UNIVERSIDADE FEDERAL DE SANTA MARIA
CENTRO DE CIENCIAS DA SAUDE
PROGRAMA DE POS-GRADUACAO EM FARMACOLOGIA

Karine Roversi

INFLUENCIA BENEFICA DA ESTIMULAGCAO TATIL EM MODELOS
EXPERIMENTAIS DE DEPRESSAO: PARAMETROS
NEUROQUIMICOS E COMPORTAMENTAIS EM RATOS

Santa Maria, RS
2020






Karine Roversi

INFLUENCIA BENEFICA DA ESTIMULACAO TATIL EM MODELOS
EXPERIMENTAIS DE DEPRESSAO: PARAMETROS NEUROQUIMICOS E
COMPORTAMENTAIS EM RATOS

Tese apresentada ao Curso de Doutorado
do Programa de Po6s-Graduacdo em
Farmacologia, da Universidade Federal de
Santa Maria (UFSM, RS), como requisito

parcial para obtencéo do titulo de Doutora
em Farmacologia.

Orientadora: Prof2 Dra. Marilise Escobar Burger
Coorientadora: Dr2 Caren de David Antoniazzi

Santa Maria, RS
2020



Roversi, Karine

INFLUENCIA BENEFICA DA ESTIMULACAC TATIL EM MODELOS
EXPERIMENTAIS DE DEPRESSACQ: PARIMETROS MNEUROQUIMICOS E
COMPORTAMENTAIS EM RATOS / Earine Roversi.— 2020.

107 p.; 30 em

Orientadora: Marilise Burger

Coorientadora: Caren Antoniazzi

Tese (doutorads) - Universidade Federal de Santa
Maria, Centro de Ciéncias da Sadde, Programa de Pas
Graduacdo em Farmacologia, RS, 2020

1. Depressdo 2. Manuseio 3. Neurogénese 4. Serotonina
5. Eixo HPA I. Burger, Marilise II. Antoniazzi, Caren
III. Titulao.

Sistems de geragioc avtomiAtica de ficha catalografica da UFSM. Dados fornecidos pelo
antorfa) . S5ob supervisic da Direcloc da Divisio de Processos Técnicos da Biblioteca
Central. Bibliotecéria responsawvel Faula Schoenfeldt Patta CRB 1O0/1728.



Karine Roversi

INFLUENCIA BENEFICA DA ESTIMULAGAO TATIL EM MODELOS
EXPERIMENTAIS DE DEPRESSAO: PARAMETROS NEUROQUIMICOS E
COMPORTAMENTAIS EM RATOS

Tese apresentada ao Curso de
Doutorado do Programa de Pos-
Graduagdo em Farmacologia, da
Universidade Federal de Santa Maria
(UFSM, RS), como requisito parcial
para obtencao do titulo de Doutora
em Farmacologia.

Aprovada em 20 de outubro de 2020:

0l
Flanl

Marilise| Escobar Bii rger, Dra.
(Pr(e%identeiOrienta ora)

Qaren T. Antoniozea
Caren Tatiane de David Antoniazzi, Dra.
(Coorientadora)

CAAAq §

César Augustd Bruning, Dr. (UFPEL)
W N

”» \ A ;)11%21
Hecson Jesser Segat, Dr. (UFSM)

Lucielli Savegnagq, Dra. (UFPEL)

s o/ (- emmfd

=)

Maribel Antonello Rv’ubi'r'\,' Dra. (UFSM)

Santa Maria, RS
2020






DEDICATORIA

Esta tese € dedicada ao meu pai Adecir.






AGRADECIMENTOS

Ao meu pai, por apoiar minhas decisdes, por ndo medir esforgcos para me
proporcionar a melhor educacdo e por sempre acreditar em mim. A minha madrasta
e minhas irmas, Marina, Mariana, Karoline, Francini por todo apoio e em especial a
Katiane, que sempre esteve presente como uma mae, me ajudando e me
amparando em todos os momentos.

A minha eterna mae, que ja ndo esta mais aqui presente, mas sei que estara
sempre comigo, me guiando e protegendo.

A minha incrivel orientadora Professora Marilise, por me acolher nestes quase
10 anos de laboratério FARMATOX. Pelas conversas, conselhos e exemplos, ndo so
da vida profissional, mas também pessoal. Obrigada por ter acreditado em mim
qgquando nem eu acreditava, e por ndo ter poupado nenhum esforco para eu ter
chegado até aqui e ser quem eu sou hoje. Serei eternamente grata.

A minha amiga e coorientadora Caren, por aceitar embarcar nessa jornada
comigo e estar sempre disponivel para me aconselhar, me acalmar e clarear minha
mente quando mais precisei. Agradeco por toda a tua dedicacdo e carinho em me
ajudar a atingir meus objetivos e chegar até aqui.

Aos meus colegas do laboratério FARMATOX, em especial aos que nao
foram sO colegas, mas sim grandes amigos, Vinicia e Hecson. Obrigada pelos
momentos divertidos de trabalho, de descontracdo, e risadas que compartilhamos
todos esses longos anos. Sentirei muitas saudades.

Aos meus amigos Daiane, Jade, Patricia, Tamiris e Wilian que de alguma
forma fizeram parte dessa jornada e conseguiram fazer todo esse caminho ser mais
leve e tranquilo. A todos os meus amigos do “sanduiche”, Louise, Mariana, Nina,
Renata, Rafael e Zsofi por fazerem meu ano de sanduiche incrivelmente especial e
maravilhoso.

A professora Judith, pela oportunidade e por me receber com tanto carinho
Donders Insitute for Brain, Cognition and Behaviour

As agéncias de fomento FAPERGS, PROAP-UFSM, bem como CAPES
CNPq pelas bolsas de estudos concedidas. A Universidade Federal de Santa Ma
pela oportunidade da realizagcdo da pds-graduacao.

Enfim, agradeco a todas as pessoas que de alguma forma me auxiliariam e

me incentivaram para esta realizac¢ao profissional.






RESUMO

INFLUENCIA BENEFICA DA ESTIMULAGAO TATIL EM MODELOS
EXPERIMENTAIS DE DEPRESSAO: PARAMETROS NEUROQUIMICOS E
COMPORTAMENTAIS EM RATOS

AUTORA: Karine Roversi
ORIENTADORA: Profa. Dr2. Marilise Escobar Burger
COORIENTADORA: Dr2 Caren Tatiane de David Antoniazzi

A depressdo é um transtorno mental que afeta milhdes de pessoas em todo o mundo, e embora
diferentes farmacos sejam utilizados para tratar a doenca, a eficacia destes tratamentos ainda
apresenta limitagBes. A estimulagéo tatil (ET) é uma terapia manual que pode ser aplicada desde o
nascimento até a vida adulta, e evidéncias experimentais tém mostrado seus beneficios em diferentes
modelos animais. O objetivo dos estudos que compdem esta tese foi avaliar a influéncia da ET
aplicada durante o periodo neonatal ou na vida adulta de ratos expostos a diferentes modelos de
depressdao. O protocolo experimental 1 avaliou a influéncia da ET na idade adulta sobre
comportamentos tipo depressivos em ratas. As fémeas receberam administracdo de reserpina
(Img/kg/dia, s.c. 3 dias) para a indu¢do de sinais de depressao. O farmaco antidepressivo imipramina
(10mg/kg, i.p.) foi utilizado como controle positivo. Apés a Ultima administracdo de reserpina, 0
protocolo de ET foi realizado (15min/3xdia, 8 dias). Subsequentemente a eutandsia, biomarcadores
de estresse foram quantificados no sangue, enquanto a expressao de BDNF, proBDNF, TrkB, GDNF,
GFAP e GR foram quantificados através de eletroforese em gel em amostras do cértex pré-frontal
(CPF). Os resultados mostraram que a ET reverteu os comportamentos tipo depressivo induzidos
pela reserpina, reduzindo também os niveis plasméticos de corticosterona e do hormdnio
adrenocorticotrofico, juntamente com menor peso das adrenais. No CPF, a ET aumentou a expressao
do BDNF, TrkB, GFAP e GR, e reduziu os niveis de proBDNF. No segundo protocolo experimental
avaliamos a influéncia da ET neonatal (10min/1xdia, 8 dias) aplicada em ratos heterozigotos para o
transportador de serotonina (SERT*") a fim de determinar a influéncia deste manuseio sobre o
desenvolvimento de comportamentos social, ansiedade e anedonia. Apds a eutanasia, a amigdala
basolateral foi coletada e a expressdo de BDNF e suas isoformas, transportador vesicular de
glutamato (VGLUT) e do GABA (VGAT), enzima GAD67, GR e MR, assim como genes responsivos
aos glicocorticoides foram mensurados por RT-PCR. Observamos que em animais SERT*-, a ET
melhorou os comportamentos social e afetivos. Em nivel molecular, somente a ET per se mostrou
alteracdes na amigdala basolateral, na qual reduziu os niveis de BDNF e das isoformas IV e VI, a
razéo dos receptores GR/MR, dos genes responsivos aos glicocorticoides, e a razdo VGLUT/VGAT,
enquanto que aumentou os niveis da enzima GADG67. Por fim, uma revisdo sistematica foi realizada
para avaliar o impacto da ET em ratos. Apds busca em um banco de dados, 55 estudos foram
selecionados dentro dos critérios exigidos. De modo geral, observamos que a ET exerceu influéncias
benéficas em diferentes comportamentos, modificando principalmente, comportamentos relacionados
a cognicdo e a emocgdo. Além disto, alteracdes periféricas, observadas principalmente através dos
niveis séricos de corticosterona como também sobre o SNC, sugerindo que a aplicagdo da ET
constitui um protocolo de manipulagdo ndo invasivo e eficaz para melhorar fun¢des neurobiolégicas
dos animais. A partir dos resultados obtidos nos protocolos experimentais descritos nesta tese,
observavamos que a ET exerceu influéncia favoravel sobre comportamentos do tipo depressivo e de
ansiedade. Estes resultados confirmam nossa hipétese inicial sobre os beneficios da ET na reducédo
da hiperatividade do eixo hipotalamico-pituitaria-adrenal, minimizando assim a liberacdo de
corticosterona, e favorecendo a ativacdo de fatores neurotréficos e de outros sistemas relacionados a
emocionalidade. Por fim, a revisdo sistematica corroborou com os resultados experimentais
apresentados, os quais em conjunto, confirmam os beneficios da ET em diferentes periodos da vida
sobre aspectos neuroquimico-moleculares e comportamentais relacionados a diferentes transtornos
psiquiatricos, tais como ansiedade e depresséo.

