels of BDNF in animals of the enriched conditigtham et al., 1999; Pham et al., 2002;
Rossi et al., 2006; Branchi et al., 2006; Zhu et2006). However, results from studies that
compared animals in a social (2 to 5 animals in stahdard cage) and in an enriched
condition (more than 5 animals in a greater cagé tays) were not so consistent, ranging
from data showing important to mild (or no sigrdiint) effects of enrichment on BDNF levels
(Rossi et al.,, 2006; Zhu et al., 2006; Parks at20008; Bakos et al., 2009). Considering
human studies, and environmental enrichment asitenvention, the social versus enriched
condition would be the most common situation. Caomi¢tl alterations of BDNF in central
nervous system lead to detectable peripheral @ttesaof this neurotrophin? Although we

know that BDNF can cross the blood brain barriem(Bt al., 1998; Karege et al., 2002; Lang



et al., 2007) and that there are correlations betweentral and peripheral BDNF in some
animals (Klein et al., 2010), and biomarkers ofticat integrity and peripheral BDNF in
humans (Lang et al., 2007), we still don’'t know tmmount off central BDNF alterations
necessary to induce measurable peripheral moddicatf this neurotrophin. The only study
that analyzed if an induced alteration of centrBINE- correlate with its peripheral measure
was done with rats exposed to electroconvulsivarment (Sartorius et al., 2009); a situation
very different from physiological conditions andattprobably can induce more pronounced
modifications of BDNF.

In order to contribute to the elucidation of somé¢hese issues, we maintained rats for
10 weeks in a social or enriched condition and stigated if these housing conditions had
effects on long term memory of object recognitiartgsk that provides a close analogy with
recognition tests that are widely used in humams) @n central (hippocampus and frontal
cortex) and peripheral (serum) BDNF levels. Theeexpental conditions and the choice of
the parameters to be analyzed were selected betimyseould be more easily translated to

human studies to investigate the effect of envirental intervention on cognition and BDNF.



1.Experimental Procedures

2.1 Animals

Male Wistar rats (30 days of age at the time a¥al) were obtained from the State Health
Science Research Foundation (FEPPS-RS, Porto AlBgaeil). Animals were kept (4-5 to a
cage) on a room temperature of 21 + 1°C and a 1R2Mlight/dark cycle with food and water
ad libitum. All behavioral experiments were performed at ighase between 09:00 h and
16:30 h. The experimental procedures were conduostadcordance with the NIH Guide for
Care and Use of Laboratory Animals (NIH publicatiblo. 80-23 revised 1996). All

experimental protocols were approved by the insbitial animal care committee. All efforts

were made to minimize the number of animals anul théfering.

1.2Housing conditions

The animals used in this study were randomly assigo one of two housing environments,
characterizing two experimental conditions: a) 8bciondition (control group, n=15), in
which rats remained in the standard methacrylagesé31x42x17cm), with no access to any
stimulus objects and handled only during routingecghanging; b) Enriched condition
(Enriched group, n=10), in which animals were nmaimgd in a large cage (34x52x59cm)
with two floors, ramps and several stimulus objemts'toys” selected from a pool of 40
objects, such ladders, boxes, balls, tunnels, brjsbaby music toys, and platforms. The
objects were changed three times a week in randonbination. Although these rats could
observe ongoing activity in the room, they receieatly minimal contact with animal care

workers during routine cage changing.



The animals were kept in these conditions for aogeof 2 months, (beginning at the
40nd postnatal day) before behavioral testing. rAfhavioral testing they were maintained for
another two weeks in the different housing condgidefore blood sampling for BDNF
evaluation. Weight gain was measured at the beggnand end of the experiment and no

significant differences between groups were obsk(gata not shown).

2.3 Open Field behavior

Habituation and reactions to spatial changes weatuated by on open field. The open field
was a 40cm x 45cm arena surrounded by 50cm higls,wabde of plywood with a frontal
glass wall. The floor of the arena was divided ihfbequal squares by black lines. On the
first day, animals were handled for 1 min. On selcday, all animals were placed in the rear
left corner and left to explore the field freelyr & min. Latency to start locomotion, line
crossings, rearing and the number of fecal pefpetsluced were counted (De Lima et al.,

2005¢).