Palavras-chave: manuseio, neurogénese, serotonina, eixo hipotalamo-pituitaria-adrenal.






ABSTRACT

BENEFICIAL INFLUENCE OF TACTILE STIMULATION IN EXPERIMENTAL
MODELS OF DEPRESSION: NEUROCHEMICAL AND BEHAVIORAL
PARAMETERS IN RATS

AUTHOR: Karine Roversi
ADVISOR: Prof2. Dra. Marilise Escobar Burger
CO-ADVISOR: Dr2 Caren Tatiane de David Antoniazzi

Depression is a common disease worldwide and although there are several drugs for the treatment of
depression, the effectiveness of this pharmacotherapy still presents limitations, possibly due to the
difficulty of understanding its pathophysiology. Tactile stimulation (TS) is a manual therapy applied
both in early and in adult life. Studies have shown the benefits of TS in rodents in models of
psychiatric disorders, including anxiety and addiction. In this study, our objective was to evaluate the
influence of TS applied in the neonatal period or adult life in different animal models of depression.
The first experiment of this study evaluated the possible positive response of TS on the reversion of
depression-like behaviors in adulthood after reserpine administration. Adult female Wistar rats
received reserpine once daily for three consecutive days (1mg/kg s.c.). The antidepressant imipramine
(10mg/kg i.p.) was used as a positive control. Immediately after the reserpine last administration, the
TS protocol started (15min/3xday, 8 days). Afterward, depression behavioral tests were performed
and then the animals were euthanized for blood collection, for analysis of corticosterone and
adrenocorticotrophic hormone (ACTH) levels in plasma, besides of and prefrontal cortex removal for
guantification of BDNF, proBDNF, TrkB, GDNF, GFAP and glucocorticoid receptor (GR)
immunoreactivity analyzed by western blotting. We observed that TS reverse the depression-like
behaviors induced by reserpine. Besides, our results showed that TS reduced plasma levels of
corticosterone and ACTH, and reduced adrenal weight, parameters which were increased by
reserpine administration. In the PFC, TS increased BDNF, TrkB, GFAP, and GR immunoreactivity and
reduced proBDNF levels. The second experiment of this study aimed to evaluate the effect of neonatal
TS (10min/1xday, 8 days) on heterozygous serotonin transporter rats (SERT*-) and evaluate anxiety
and depression-like behaviors in adulthood. After the behavioral analyzes the animals were
euthanized, and the basolateral amygdala was removed for the expression of BDNF and its isoforms,
glutamatergic and gabaergic components as well as glucocorticoid (GR) and mineralocorticoid (MR)
receptors and glucocorticoid responsive-genes. We observed that TS improved the anxiety,
depressive-like and social behaviors in SERT* rats. In the molecular analyzes, only TS per se
showed modifications in in the basolateral amygdala, which decreased BDNF and its isoforms IV and
VI, the ratio of GR/MR, the glucocorticoid responsive-genes, as well as the ratio of VGLUT/VGAT,
while TS increased the GADG67 levels. As a last section of the thesis, a systematic review was
performed to evaluate the impact of TS in rats. A total of 55 studies were identified and we observed
that TS in rats showed beneficial influences on behaviors, mainly on emotional behaviors. Also, the
effects on the peripheric and central nervous system were observed, in which TS improved important
stress markers, such as corticosterone levels and also improved neuroplasticity markers,
hypothesizing that TS is an effective tool for the improvement of neurobiological and behavioral
response in rats. Considering the results found in this thesis, we can conclude that TS exerts a
positive influence on anxiety and depression-like behaviors, confirming the hypothesis that these
beneficial effects are associated with HPA axis and neuroplasticity. Besides, the systematic review
confirmed these hypotheses of the beneficial effects of TS in rats, especially those observed on
neuropsychiatric disorders, such as depression and anxiety.

Keywords: handling, neurogenesis, serotonin, hypothalamic-pituitary-adrenal axis.
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APRESENTACAO

Esta tese estd estruturada em secdes dispostas da seguinte forma:
Introdugdo, Desenvolvimento, Producgdo Cientifica, Discussdo, Conclusdes e
Referéncias. Nos itens INTRODUCAO e DESENVOLVIMENTO encontram-se
consideracdes iniciais sobre o tema desenvolvido e os objetivos desta tese.

Os itens Materiais e Meétodos, Resultados, Discussédo e Referéncias
encontram-se inseridos como ARTIGO CIENTIFICO |, ARTIGO CIENTIFICO II, e
MANUSCRITO | na secdo PRODUCAO CIENTIFICA e representam a integra deste
estudo.

Ao fim, encontram-se os itens DISCUSSAO e CONCLUSOES, nos quais ha
interpretagfes e comentarios gerais referentes aos resultados contidos neste estudo.
As REFERENCIAS referem-se somente as citacbes apresentadas no item
INTRODUCAO, DESENVOLVIMENTO, DISCUSSAO e CONCLUSOES.
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1 INTRODUCAO

Os transtornos de humor e de ansiedade estdo entre as situagdes mentais
mais comuns que ocorrem em todo o mundo (WORLD HEALTH ORGANIZATION,
2017). Experiéncias traumaticas como estresse, abusos, violéncia estdo associadas
com um maior risco de desenvolvimento de psicopatologias, incluindo depresséo e
ansiedade, tanto nos periodos iniciais da vida quanto na fase adulta (KINDERMAN
et al., 2013). A depressao € a principal causa de incapacidade, contribuindo para a
carga global de doencas (WORLD HEALTH ORGANIZATION, 2020), cujos sintomas
sdo caracterizados por alteracdo do humor, perda de interesse ou prazer,
sentimento de culpa e fracasso, desesperanca e incapacidade de concentracdo
(AMERICAN PSYCHIATRIC  ASSOCIATION, 2017; WORLD HEALTH
ORGANIZATION, 2020), com maior vulnerabilidade para mulheres desenvolverem a
doenca (WORLD HEALTH ORGANIZATION, 2018). Existem diversas hipoteses
acerca da etiologia da depressdo, sendo que a mais aceita relaciona-se ao
desequilibrio de aminas biogénicas, em que a disfuncdo nas vias da serotonina e
noradrenalina seriam a principal causa dos sintomas depressivos (SCHILDKRAUT,
1965). Outros estudos ainda sugerem que o desenvolvimento da depressao pode
estar associado a diminuicdo da neurogénese (DUMAN; HENINGER; NESTLER,
1997) e a hiperatividade do eixo hipotalamico-pituitaria-adrenal (HPA)
(BLACKBURN-MUNRO; BLACKBURN-MUNRO, 2001), quando os elevados niveis
de glicocorticoides, principalmente no cortex e hipocampo, levariam a uma maior
predisposicdo ao distarbio (PARIANTE; LIGHTMAN, 2008). O tratamento
convencional mais utilizado para tratar esses sintomas de depressao e ansiedade
envolve o uso de antidepressivos da classe dos Inibidores Seletivos da Recaptacéo
de Serotonina (ISRS), antidepressivos triciclicos e inibidores da monoamina oxidase
A e B, entre outros (BRUNTON, 2012). Contudo, o uso dessas classes de
medicamentos ndo tem se mostrado totalmente eficaz e a busca por novas terapias
torna-se de extrema importancia para o tratamento desta enfermidade.

Condicdes ambientais sdo capazes de alterar tanto a estrutura cerebral
guanto comportamentos associados a transtornos neuropsiquiatricos, como medo,
ansiedade e depressdo. Em modelos animais, a estimulacéo tatil (ET) € uma forma
positiva de manipulacdo, que independentemente do periodo de aplicacdo, ja

demonstrou ser capaz de exercer influéncias benéficas em roedores (ANTONIAZZI
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et al.,, 2017). Diversos estudos mostram os efeitos da ET neonatal, onde se
observou melhora nas funcdes cognitivas (DASKALALASKIS et al., 2009; RAZA et
al., 2015), desenvolvimento neuronal mais acelerado (SCHAPIRO; VUKOVICH,
1970) e diminuicdo dos niveis de corticosterona, associado ao aumento de
receptores glicocorticoides (GR, do inglés glucocorticoid receptor) no hipocampo em
resposta ao estresse (LIU et al, 1997; MEANEY et al, 1991,
PANAGIOTARAPOULOQOS et al.,, 2004). Além disso, nao somente efeitos da ET
neonatal, mas também os efeitos da ET realizada em animais na idade adulta ja
foram observados, tais como recuperacdo de dano cerebral, aumento de niveis de
neurotrofinas e de dopamina em um modelo de doenca de Parkinson (GIBB et al.,
2010; EFFENBERG et al., 2014). O possivel mecanismo da ET estaria relacionado a
uma alteragdo na regulagdo do eixo HPA (JUTAPAKDEEGUL et al.,, 2003) e
aumento na expressdo de neurotrofinas, como o fator neurotréfico derivado do
encéfalo (BDNF, do inglés brain-derived neurotrophic factor), o qual aumenta o
comprimento dos dendritos cerebrais, levando a uma melhora da plasticidade neural
(GIBB et al., 2010).

A seguir, esta apresentado um breve referencial tedrico sobre as hipdteses
relacionadas a depressao, além de modelos animais desenvolvidos para o estudo
destes transtornos neuropsiquiatricos, investigados nesta tese. Sera também
considerada a influéncia da ET em roedores, e a importancia da utilizacdo deste

manuseio na composicao desta tese.
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2 DESENVOLVIMENTO

2.1 A DEPRESSAO

A depressdo é uma doenca psiquiatrica muito comum em todo o mundo, e
estd entre as doencas mais debilitantes, cujo desenvolvimento afeta o individuo
como um todo, apresentando efeitos psicobiolégicos, sociais e econdmicos
(WITTCHEN et al.,, 2011; WORLD HEALTH ORGANIZATION, 2020). Geralmente
caracterizada por alteracdo do humor e perda de interesse ou prazer, a depressao
também pode levar a sentimento de culpa e fracasso, desesperanca, incapacidade
de concentracdo e muitas vezes acompanhada de sintomas de ansiedade
(AMERICAN PSYCHIATRIC  ASSOCIATION, 2017; WORLD HEALTH
ORGANIZATION, 2020). Dados epidemiolégicos apontam que a depressdo afeta
mais de 264 milhdes de pessoas em todo o mundo, tornando-se a longo prazo, um
sério problema de satde (WORLD HEALTH ORGANIZATION, 2020). Considera-se
ainda que a depressdo seja o principal contribuinte para o desenvolvimento de
outras doencas, entre elas doencas cardiacas e acidente vascular cerebral
(WHOOLEY; WONG, 2013), além de aumentar o risco de suicidio, visto que cerca
de 800 mil pessoas por ano cometem suicidio em decorréncia da depressao.

Com indices progressivos no niumero de pacientes apresentando a doenca,
interessantemente a depressao é duas vezes mais frequente em mulheres do que
em homens, com prevaléncia anual global de 5,5% e 3,2%, respectivamente
(ALBERT, 2015; WORLD HEALTH ORGANIZATION, 2018). Evidéncias sugerem
que essa diferenca seja principalmente devido a fatores biolégicos, incluindo
horménios, maior vulnerabilidade ao estresse ambiental e o préprio estilo de vida
das mulheres poderiam favorecer essa suscetibilidade a depressdo (KRISHNAN et
al., 2010; ALBERT, 2015). O tratamento para este transtorno abrange terapia nao-
farmacoldgica, que inclui terapia cognitivo-comportamental e exercicio fisico (PARK
et al.,, 2013), mas geralmente estdo associadas a terapia farmacoldgica. Este
tratamento consiste na utilizacdo de farmacos que favorecem a melhora dos
sintomas, porém evidéncias apontam que apenas cerca de um ter¢co dos pacientes
nao respondem ao tratamento (GARTLEHNER et al., 2011; AL-HARBI, 2012). A

discrepancia nas respostas ao tratamento pode ser resultado direto da
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heterogeneidade etioldégica da depressdo (KEERS, UHER, 2012) ja que a base

fisiopatoldgica ainda ndo é compreendida totalmente.

2.2 A FISIOPATOLOGIA DA DEPRESSAO

Devido a heterogeneidade tanto clinica quanto etioldgica da depressao, tem
sido dificil elucidar sua fisiopatologia. Embora existam diferentes teorias que
explicam os contextos da doenca, nenhuma delas séo totalmente abrangentes e
conclusivas. Atualmente, os mecanismos reconhecidos que ajudam a explicar a
fisiopatologia da depresséo incluem, a hip6tese monoaminérgica, a desregulacao do
eixo HPA e a neurogénese. Outros possiveis contribuintes sdo alteracdes no
sistema glutamatérgico, gabaérgico, aumento da secrecéo de citocinas inflamatérias
e anormalidades da glia. Compreender a fisiopatologia da depressdo se torna muito
desafiador ja que os sinais e sintomas desta doenca envolvem mudltiplos e

interligados mecanismos e ndo conseguem ser explicados em uma Unica hipotese.

2.2.1 A hip6tese monoaminérgica da depressao

A teoria monoaminérgica foi a primeira teoria que tentou explicar a
fisiopatologia da depressao e sugere que este distirbio poderia ser causado por
uma deficiéncia funcional das monoaminas, dopamina, noradrenalina e serotonina,
no sistema nervoso central (SNC) (SCHILDKRAUT, 1965). Esses
neurotransmissores encontram-se distribuidos em diversas regides do SNC
envolvidas na regulacdo de uma ampla gama de func¢des, incluindo humor, atencéo,
sono, apetite, entre outras (BELMAKER; AGAM, 2008). Essa teoria surgiu na
década de 50 ap6s um aumento na procura por tratamentos psiquiatricos devido ao
fim da segunda guerra mundial (QUEVEDO; SILVA, 2013). Acidentalmente, o
psiquiatra Ronald Kuhn descobriu a acdo antidepressiva da imipramina, molécula
com propriedades anti-histaminicas, anticolinérgicas e sedativas. Kuhn observou
gue pacientes em tratamento com reserpina, medicamento utilizado na época por
seus efeitos anti-hipertensivos, apresentavam sintomas semelhantes a depressao
(GARDNER; BOLES, 2011) e o tratamento com imipramina revertia esse quadro de
sintomas, possivelmente por inibir a recaptacdo de noradrenalina, aumentando os
niveis cerebrais desse neurotransmissor (HERTING; AXELROD; WHITBY, 1961).
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Assim, desenvolveu-se a classe dos antidepressivos triciclicos (ADTs), a qual
logo incluiu novas moléculas, como amitriptilina e desipramina, que apresentavam
diferentes propriedades farmacolégicas (BOSSONG, 2008). Também na década de
50, o pesquisador Ernst Abert Zeller analisou os efeitos antidepressivos da
iproniazida, um farmaco tuberculostatico. Ap0s observar que esse farmaco inibia a
atividade da enzima monoaminoxidase (MAO) e com isso apresentava capacidade
de aumentar os niveis cerebrais de serotonina e melhorar o humor, surgiu o primeiro
grupo medicamentoso de acao antidepressiva, os inibidores da MAO (IMAO). Assim
como a rapida expansao para o tratamento de transtornos do humor, essa classe
teve seu declinio muito rapido também, principalmente por seus efeitos colaterais, 0
gue acabou resultando na ascensao da classe dos ADTs (LOPEZ; ALAMOS, 2009).
Entre as décadas de 60 e 70, outros pesquisadores postularam a hip6tese de que
dentre as monoaminas, a desregulacdo da serotonina na fenda sinaptica seria a
principal causa bioquimica dos sintomas da depressao (Figura 1) (LAPIN;
OXENKRUG, 1969).

Figura 1- Local de acdo dos antidepressivos triciclicos e inibidores seletivos da
recaptacdo de serotonina no neurdnio serotonérgico
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Fonte: (GOLAN, 2009, p. 194).

Essa hipétese originou uma crescente busca por moléculas com acgéo seletiva

para a serotonina e em 1974, com o auxilio de industrias farmacéuticas,
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desenvolveu-se a fluoxetina, o primeiro farmaco da classe dos inibidores seletivos
da recaptacdo da serotonina (ISRS). Essa classe revolucionou o tratamento dos
distarbios do humor, uma vez que apresentam menos efeitos colaterais e melhor
tolerabilidade quando comparado com os IMAOs e ADTs. Logo a classe dos ISRSs
tornou-se a mais prescrita em todo o mundo (STAHL, 2014).

Evidéncias que apoiam essa teoria baseiam-se em estudos demonstrando
gue pacientes com dieta restrita de triptofano, precursor da serotonina, e tirosina,
precursor da noradrenalina, apresentam humor deprimido (MILLER et al., 1996).
Também, uma menor disponibilidade do receptor serotoninérgico 5-HTia,
responsavel pela regulacdo da funcdo da serotonina, e maior disponibilidade da
MAO, que metaboliza a serotonina, tem sido encontrado em diferentes regides
cerebrais de pacientes depressivos (MEYER et al., 2006; HASLER, 2010).