2.4 Novel Object recognition memory (NOR)

The NOR task uses the natural preference for navelcts displayed by rats and was used to
assess cognitive alterations associated with emwiemtal enrichment. Twenty-four hours

after open field exploration, animals were traia@ed tested in a novel object recognition task
as previously described (Schroder et al., 2003LiD®& et al., 2005a, b, c¢; 2006; Schroder et
al., 2003).Training in the object recognition taekk place in the same arena used for the
open field, except that arena floor was coveredh wéwdust during the recognition memory

task training and test trials. The open field exgion was thus used as a context habituation



trial for the recognition memory task. The objeetagnition test required that the rats
recalled which of two plastic objects they had bpesviously familiarized with. Twenty-four
hours after arena exploration, training was corellitty placing individual rats into the field,
in which two identical objects (Duplo Lego toys)negositioned in two adjacent corners, 9
cm from the walls. In a long-term memory (LTM) tegvven 24h after training, the rats
explored the open field for 5 min in the presentcamiliar object (F) and a novel object (N).
All objects presented similar textures, colors, aiges, but distinctive shapes. Object
exploration was measured using two stopwatchesetord the time spent exploring the
objects during training and test trials. A recogmtindex calculated for each animal was
expressed by the ratiqyT (Tr + Tn) [Te= time spent exploring the familiar object R=Ttime
spent exploring the novel object N] (De Lima et 2D05, 2006, 2008a, b; Dias et al., 2007).
Between trials the objects were washed with 10%rethsolution. Exploration was defined
as sniffing or touching the object with the nosd/anforepaws. Sitting on the object was not

considered exploration.

2.5 BDNF ELISA procedure

All rats were euthanized by decapitation two veeaker LTM to avoid any interference of
the performed behavioral tests on BDNF levels. i&ravere immediately removed; frontal
cortex and hippocampus were rapidly dissected ambh in liquid nitrogen. Blood for serum
BDNF determination was collected in anticoagulaeeftubes and kept at room temperature
for one hour and then at 4@r a second hour before centrifugation at 3Q2@ during 10

min. Serum was then stored at -2Q@til use.

BDNF levels in serum and in brain tissues [homageshiin phosphate buffer solution

(PBS) with protease inhibitor cocktail(Sigma)] wetetermined by sandwich-ELISA using



monoclonal antibodies specific for BDNF (R&D SysterMinneapolis, Minnesota). Briefly,
microtiter plates (96-well flat-bottom) were coatedernight at room temperature with the
monoclonal anti-BDNF antibody at 4 gl in PBS. Then, plates were washed three times
with wash buffer (PBS, pH 7.4, with 0.05% Tween a6y were blocked for 1 hour at room
temperature with PBS containing 5% nonfat milk pewdh\fter another washing, plates were
coated for 2 hours at room temperature with thepsesndiluted 1:2 (tissues) and 1:10
(serum) in sample diluents (PBS with 1% BSA) arahdard curve ranged from 7.8 to 500
pg/mL of BDNF. Plates were washed again and wasedda biotinylated anti-BDNF
antibody at 0.2 ug/mL in PBS, which was incubatedZ hours at room temperature. After
washing, the incubation with streptavidin-perox@lasonjugate (diluted 1:200 in sample
diluents) for 20 min at room temperature was pentxt. Plates were then washed and
incubated with the substrate for 20 minutes at raemperature. Finally, the stop solution
(H2SO, 1M) was added and the amount of BDNF was detemnimeabsorbance at 450 nm
with correction at 540 nm. The standard curve destrated a direct relationship between
optical density (OD) and BDNF concentration. Topabtein was measured by Lowry’s

method using bovine serum albumin as a standard.

2.6 Statisticals Analiysis

Comparisons of behavioral data from social andceed housing conditions were performed
using Mann-Whitney U-testes, except for the resaftgrossings and rearing, which were
analyzed by independent samptegst. Within group comparisons of recognition indexes
were analyzed with Wilcoxon test. Between groupsigarisons of BDNF levels in serum
and brain tissue samples were performed using armt-samples t tests. Parametric data
were expressed as mears£.M and nonparametric data as median (intendpiaainges). P<

0, 05 was considered to indicate statistical sigaifce.



3. Results

3.1 Open Field behavior

Behavior during exploration of an open field wasaleated in order to control for
sensorimotor effects that could be induced by dbfie housing conditions. Results showed no
significant differences in latency to start locomot (p=0,815), number of crossings
(p=0,083) and rearing (p=0,107) between experinagrtaups. Number of fecal pellets was
slightly, but significantly (p=0,024), greater fanimals of the social condition [2(0/4)] than