Porém, apesar de quase todos os antidepressivos estabelecidos clinicamente
serem direcionados aos sistemas monoaminérgicos, com o0 passar dos anos,
percebeu-se que ndo era diretamente 0 aumento nos niveis dessas catecolaminas
gue melhoravam os sintomas depressivos. Isso foi observado visto que a utilizacéo
desses farmacos apresentava inicio de acao tardio (trés semanas ou mais apds o
inicio do tratamento), baixas taxas de respostas e que a deplecdo de monoaminas
enddgenas nao produzia alteracdo de humor em individuos saudaveis, mas apenas
em pacientes depressivos (NEMEROFF, 2007; PENN; TRACY, 2012; RUHE;
MASON; SCHENE, 2007). Além do mais, diversos estudos sugerem que nao
existem evidéncias claras de que somente a deficiéncia de monoaminas seja a
causa da depressdo (STAHL, 2014; LIU et al.,, 2017). Portanto, novas teorias
surgiram na tentativa de explicar a fisiopatologia da depressdo e como esses
medicamentos ja estabelecidos clinicamente exerceriam seus efeitos na melhora

clinica dos sintomas.

2.2.2 Hipotese neurotroéfica

A ideia de que a fisiopatologia da depressao vai muito além da desregulacao
do nivel das monoaminas iniciou-se na década de 90. Evidéncias demostravam que
0 aumento das catecolaminas na fenda sinaptica e a ativacdo dos receptores
monoaminérgicos desencadeavam uma seérie de alteracdes neuroquimicas

intracelulares capazes de provocar modificacdes na expressao génica, 0 que se
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traduziria em um aumento da sintese de fatores neurotréficos ou neurotrofinas
(DUMAN; HENINGER; NESTLER, 1997). As neurotrofinas sdo um grupo de
moléculas que desempenham papéis fundamentais em varios processos biolégicos,
como o desenvolvimento, manutengdo e sobrevivéncia dos neurdnios, tanto no
sistema nervoso em desenvolvimento quanto no adulto (FOLTRAN; DIAZ, 2016).
Dentre elas, o fator neurotréfico derivado do encéfalo (BDNF) tem sido amplamente
associado com a depressao (PHILLIPS, 2017). A expressdo do gene do BDNF é
controlada por multiplos promotores dependente de atividade e especificos de
tecidos. Em ratos, o gene do BDNF é composto por 8 éxons-5’, que sdo associados
com promotores distintos e 1 éxon-3’, que codifica a proteina madura (AID et al.,
2007). De particular interesse, os éxons IV e VI, sdo duas transcricdes que contém
promotores direta ou indiretamente regulados pela atividade neuronal e, a
desregulacdo de ambos, esta associada com a depressao (SAKATA et al., 2009). O
éxon 1V, por estar localizado na soma, apresenta indicativo de alteracdo neuronal,
enquanto que o éxon VI esta direcionado para os dendritos (PATTABIRAMAN et al.,
2005; CHIARUTTINI et al., 2008).

Assim como todas as neurotrofinas, o BDNF se liga ao receptor p75NC¢FR e
com maior afinidade ao receptor tropomiosina quinase B (TrkB) onde diversas
cascatas sdo acionadas, como mostrado na figura 2. Por exemplo, o BDNF induz
uma fosforilacdo no receptor TrkB e ativa vias da proteina quinase C (PKC),
associada as acoes rapidas do BDNF e as vias da proteina quinase B (Akt) e da
proteina quinase ativada por mitdgeno (MAPK), que relacionam os efeitos do BDNF
a sobrevivéncia neuronal (HUANG; REICHARDT, 2001; CHAO et al., 2003; BLUM,;
KONNERTH, 2005). Clinicamente, uma diminui¢do nos niveis de BDNF no sangue e
no fluido cerebroespinal estd relacionada com o aparecimento de sintomas
depressivos (KAREGE et al., 2002; ZHOU et al., 2011).

Também, neuroimagens mostram reducdo do hipocampo nestes pacientes,
sendo o estresse um fator conhecido por causar atrofia dessa regiao cerebral, bem
como reducdo nos niveis de BDNF (DUMAN; HENINGER; NESTLER, 1997,
LARSEN et al.,, 2010; QIAO et al.,, 2017). Em modelos animais, a deficiéncia de
BDNF esta associada ao desenvolvimento de comportamentos do tipo depressivos
(ZHANG; PARDRIDGE, 2006; BARANOVA; RYBNIKOVA; SAMOLOIV, 2015), maior
vulnerabilidade a transtornos de ansiedade (JANKE et al., 2015) e alguns estudos

evidenciaram que a utilizacdo de antidepressivos aumenta a expressdo de BDNF
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nesses animais (NIBUYA; NESTLER; DUMAN, 1996; BJORKHOLM; MONTEGGIA,
2016), mais uma vez sugerindo que a sinalizacdo da cascata BDNF-TrkB no
hipocampo e cortex, regides com alta concentracdo de BDNF, teria papel
fundamental para a melhora dos sintomas tipo-depressivos. Essa acgédo dos
antidepressivos aumentarem a neurogénese via BDNF, se da pela acdo dos
antidepressivos estimularem o sistema 3°5 -adenosina-monofosfato-ciclico-proteina
de ligacdo responsiva ao AMPc (AMPc-CREB), alterando a expresséo génica do
BDNF e aumentando a sobrevivéncia neuronal (GUR et al., 2007; WATANABE et al.,
2010).

Figura 2- Via de sinalizacdo do BDNF e seus receptores
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Fonte: Adaptado de Chao, 2003 (CHAO, 2003, p. 301).

Entretanto, assim como a teoria monoaminérgica, a teoria neurotrofica
apresenta suas limitacdes, dentre elas, a principal € que a dosagem sérica de BDNF
ainda ndo pode ser realizada na pratica clinica por limitacdes de detec¢éo da técnica
e também devido a essa neurotrofina encontrar-se alterada em outros transtornos
neuropsiquiatricos, e nao somente a depressdo (GASS; HELLWEG, 2010;
SKILLETER et al., 2015).
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2.2.3 Hipotese neuroendocrina

A hipbétese neuroenddcrina surgiu a partir da ideia de que modelos de
estresse cronico levariam ao desenvolvimento da depressdo pelo aumento da
liberacdo de glicocorticoides (NEMEROFF, 1996; WILLNER, 2005). O eixo HPA é
responsavel pela liberacdo de corticoides no organismo. Ele é controlado
inicialmente pela secregdo do hormonio liberador de corticotrofina (CRH) no
hipotadlamo, que leva a ativacdo da secrecdo do hormdnio adrenocorticotréfico
(ACTH) na pituitaria e que por fim estimula a secrecdo dos glicocorticoides (cortisol
em humanos e corticosterona em roedores) no cértex da adrenal (Figura 3)
(PARIANTE; LIGHTMAN, 2008). Os glicocorticoides agem através da ligacdo aos
seus receptores, 0s receptores mineralocorticoides (MR) e GR, que estédo
distribuidos em regibes cerebrais especificamente envolvidas na regulacdo do
estresse e da retroalimentacdo negativa do eixo HPA, portanto, reduzindo a
liberacdo de glicocorticoides. Os glicocorticoides apresentam papel fundamental na
regulacdo da neurogénese, sobrevivéncia celular e funcdo estrutural do cértex,
hipocampo e amigdala, regides cerebrais fundamentais para o aprendizado,
memoria, emocdes e medo (MCEWEN; NASCA; GRAY, 2016).

Figura 3- Ativacao do eixo HPA e regulacéo pelos receptores glicocorticoides.
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O estresse é conhecido por causa hiperatividade do eixo HPA, e essa
hiperatividade é um dos achados biolégicos mais consistentes em transtornos
relacionados a depresséo e ansiedade (HOLSBOER, ISING, 2010), visto que a
inibicdo da retroalimentacdo negativa mediada pelo GR parece estar prejudicada
nesses transtornos neuropsiquiatricos, ndo ocorrendo esta inibicdo e portanto,
aumentando a liberacdo de glicocorticoides no organismo, que pode ser
clinicamente observado no plasma, saliva, urina e por hipertrofia da glandula adrenal
(Figura 3) (NEMEROFF; VALE, 2005). Dessa maneira, esta desregulacéo presente
na depressdo e ansiedade influencia diretamente na acdo cerebral dos
glicocorticoides.

Os GRs séo receptores nucleares e estdo normalmente localizados no citosol
das células. Quando inativos ou com baixa afinidade aos ligantes, o0 GR esta
associado a um complexo multiproteico, que contém as chaperonas de choque
térmico e as imunofilinas, que inclui a proteina ligante de FK506 de 51 kDa (FKBP5,
do inglés FK506 binding protein 5), formando o chamado “complexo de GR”, como

mostrado na figura 4.

Figura 4- Sinalizacao dos glicocorticoides e receptores de glicocorticoides
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Quando ativado, ocorre uma alteracdo conformacional, e 0 GR se desliga do
complexo e transloca-se para o nucleo celular (GRAD; PICARD, 2007; BINDER,
2009). Entdo, neste local o GR interage com o0s elementos responsivos aos
glicocorticoides (GREs), que sdo encontrados nas regibes promotoras de genes
responsivos aos glicocorticoides e a outras proteinas celulares, a fim de controlar a
expressdo génica (NICOLAIDES et al., 2014). Dentre 0S genes responsivos aos
glicocorticoides, o fator de transcricdo Nr4al e a proteina Gadd458 (do inglés,
growth arrest and DNA damage inducible beta) apresentaram modificagBes a nivel
de expressdo hipocampal apds exposicdo ao estresse (KEMBER et al.,, 2012,
BRIVIO et al., 2019), mostrando importante relacdo na modulacao funcional em
resposta a estimulos externos (SIMONS, 2010). Além do mais, polimorfismos do
gene FKBPS5 parecem estar diretamente relacionados com o desenvolvimento de
transtornos psiquiatricos (MINELLI et al., 2013), corroborando com as hipoteses das
alteracbes do eixo HPA com o desenvolvimento de sintomas de depressao e
ansiedade.

Sabe-se que o0 eixo HPA recebe projecBes serotonérgicas, apresentando
efeito direto na serotonina (CHMIELARZ et al., 2015) e sua hiperatividade esta
associada tanto a uma reducédo da regulacdo do BDNF, via reducdo na fosforilagéo
da CREB e portanto, diminuindo a transcricAio do BDNF, o que prejudica a
neurogénese e a sobrevivéncia neuronal, inclusive de neurdnios serotonérgicos
(WANG et al.,, 2013). Modelos de estresse mostram que animais apresentam
maiores niveis de corticosterona plasmatica associado diretamente ao aparecimento
de comportamentos do tipo depressivos e alteracfes estruturais no cortex e
hipocampo (SNYDER et al., 2011; DUMAN; AGHAJANIAN, 2012; SUN et al., 2016).
Além disso, a administracdo de glicocorticoides em roedores reduz a producao de
BDNF, levando a atrofia dendritica e a morte celular (McCEWEN, 2007; WILLNER,;
SCHEEL-KRUGER; BELZUNG, 2013). Evidéncias sugerem que o tratamento com
antidepressivos pode aumentar a expressdo de GR e com isso reduzir a
hiperatividade do eixo HPA, favorecendo a melhora dos sintomas depressivos e de
ansiedade (NIKKHESLAT et al., 2017) e protegendo 0s neurotransmissores
monoaminérgicos do possivel dano causado pela hiperatividade do eixo HPA
(WANG et al., 2018).
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2.2.4 Outras hipoteses

O envolvimento do sistema glutamatérgico surgiu a partir de estudos que
mostraram o efeito antidepressivo da quetamina, farmaco que age como um
antagonista dos receptores N-metil-D-aspartato (NMDA). Uma Unica dose de
guetamina diminuiu os sintomas depressivos em pacientes resistentes ao tratamento
com farmacos convencionais (ZARATE et al., 2006). O possivel efeito antidepressivo
de baixas doses da quetamina esta associado a sua capacidade de reverter
processos neurodegenerativos observados na depressdo, como a reducdo do
namero de sinapses e a dearborizacdo dendritica (HENDERSON et al., 2016).
Também, evidéncias sugerem que essa acdo da quetamina seja dependente de
BDNF, uma vez que esses efeitos ndo ocorrem em animais nocaute para o BDNF
(LIU, et al., 2012). AlteracBes nos niveis cerebrais de glutamato e de GABA (acido
gama-aminobutirico) tem sido encontrado tanto em pacientes depressivos quanto
em animais em modelos de estudo de depressdo, além de que a eficicia de
substancias que interagem diretamente nestes sistemas, auxilia as hipbteses
alternativas para explicar a neurobiologia da depressdo (LENER et al. 2017).
Também, a literatura aborda que em transtornos psiquiatricos pode ocorrer uma
alteracdo na enzima GAD67, enzima que converte glutamato em GABA (FATEMI et
al., 2005) confirmando a hipétese que o desequilibrio desses dois sistemas esta
conectado com o desenvolvimento dos sintomas de depressao e ansiedade.

Similarmente, a neuroinflamacdo ganhou importancia na etiologia da
depressao, uma vez que a inflamacéo gera a liberacdo de mediadores inflamatérios,
incluindo citocinas, interleucinas pro inflamatérias, fatores de necrose, entre outros.
Esses mediadores podem atravessar a barreira hemato-encefalica e produzir
alteracdes comportamentais relacionadas a sintomas depressivos (DANTZER et al.,
2008), visto que as citocinas podem modificar a sinalizagdo da serotonina, depletar
niveis de fatores neurotroficos assim como a ativacdo de micréglia e prejudicar o
funcionamento cerebral (CHO; TSUNODA; SHARMA, 1999; JANGRA et al., 2017).

A disfuncéo da glia, principalmente dos astrocitos, também ganhou interesse
nos ultimos anos como papel chave na patogénese da depressdo (MENARD:;
HODES; RUSSO, 2016; RIAL et al., 2016). Essa teoria foi inicialmente suportada
pela observacdo de dados clinicos onde pacientes apresentaram reducdo na

densidade e numero de células gliais em regifes limbicas (RAJKOWSKA,
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STOCKMEIER, 2013). O fator neurotrofico derivado da glia (GDNF) apresenta
funcdo principalmente relacionada a sobrevivéncia de neurbnios dopaminérgicos
(LIN et al.,, 1993) porém recentes evidéncias mostraram sua importancia no
desenvolvimento e manutencdo de neurbnios serotonérgicos e noradrenérgicos
(ZAMAN et al.,, 2003; HUANG et al.,, 2005; DUCRAY et al., 2006). A hipotrofia
astrocitaria esta diretamente associada a diminuicdo da proteina glial fibrilar acida
(GFAP) no cortex pré-frontal, hipocampo e amigdala (MIGUEL-HIDALGO et al.,
2000; GOS et al., 2013). O GFAP ¢é um fator importante para a sustentacdo da
morfologia dos astrécitos, para o auxilio na interacdo astrécito-neurdnio e também
promovendo a neurogénese hipocampal (MIDDELDORP; HOL, 2011). Portanto, a
desregulacéo desse fator também implica em um favorecimento do desenvolvimento
da depressédo. Pelo contrario, a administracdo de farmacos antidepressivos modifica
a morfologia e funcdo dos astrocitos, como a sintese e regulacdo da liberacdo de
neurotransmissores, favorecendo a melhora dos sintomas depressivos (TSYBKO;
ILCHIBAEVA; POPOVA, 2017; ZHAO et al., 2018).

2.3 MODELOS ANIMAIS PARA O ESTUDO DA DEPRESSAO

Os modelos animais sdo ferramentas que auxiliam na investigacdo do
desenvolvimento e progressdo de doengcas bem como para testar novos
tratamentos. Existe a dificuldade de quantificar os sintomas da depressdo em
animais, visto que é uma doenca de origem psicoldgica limitada a humanos, porém
existem diversos modelos que auxiliam na avaliacdo dos comportamentos do tipo
depressivo. Modelos utilizados para induzir esses comportamentos tipo depressivos
variam na caracteristica fenotipica que o animal apresentara ou variam na forma de
inducdo, podendo ser via farmacoldgica ou ndo. O modelo farmacolégico mais
classico € a inducdo a partir da administracdo da reserpina. A reserpina € uma droga
que atua bloqueando irreversivelmente o transportador de monoaminas vesiculares,
depletando os niveis de serotonina, noradrenalina e dopamina (LEITH; BARRET,
1980; SCHULDINER; SHIRVAN; LINIAL, 1995) e essa diminuicdo esta associada ao
desenvolvimento de comportamentos tipo depressivos (IRITANI et al., 2006;
NAGAKURA et al., 2009; ARORA et al., 2011). Além do mais, um outro modelo que
mimetiza a anedonia comportamental em ratos € o paradigma de estresse cronico

imprevisivel. Este paradigma € um modelo animal que transpde pequenas e
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imprevistas irritacbes ao longo da vida, o qual causa impactos neurofisiolégicos e
comportamentais relevantes para os transtornos do humor (WILNNER et al., 1987,
KOMPAGNE et al., 2008).

Diversas alteracbes no sistema serotonérgico tém sido associadas com
muitos transtornos neuropsquiatricos (COPPEN et al.,, 1973; COWEN; PARRY-
BILLING; NEWSHOLME, 1989), e, mais especificamente, alteracdes genéticas no
transportador de serotonina (5-HTT em humanos; SERT em roedores) (OLIVIER et
al., 2008). Em humanos, a transcricdo do gene 5-HTT é modulada por um
polimorfismo chamado de regido polimoérfica ligada ao gene 5-HTT (5-HTTLPR, do
inglés 5-HTT gene-linked polymorphic region). Este polimorfismo € caracterizado por
uma insercdo ou delecédo de 44 pares de bases repetidos, podendo gerar um alelo
curto (HTTLPR-s, do inglés short) ou um alelo longo (HTTPLPR-Il, do inglés long),
como representado na figura 5 (LESCH, 1996).

Figura 5- Mapa do gene promotor do transportador de serotonina.
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5-HTTLPR: Polimorfismo do transportador de serotonina; bp: pares de base.