for rats maintained in the enriched condition [Of{/

3.2 Effects of enriched environment on the Object Recognition Task

Statistical comparison of recognition indexes shbwet there was no significant difference
(p=0,81) between animals of the social (0,51 pdR56] and the enriched conditions ( 0,53]
0,43/0,63] ) in the training trial. Within groumayses indicated that animals of the social
group showed significant preference (p=0,036) iplexng the novel object during the LTM
retention trial (time expended exploring object &sw23(17, 89/34, 71@nd object N was
[33, 19(22, 44/36, 9)]. Animals of the enriched diion group also preferred the novel object
in the LTM retention test, as Wilcoxon test hasigated a significant difference (p=0,04)
between the time spent exploring the familiar am&l novel object (time expended exploring
object F was [16,78(13,43/36,83dnd object N was [50,6(33,20/77,13)]. However,
recognition indexes in the LTM retention trial wesignificantly (p=0,014) higher for rats
housed in the enriched environment (0, 65[0, 623)) than for rats maintained in the social

condition (0, 55[0, 48/0, 64]) (Fig. 1).



3.3 Measurement of BDNF in the two brain regions of the rats

The BDNF levels in hippocampus (110,4512,35) and frontal cortex (17,913492) of rats
living in the enriched environment were not sigeafitly different (p>0,2) from those of the
hippocampus ( 161,98 38,19 ) and frontal cortex (23,063t07) of rats maintained in the

social condition (Fig. 2A and F. 2B ).

3.4 Measurement of BDNF in the serum of therats
Serum levels of BDNF were also not significantljfetient (p=0,60), in animals maintained
in the enriched condition ( 978.6545.95 ) in relation to animals of the social coiodi

(1009.24+35.73) (Fig. 2C).

4 Discussion

The present study has investigated the effect @ir@mment enrichment on long term
memory for object recognition and BDNF levels iraibr (hippocampus and frontal cortex)
and serum in rats. The data shown here demonstr@t@nimals maintained in the enriched
condition had enhanced performance on the memskyitarelation to the social condition.
This enhanced performance can not be attributeahyounspecific sensorimotor effect that
could be induced by the different housing condgiosince no significant between groups
differences were seen in the open field parameildras, these animals clearly showed an
improved retrieval in the memory task. These rasale in line with other studies of the
effects of environment enrichment ( Ickes et @0@ Gobbo., 2003; Shun-Wei et al., 2006;
Rossi et al; 2006)and, as expected, indicate that increased oppbytdar learning
experiences and physical activity can improve dogmperformance, regardless of the effects

of social interaction. However, the observed effaxftthe enriched environment on memory



occurred in the absence of any significant alterain central or peripheral BDNF levels.
Although unexpected, the results obtained in thidysfor BDNF in hippocampus and frontal
cortex are not unique (Parks et al, 2008 and Baka§ 2009).

While this is not the first study to compare so@nt enriched conditions, it was the
only one that maintained the same number of rathéntwo conditions. In other studies
(Rossi et al, 2006; Parks et al., 2008 and Bakad.eP009) the enriched housing, besides
offering opportunity for learning experiences arfygical activity, also encouraged a greater
social interaction, since 2 to 3 times more animase maintained in the enriched cages than
in the social condition. Thus, our experimentaligiesertainly diminished the difference in
social interaction between experimental groups.kirapto our results for brain BDNF from
this perspective, it could be possible that onliwleen groups differences in sensory-motor
stimulation are not enough to produce significaffecences in BDNF levels. In favor to this
hypothesis are the studies of Parks et al. (2008) Bakos et al. (2009), which even
maintaining more animals in the social than in #miched condition, also found no
significant differences in hippocampal or frontavéls of BDNF in healthy male rats.
Moreover, the great majority of studies that shovimcteased levels of BDNF in brain,
especially in the hippocampus, compared enrichedisolated animals (Pham et al., 1999;
Ickes et al., 2000). In this conditions the BDNeadences between groups are improved,
since isolation rearing of animals is consideretéa model of social stress (Arakawa et al.,
2003; Bianchi et al., 200@nd could depress BDNF levels (Jacobsen et al§;200lug et
al., 2009; Weintraubb et al., 2010), in additionnduce behavioral and physiological changes
(Jones et al., 2010). Although this type of expental design facilitates the investigation of
the cellular and behavioral effects of BDNF, it lcbbhe hardly translated to the investigations
of environment enrichment and BDNF in humans, siso&tion is not a common situation

for healthy humans.



Besides the reduction of social interaction diffees between our experimental
groups, there are some other experimental aspéetis should be considered in the
interpretation of the BDNF results. First we musalgize the possible effects of age and time
period during which the animals were maintainethaenriched environment.