Esta variante alélica do tipo HTTLPR-s seria responsavel pelas caracteristicas
de maior sensibilidade as influencias ambientais, sejam positivas ou negativas, que
os individuos portadores desse polimorfismo apresentam (LICHT; MORTENSEN,;
KNUDSEN, 2011; MOORE; DEPUE, 2015). Estudos apontam que individuos com
pelo menos uma copia do alelo HTTLPR-s apresentam maior vulnerabilidade a
desenvolver sintomas depressivos quando em contato com situagdes consideradas

estressantes ao longo da vida, principalmente aquelas no inicio da vida, do que
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individuos com genes homozigotos para o alelo HTTLPR-s (CASPI et al., 2003).
Além disto, a variante alélica-s também tem sido associada a um maior potencial de
agressividade e a maiores tendéncias suicidas (PLUESS et al., 2010; MITCHELL et
al., 2011).

Em animais, este polimorfismo € simulado por uma inativacdo genética que
origina animais nocaute homozigotos (SERT”) e heterozigotos (SERT*") para o
SERT. As caracteristicas fenotipicas dos animais nocautes SERT/ estdo
associadas a uma maior propensdo aos comportamentos de ansiedade quando
expostos a ambientes novos, imobilidade prolongada em resposta a uma ameaca,
aumento da inibicdo de pré-pulso, refletindo a sensibilidade as sutilezas ambientais,
além de apresentar maior tendéncia ao isolamento social, maior tempo de
imobilidade no teste de nado forcado e menor consumo de sacarose, caracterizando
assim um modelo animal viavel para o estudo da depressao (OLIVIER et al., 2008;
NONKES; de POOTER; HOMBERG, 2012; NONKES; HOMBERG, 2013; KROEZE
et al.,, 2016; HOMBERG et al, 2007, 2016). Também, semelhantemente ao que
ocorre em individuos portadores do alelo-s, que sdo apenas heterozigéticos para
essa alteracdo, muitos dos comportamentos observados nos animais heterozigotos
SERT*- apresentam diferencas quando comparados aos animais com o genotipo
selvagem, porém comportamentos de agressividade, alteracdo no comportamento
sexual e na atividade locomotora muitas vezes nédo sédo observados (HOLMES, et
al., 2003; HOMBERG et al., 2007; CHAN et al., 2011). Portanto, devido a estas
similaridades, animais SERT*- podem ter maior valor translacional para a situagao
humana do que animais homozigotos SERT.

A nivel neuronal, foi demonstrado que a falta de SERT resulta em um
aumento dos niveis extracelulares de serotonina, tanto em ratos SERT"/" quanto
SERT* (HOMBERG et al, 2007). Este aumento extracelular nos niveis de
serotonina causa um excesso de atividade nos receptores serotonérgicos pos-
sinapticos, que por sua vez poderiam estar subjacentes ao aumento dos
comportamentos do tipo depressivo e de ansiedade (GRAEFF, 1996; OLIVIER et al.,
2008). Sabe-se que os antidepressivos ISRSs apesentam eficicia no tratamento da
depressdo em adultos pela inibicdo seletiva do transportador da serotonina, porém o
tratamento neonatal com ISRS (BOULLE et al., 2006) ou a inativacdo genética do
SERT nos animais SERT/ e SERTY induz sintomas tipo depressivos e de

ansiedade. Acredita-se que tanto uma subatividade ou superatividade do sistema
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serotonérgico produza estes disturbios neuropsiquiatricos, sugerindo que a relacéo
entre a serotonina e disturbios na serotonina operam de acordo com uma funcéo em
“U invertido”, uma vez que altos niveis de serotonina em ratos e baixos niveis em
humanos mostram sintomas semelhantes (CALABRESE; BALDWIN, 2001; OLIVIER
et al., 2008).

2.4 A ESTIMULACAO TATIL

Diversos estudos apontam a influéncia de intervencbes externas sobre a
organizagdo cerebral e a melhora de resultados comportamentais em roedores,
tanto na idade adulta como no periodo pés-natal (GOES et al., 2015; SHILPA et al.,
2017; BIRCH et al., 2013). Os periodos iniciais da vida sdo extremamente criticos
para o desenvolvimento cerebral, pois é nesse periodo que ocorre uma série de
etapas do desenvolvimento, como proliferacdo, migracdo, diferenciacado celular,
sinaptogénese, entre outros (JANSSEN et al.,, 2015), e todos esses processos
podem ser influenciados por fatores ambientais externos. Experiéncias pos-natais
negativas, como o isolamento neonatal por longo periodo, ou estresse materno, sédo
vistas como um grande potencial para aumentar a vulnerabilidade a doencas
psiquiatricas (SALOMONS et al, 2010; TAKAHASHI, 2015) enquanto que
intervencbes enriquecedoras, como a estimulacdo tatil (ET), podem ocasionar
mudancas positivas na estrutura e funcdo do SNC, melhorando o comportamento
em diversos transtornos neuronais.

A ET em ratos € o modelo utilizado como forma de mimetizar a massagem
terapéutica realizada em humanos, cuja terapia proporciona estimulacdo sensorial
ou cinestésica ao paciente. A massagem terapéutica aplicada em bebés prematuros
ou em criangas, tem se mostrado um procedimento interessante, jA& que muitos
beneficios sdo observados. Em bebés prematuros, a massagem melhorou o
desenvolvimento dos neonatos (MATHAI et al., 2001), aumentou o ganho de peso e
0s bebés se mostraram mais ativos (SOLKOFF, 1969), reduzindo também o tempo
de hospitalizagdo (MENDES; PROCIANQY, 2008). J4, em criangas autistas, a
massagem terapéutica mostrou influéncias positivas em comportamentos
estereotipados, melhora do comportamento social e menor aversao ao toque
(CULLEN et al., 2005; ESCALONA et al., 2001).
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Em roedores, a ET neonatal € uma forma de manipulacédo sensorial aplicada
sobre a pele, e que, em certo nivel, imita 0 comportamento materno de lambedura e
limpeza dos filhotes. Estudos mostram que a ET neonatal tem efeitos importantes
sobre o desenvolvimento normal de roedores, a qual melhorou a conectividade
sinaptica no cortex pré-frontal, via aumento das ramificacbes e comprimento dos
dendritos (RICHARDS et al., 2012), alterou a organizacdo estrutural e favoreceu a
mielinizacdo do nervo 6ptico (HORIQUINI-BARBOSA; LACHAT, 2016). Além do
mais, a ET aplicada ap6s modelos de separacdo materna ou estresse neonatal,
facilitou a neurogénese no giro denteado do hipocampo (de LOS ANGELES et al.,
2016), melhorou fungdes cognitivas de memoria e aprendizado (DASKALAKIS et al.,
2009; de LOS ANGELES et al., 2016), diminuiu a ansiedade (RIO-ALAMOS et al.,
2015) e a sensibilidade a dor (IMANAKA et al., 2008; STEPHAN et al., 2002). Ainda,
0 manuseio neonatal aumentou a expressao de receptores de serotonina no cortex e
hipocampo de ratos, fator importante para um desenvolvimento neuronal ideal, ja
que alteracdo desfavoravel da sinalizagédo da serotonina pode induzir transtornos do
desenvolvimento neurolégico e neuropsquiatricos (STAMATAKIS et al.,2006;
LESCH; WAIDER, 2012; AKATSU et al., 2015).

Estudos realizados pelo nosso grupo, também mostraram os beneficios da ET
neonatal na reducéo da preferéncia por cocaina e anfetamina (ANTONIAZZI et al.,
2014a, 2014b), diminuicdo dos niveis de corticosterona plasmatica (FREITAS et al.,
2015; ANTONIAZZI et al., 2017), aumento da imunoreatividade do BDNF e GR no
hipocampo, favorecendo comportamentos de memaoria (ANTONIAZZI et al., 2017),
alteracdo na resposta de drogas ansioliticas (BOUFLEUR et al.,, 2012, 2013) e
antidepressivas (FREITAS et al., 2015) melhorando a anedonia e prevenindo o
desenvolvimento do comportamento de ansiedade e do tipo depressivo. Os
principais efeitos benéficos da ET neonatal podem ser explicados devido ao fato que
as vias neurais da pele para o SNC amadurecem mais cedo em relagdo aos outros
sistemas. Além disso, evidéncias sugerem que a aplicacdo da ET nos primeiros 14
dias ap6s o0 nascimento parece ser mais efetiva, mais especificamente, entre os dias
pos-natal 8 a 14 (MEANEY, et al., 1992; FREITAS et al., 2015; ANTONIAZZI et al.,
2017), uma vez que é nesse periodo que pode ocorrer alteracédo da sensibilidade do
eixo HPA, onde o animal se encontra em seu maior periodo hiporresponsivo ao
estresse (JUTAPAKDEEGUL et al., 2003; VAZQUEZ et al., 2006). Também é neste
periodo que a serotonina apresenta papel semelhante a fatores neurotréficos,
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auxiliando na regulacdo da formacao do circuito neural e € o periodo no qual ocorre
o maior pico de BDNF, favorecendo a neurogénese e plasticidade sinaptica (AID et
al., 2007).

Por outro lado, dados na literatura demonstraram que a neurogénese pode
ocorrer também na idade adulta (CAMERON; MCKAY, 2001; MU; GAGE, 2011,
KATSIMPARDI; LLEDO, 2018) e por isso a investigacdo da ET aplicada em outros
periodos do desenvolvimento pode ser de grande interesse. Gibb e colaboradores
demonstraram pela primeira vez o efeito da ET aplicada na idade adulta, onde a ET
recuperou danos motores causados por lesdo cortical (GIBB et al., 2010). Além
disso, outros estudos mostraram que a ET pos-desmame foi capaz de diminuir
parametros de ansiedade (SOARES et al., 2014), aumentando os niveis de BDNF e
do fator de crescimento de fibroblastos do tipo 2 (FGF-2) no hipocampo e estriado e
diminuindo niveis de GFAP, além de aumentar o comprimento dendritico no estriado
apos lesao por 6-hidroxidopamina (EFFENBERG et al., 2014). Isto confirma que a
ET tem efeito ndo sé na fase inicial do desenvolvimento, mas também quando
aplicada em outros periodos ao longo da vida.

Os possiveis mecanismos protetores da ET independente do periodo de
aplicacao sugerem a associacado dos efeitos no eixo HPA. Estudos mostram que a
ET causa alteracdes na funcionalidade do eixo HPA, reduzindo a libera¢do de ACTH
e corticosterona (FREITAS et al., 2015; ANTONIAZZI et al., 2017), bem como
aumentando os niveis de GR ( ANTONIAZZI et al., 2017) levando a uma melhor
adaptacdo do animal frente a situacfes estressantes ao longo da vida (LEVINE,
2001, 2002; MEANEY, 1991; BOUFLEUR et al., 2013). Também, o mecanismo pode
estar envolvido com o aumento de fatores de crescimento neuronais, incluindo o
BDNF, o fator de crescimento neural (NGF), o FGF-2 ou até mesmo a serotonina.
Esses fatores estdo associados a promocado da proliferacéo celular, diferenciacéo
neuronal e sobrevivéncia de novas células, favorecendo o aumento da arborizacao
dendritica, alteracdo da anatomia do cérebro e melhorando a plasticidade cerebral
(DASKALAKIS et al., 2009; GIBB et al., 2010; RICHARDS et al., 2012). Portanto, a
soma desses elementos pode sugerir um mecanismo pelo qual a ET possa estar
exercendo seus efeitos, porém, uma investigacdo mais aprofundada da via de
sinalizacdo é necesséaria a fim de estabelecer o exato mecanismo desta intervencao

em roedores.
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2.5 JUSTIFICATIVA

Considerando que a depressdo é responsavel por diferentes alteracdes no
SNC e nenhuma terapia mostra-se totalmente efetiva, e que a ET tem mostrado
beneficios sobre diferentes vias neuronais em roedores, o estudo da ET sobre
modelos de depressdo torna-se de grande importancia. Desta forma, o presente
estudo visou determinar se a ET aplicada em diferentes periodos do
desenvolvimento, pode alterar pardmetros neuroquimicos e comportamentais
relacionados a depressédo e ansiedade em ratos adultos. Além do mais, buscou-se
investigar através de revisdo sistematica, o que a literatura mostra sobre os efeitos

comportamentais, fisiolégicos e neuronais que ET exerce em ratos.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar a influéncia da estimulacéo tétil aplicada em diferentes periodos do

desenvolvimento sobre comportamentos de depressdo e ansiedade e possiveis

alteracbes cerebrais em ratos, bem como investigar o impacto da estimulacao tatil

em nivel comportamental, fisiologico e cerebral em ratos através de uma revisdo da

literatura.

3.2 OBJETIVOS ESPECIFICOS

> Realizar a ET em ratas na idade adulta apds a inducdo de um modelo de

depressao com reserpina e avaliar a influéncia da ET sobre:

» areversdo de parametros comportamentais relacionados a depressao;

= a alteragcdo de parametros moleculares relacionados a sobrevivéncia e

plasticidade sinaptica como a expressdo do pro-fator neurotréfico derivado do
encéfalo (pr6-BDNF), do fator neurotrofico derivado do encéfalo (BDNF),
receptor tirosina quinase B (TrkB), fator neurotréfico derivado de células da
glia (GDNF) e a proteina glial fibrilar acida (GFAP) no cértex pré-frontal;

parametros indicadores de alteracdo do eixo hipotalamico-pituitaria-adrenal
(HPA), como dosagem plasmatica de corticosterona e horménio
adrenocorticotrofico (ACTH) e densidade de receptores glicocorticoides no

cortex pré-frontal.

> Realizar a estimulacdo tatii em ratos heterozigotos para o transportador de

serotonina durante o periodo neonatal, e avaliar na idade adulta:

= Comportamentos de ansiedade, do tipo depressivo, e comportamento social,

Parametros moleculares relacionados a sobrevivéncia e plasticidade
neuronal como a expressédo do BDNF e suas isoformas;

Expressao dos receptores mineralocorticoides (MR) e glicocorticoides (GR), e
de genes responsivos aos glicocorticoides, bem como expressao de
marcadores moleculares relacionados ao sistema glutamatérgico e

gabaérgico.
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> Realizar uma revisao sistematica da literatura a fim de determinar a influéncia da

ET sobre comportamento, funcao neurofisiolégica e neuroenddécrina em ratos.
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4 PRODUCAO CIENTIFICA

Os resultados inseridos nesta tese apresentam-se sob a forma de Artigo
cientifico I, Artigo cientifico Il e manuscrito |, 0s quais se encontram aqui
estruturados. Os itens Materiais e Métodos, Resultados, Discussdo e Referéncias,
encontram-se nos proprios Artigos Cientificos | e Il, publicados nos periddicos
cientificos Molecular Neurobiology e Frontiers in Behavioral Neuroscience,
respectivamente. O manuscrito | aqui apresentado contém uma revisao sistematica

e encontra-se em fase de redacéo.
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Abstract

Depression is a common psychiatric disease which pharmacological treatment relieves symptoms, but still far from ideal. Tactile
stimulation (TS) has shown beneficial influences in neuropsychiatric disorders, but the mechanism of action is not clear. Here, we
evaluated the TS influence when applied on adult female rats previously exposed to a reserpine-induced depression-like animal
model. Immediately after reserpine model (1 mg/kg/mL, 1x/day, for 3 days), female Wistar rats were submitted to TS (15 min,
3x/day, for 8 days) or not (unhandled). Imipramine (10 mg/kg/mL) was used as positive control. After behavioral assessments,
animals were euthanized to collect plasma and prefrontal cortex (PFC). Behavioral observations in the forced swimming test,
splash test, and sucrose preference confirmed the reserpine-induced depression-like behavior, which was reversed by TS. Our
findings showed that reserpine increased plasma levels of adrenocorticotropic hormone and corticosterone, decreased brain-
derived neurotrophic factor (BDNF) and tropomyosin receptor kinase B, and increased proBDNF immunoreactivity in the PFC,
which were also reversed by TS. Moreover, TS reestablished glial fibrillary acidic protein and glucocorticoid receptor levels,
decreased by reserpine in PFC, while glial cell line—derived neurotrophic factor was increased by TS per se. Our outcomes are
showing that TS applied in adulthood exerts a beneficial influence in depression-like behaviors, modulating the HPA axis and
regulating neurotrophic factors more effectively than imipramine. Based on this, our proposal is that TS, in the long term, could
be considered a new therapeutic strategy for neuropsychiatric disorders improvement in adult life, which may represent an
interesting contribution to conventional pharmacological treatment.

Keywords Reserpine - Handling - BDNF - Hypothalamus-pituitary-adrenal axis

Introduction

Depression is the most common and serious mental disorder,
characterized by depressed mood, persistent sadness, loss of
interest, and cognitive impairments [1, 2]. According to World
Health Organization, it is estimated that 300 million people
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are affected, and women are more likely to experience depres-
sion than men, considering that one-third of women will ex-
perience a major depressive episode in their lifetime [2]. The
pathophysiology of depression had been involved with im-
pairments in the monoaminergic system, and the pharmaco-
logical treatment is mainly based on drugs that can increase
the brain levels of monoamines, as occurs with imipramine, a
tricyclic antidepressant, whose mechanism of action consists
in inhibit the brain neuronal transporter of both noradrenaline
and serotonin [3]. However, these pharmacotherapies have
been related to slow onset or low response rates which limit
their application [4-6]. Based on this, recent hypotheses have
proposed that interactions among monoaminergic systems,
neurotrophins [7, 8], and glucocorticoid (GC) signaling dys-
regulation can lead towards symptoms of depression [9].
‘While the monoaminergic system, especially serotonin, is
closely related to neurotrophic factors [10, 11], brain-derived
neurotrophic factor (BDNF) is the main and most abundant

@ Springer
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neurotrophin in the brain and is critically involved in the main-
tenance of the neurogenesis, neuronal survival, and plasticity.
Inadequate regulation of BDNF may be related to depression-
like behaviors [12] since BDNF can regulate serotonin signal-
ing and reuptake, because its receptor, TrkB, is also present on
serotonergic neurons [13]. As a precursor of BDNF form,
proBDNF is known to play opposing influences, since it acts
on the neuronal death regulation via its receptor p75™' . In
this sense, an upregulation on this factor has been related to
the mood disorders development in rodents [14]. On the other
hand, glial cell line-derived neurotrophic factor (GDNF) pro-
motes differentiation and protection to dopaminergic and se-
rotonergic neurons [ 15, 16], facilitating the neurites growth to
different neuronal types [17. 18]. Decreased brain and plasma
levels of GDNF in patients and rodents have been related to
mood disorders [19, 20], and also the glial fibrillary acidic
protein (GFAP) levels were found to be reduced in the brain
of rodents submitted to depression models [21, 22]. Moreover,
it was recently described that decreasing levels of GFAP could
cause an astrocyte hypotrophy and the astrocytes are known as
nutrient suppliers to neurons and are involved in the synaptic
development and signalization processes [23].