Our animals were young and their exposure to thieleed condition occurred when
BDNF levels tend to triplicate in frontal cortexdaalmost double in the hippocampus and
serum as a result of postnatal development of éneonis system (Karege et al., 2002). Thus,
these developmental alterations of BDNF could halvecured the effects of environmental
enrichment if they were mild. It would be interestito investigate this same experimental
protocol in older animals, in which the BDNF readhstable values or is already declining
because of aging (Halbach .,20Hpickson et al.,2010) . In relation to the timeipérduring
which the animals were maintained in the enrichedddion, it could be argued that 10
weeks may have been insufficient to induce changethe levels of BDNF. However,
previous studies have shown that even smaller ¢erad time, such as 6 to 8 weeks, are
capable to alter BDNF expression (Schneider e28D1) and levels in hippocampus (Rossi
et al, 2006).

Second, it is important to note that some studmesvsimportant regional differences
in the hippocampal BDNF levels in response to emritent enrichment (Schneider et al.,
2001; Ickes et al., 2000; Bayne., 2005; Segovial.e2009). Zhu et al (2006), for example,
showed that although dorsal hippocampus has higEdF concentrations, only ventral
hippocampus showed increased (nearly 17%) BDNHddawemice that were maintained in
the enriched tested condition. In this conditionjnals were maintained in an enriched
environment, tested in different tasks for behaaioalysis (such as elevated plus-maze, open-
field, novel-objects exploration and food neophplaiad killed 8 days later for neurothrophin

analysis. In our study we used a similar protoamhmely exposure to an enriched



environment and behavioral testing (open-field andel-objects exploration) before killing
animals for neurothrophin analysis. However, wedusgal hippocampus. Thus, it could be
that significant between group differences in higgrapus were missed because they where
slight and occurred in only a sub region of thimcure, and whole hippocampus analysis
could have “diluted” these results. Moreover Zhu @olleagues (2006) showed that brain
BDNF levels appear to be sensitive to behavioraling stimuli, reducing the effects of
environmental enrichment on neurothrophin concéotra. The authors speculated that
behavioral testing could involve some degree asstror cognitive demand that would likely
impinge on BDNF, an aspect that could not be rdat in our study. It is important to
highlight that although the testing protocol usedhis study could interfere with the BDNF
modulation by environmental enrichment, it is clogethe situations that are found in studies
with humans, in which it is virtually impossible pvevent the subjects to do activities other
than those proposed in the experimental enrichmeatocol and control for everyday stress
situations.

Data on serum levels of BDNF obtained in this studgre within the values
previously described in the literature (Klein et, &010), and no significant differences
between experimental groups were seen. Thesdgegelle not surprising, given the absence
of significant alterations of BDNF in brain. If teewas any BDNF alteration in other brain
structures that we have not investigated, it wasstoall to be reflected in serum levels.

In the absence of significant alterations of BDNEher factors should be considered
to explain the improved performance on LTM for abjeecognition seen in rats exposed to
an increased opportunity for learning experiences@hysical exercise. An increasingly body
of evidences shows that other neurotrophins, as BI@eFNT-3, can be modulated by housing
conditions (Ickes et al.,2000; Pham et al.,2002unSWei et al.,2006) and are related to

cellular and behavioral changes resultant frometifiects of enriched environment (Gobbo et



al.,2003; Rossi et al.,2006). Besides alteratimnsieurotrophins, enriched environment
could also act on other brain aspects, like neansmitter system (Chan et al., 2008;
Hoffman et al., 2009; He S et al.,2010) known tadmate learning and memory mechanisms
In conclusion, our results indicated that BDNF vma$ an adequate biomarker of the long
term effects of increased physical and learningodpipities on cognition, since young
animals exposed to the enriched environment shamedased long-term memory for object
recognition without any alterations in central (mpeampus and frontal cortex) or peripheral
BDNF levels. However, this study did not aim towdra final conclusion about the potential
of BDNF as a biomarker in intervention studies datiba effects of environmental enrichment
in healthy humans. We believe that the resultfisfstudy are important to highlight the need
to develop experimental protocols using animal nwdbat more closely resemble the
characteristics of studies with humans and motivatee investigations to determine the
conditions under which BDNF could be a good biorearkf the effects of environment
enrichment. As discussed above, it is possible #gg has an important role in the
determination of the potential role of BDNF as arbarker. Future studies should address
this issue, since there are a great number ofcelirdvidences showing that an enriched life

style can slow the rate of cognitive decline i léfie (Valenzuela et al, 2007).
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6.Figure Legends

6.1 Fig. 1. Effect of environmental enrichmemin recognition memory. Animals were
maintained for two months in social or enriched $iog conditions, trained on the object
recognition task and tested 24h later for long-teetention. Recognition index is expressed
by the ratio |/ (Te+Tn), Te=time spent exploring the familiar object ang=tlime spent
exploring the novel object. Data expresssdmedian and interquartile ranges. *P<0,05 in
relation to training trail of rats maintained tmetenriched condition and in relation to LTM

test of control animals.

6.2 Fig.2.Brain- derived neurotrophic factor (BDNF) levels(#) frontal cortex , (B) frontal
cortex and (C) serum of animals maintained in t&as (control) and enriched conditions.
Values are expressed as meaB.E.M. Differences between social condition anariched

condition are indicated:p<0,05.
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CAPITULO 3

Consideracdes finais



3.1 CONSIDERACOES FINAIS

A maioria dos estudos sobre os efeitos do ambiente enriquecido mantém os
animais do grupo controle em uma situagédo de isolamento, enquanto os animais do
ambiente enriquecido sdo mantidos em grupos (Schneider et al., 2001; Pitropaolo et
al., 2004; Shun-wei et al; 2006). Este tipo de intervencdo ndo nos permite separar a
contribuicdo relativa da interagéo social em relagdo a estimulagdo sensorio-motora e
atividade fisica espontanea e, possivelmente, acentua as diferencas nas tarefas
comportamentais e nos niveis de neurotrofinas.

Animais mantidos sozinhos sé@o considerados um modelo de estresse social
(Arakawa., 2003). Nessa condicdo, demonstram uma variedade de mudancas
comportamentais e psicoldgicas, como déficit no aprendizado e na discriminagéo no
reconhecimento do objeto (Jones et al.,2010).

Em funcdo destas alteracdes, este estudo abordou os efeitos do
enriqguecimento sobre a memoéria e o BDNF, através de uma série de aspectos
metodoldgicos, pois o0 objetivo foi tracar um paralelo o mais proximo possivel com o
ser humano para avaliar a importancia da estimulacdo sensério-motora e atividade
fisica espontanea sobre parametros que refletem aspectos funcionais do SNC. Por
ISSO usamos como grupo controle (social) um conjunto de animais que nao foi
mantido em isolamento, uma tarefa de memoéria neutra e avaliamos o BDNF no
plasma. Esse trabalho foi o primeiro a manter que manteve o0 mesmo numero de
ratos nas duas situacdes de ambiente (ambiente enriquecido / social), o desenho do
nosso modelo experimental diminuiu as diferengcas da interacdo social entre os
grupos. Além disso, esse modelo experimental facilita a investigacdo dos efeitos
celulares e comportamentais induzidos pelo ambiente enriquecido e pode ser
traduzido com estudos de ambiente enriquecido e BDNF com humanos, ja que o
isolamento ndo € uma situagcdo comum de pessoas saudaveis.

Outro aspecto importante que deve ser considerado, além da diferenca da
interacdo social, é a idade dos animais e o tempo de moradia no ambiente
enriquecido.

Observamos que ndo houve aumento significativo de BDNF no hipocampo,
cOrtex e consequentemente no plasma ao longo do tempo de experimento. A

auséncia de alteracdo pode ter sido mascarada pela fase de desenvolvimento pés-



natal destes animais, que por si sO ja tende a duplicar os niveis dessa neurotrofina
no SNC ( Karege et al.,2002). Talvez em animais mais velhos se teria uma alteracao
nos niveis de BDNF no grupo do ambiente enriquecido, ja que ocorre um declineo
desta neurotrofina com o envelhecimento.

Outro fator relevante foi o tempo que os animais foram mantidos, pode ter
sido insuficiente para mudancas nos niveis de BDNF. Pietropaolo (2004) , relatou
que o tempo de quatro dias ja seria o suficiente pra produzir mudancas nos niveis de
BDNF em ratos jovens, porém ndo em ratos adultos . Outro estudo observou o
aumento de BDNF em ratos expostos durante o periodo de um ano no ambiente
enriquecido (Ickes et al., 2000).

Contudo os animais abrigados nessas condi¢des demonstraram uma melhora
na memoria , quando submetidos ao teste de reconhecimento do objeto, mostrando
gue o ambiente enriquecido apresenta uma influéncia positiva nesse aspecto, pela
oportunidade que o enriquecimento ambiental proporciona com experiéncias de
atividade fisica e aprendizado que podem melhorar o desempenho cognitivo.

Estudos futuros serdo importantes, ja que um grande numero de evidéncias
clinicas mostram que um estilo de vida “enriquecido” pode diminuir um declineo

cognitivo na vida mais tarde (Valenzuela et al., 2007).
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