Depression has also been related to a dysfunction of the
hypothalamus-pituitary-adrenal (HPA) axis. GC is synthe-
sized and secreted by adrenal glands in response to HPA axis.
Following the HPA axis activation, the corticotrophin-release-
hormone (CRH) is activated in the hypothalamus, increasing
the adrenocorticotrophic hormone (ACTH) release, which re-
sults in the adrenal glands secreting GC, such as corticoste-
rone in rodents [24]. The glucocorticoid receptor (GR) plays a
key role in negative feedback to the HPA axis, and alterations
in this receptor in cortico-limbic areas, such as prefrontal cor-
tex (PFC), amygdala, and hippocampus, may be related to
depressive disorders due to altering the GC secretion [25,
26). Furthermore, GR is closely involved in the biosynthesis
regulation of both serotonin [27] and noradrenaline [28], since
it is present on noradrenergic and serotonergic neurons [29].
Additionally, increased secretion of GC negatively regulates
the BDNF pathways, impairing the brain synaptic plasticity
by spine density and neurogenesis downregulation [30],
which may be a possible mechanism to explain the GC in-
volvement on depression.

Growing evidence from experimental studies has sug-
gested that non-pharmacological treatments, including physi-
cal exercise and environmental enrichment, can exert neuro-
protective effects and improve depression-like symptoms by
changing the BDNF and the glucocorticoid signaling [31, 32].
In line with this, tactile stimulation (TS) constitutes a simple
procedure that can modify the brain organization by increas-
ing neurogenesis [33] and neuroplasticity [34] in the hippo-
campus, improving anxiety-like behaviors [35], and
preventing preference to addictive drugs [36, 37] and
depression-like behaviors [38] when applied during initial
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periods of development. Experimental studies also showed
TS beneficial influence on the brain function, when applied
in adult rats, preventing cortical lesion [39], and increasing
neurotrophins and dendritic length [40].

In view of this, we evaluate the possible beneficial influ-
ence of TS on depression-like behaviors induced by reserpine,
a promoter of monoaminergic dysfunction that acts by
blocking irreversibly the vesicular monoamine transporter
type 2, thus mimicking depression-like behaviors [41], thus
assessing behavioral and HPA axis changes, and its reflexes
on the molecular neurotrophic factors in the PFC.

Material and Methods
Animals and Experimental Procedures

Thirty-five female Wistar rats (60 days old) from the breeding
facility of Universidade Federal de Santa Maria (UFSM), RS,
Brazil, were kept in Plexiglas cages with free access to water
and food in a room with controlled temperature (22+ 1 °C)
and on a 12-h light/dark cycle with lights on at 7:00 a.m. All
procedures were performed in accordance with the Animal
Ethics Committee (#2359150517) guidelines, affiliated to
the National Council for the Control of Animal
Experimentations (CONCEA), following international norms
of care and animal maintenance.

Considering that female rats show increased susceptibility
to different neuropsychiatric disorders, such as depression [6],
we preferred to use female rats in the current study. First,
female rats were randomly distributed in two experimental
groups: vehicle (7= 14) and reserpine (7=21). The animals
received vehicle or reserpine (1 mg/kg/mL), subcutaneously
(s.c.) once a day, for 3 consecutive days [42]. Immediately
after the last vehicle/reserpine administration, animals were
subdivided into five experimental groups (n=7), to start the
TS procedure (for 8 days) or not (unhandled; UH) as follows:
group (I) vehicle-UH: group (II) vehicle-TS; group (III)
reserpine-UH: group (IV) reserpine-TS; and group (V)
reserpine-UH-imipramine (positive control). Following 8 days
of TS, all the animals were submitted to behavioral evalua-
tions; 30 min before of each test, the positive control group
received one administration of imipramine, while all other
experimental groups received NaCl 0.9% (imipramine vehi-
cle) instead (Fig. 1).

Drugs and Drug Administration

Reserpine was obtained from Sigma (St. Louis, MO, USA).
Reserpine was dissolved in glacial acetic acid (vehicle) and
diluted to a final concentration of 0.5% acetic acid with dis-
tilled water. On postnatal day 60 (PND 60), the animals re-
ceived a dose of 1 mg/kg/mL s.c. of reserpine or acetic acid
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Fig. 1 Schematic representation of the experimental procedure for
reserpine-induced depression and tactile stimulation treatment in female
rats. Rats received reserpine (1 mg/kg/mL) or vehicle for 3 days, and then,
tactile stimulation was performed for 8 days. Imipramine was used as
positive control and only was administered 30 min before each

0.5% once a day, for 3 consecutive days. This protocol of
reserpine administration was used as the animal model to in-
duce the depression-like symptoms [42]. Administrations
were performed between 09:00 and 12:00 a.m. Imipramine
(10 mg/kg/mL i.p.) was obtained from a local drug store and
administered 30 min before performing each behavioral test.
Imipramine vehicle (NaCl 0.9%) was administered to the oth-
er groups.

Tactile Stimulation

Immediately after the last administration of reserpine, TS was
initiated. The procedure was based on Effenberg et al., with
some modifications and consisted of removing the animals
from home cage and petting them individually on the experi-
menter’s lap with one hand for 15 min. The TS was applied 3
times per day between 09:00 a.m. and 04:00 p.m., for 8 days.
After the procedures, the animals were returned to their home
cages [40].

Behavioral Testing
Forced Swimming Test

Behavioral responses related to depression-like symptoms are
experimentally assessed in the forced swimming test (FST)
[43, 44]. On the first session, rats were forced to swim for a
15-min period (pretest session), and dried before returning to
their home cages. Twenty-four hours following the pretest
session, the animals were submitted again to the FST for
5 min (test session). Trained raters blinded to the experiment
quantified immobility, climbing, and swimming time. The im-
mobility was considered as no additional activity other than
the required to keep the head above water. Climbing is defined
as upward struggling movements of the forepaws at the side of
the cylinder while movements around the cylinder are

behavioral test to the group reserpine-UH-imipramine. The remaining
groups received NaCl 0.9% (imipramine vehicle) before behavioral
testing. UH, unhandled; TS, tactile stimulation; PND, postnatal day;
FST, forced swimming test: ST, splash test; SPT, sucrose preference test

indicative of swimming time [43]. A decrease in the duration
of immobility is indicative of an antidepressant-like effect.

Splash Test

The splash test consists of squirting a 10% sucrose solution on
the rat’s dorsal coat in its home cage. The sucrose solution
dirties the coat and animals initiate grooming behavior. After
the sucrose solution application, the time spent grooming
(nose/face grooming, head washing, and body grooming)
was recorded for 5 min as an index of self-care and motiva-
tional behavior [45, 46).

Sucrose Preference Test

In this test, the animals were allowed to consume 10% (w/v)
sucrose/water solution or tap water in their home cage, indi-
vidually. They were deprived of food and water for 12 h and
then presented with two bottles containing either tap water or
sweet solution. One-hour intake was measured by weighing
bottles before and after the test [47]. The sucrose preference
test (SPT) was calculated according to the following equation:

SPT = Sucrose intake
~ \ Sucrose intake + Water intake

) x 100

Tissue Preparations

Following 24 h of the last behavioral assessment, all animals
were anesthetized (isoflurane, the dose to the effect) and eu-
thanized by exsanguination. The blood (collected by cardiac
puncture in heparinized tubes) was centrifuged at 3000g/
15 min to obtain the plasma. Brains were removed and cut
coronally at the caudal border of the olfactory tubercle to

@ Springer
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remove the prefrontal cortex (PFC) [48] and stored in a freezer
at — 80 °C for subsequent analysis.

Adrenocorticotropic Hormone and Corticosterone
Assay

Quantification of adrenocorticotropic hormone (ACTH) and
corticosterone levels were assessed in the plasma samples by
ELISA using commercial kits (Sigma-Aldrich®, St. Louis,
MO, USA, for ACTH and LDN® immunoassays and ser-
vices, Nordhorn, Germany, for corticosterone), according to
the manufacturer’s instructions.

Molecular Assessments
Western Blotting

The PFC tissue was homogenized in a lysis buffer [49], and
total protein concentration was determined according to
Bicinchoninic Acid (BCA) Protein Assay Kit (Pierce, IL)
using bovine serum albumin as standard. Afier, protein sam-
ples were separated by electrophoresis on a 10% or 12.5%
polyacrylamide gel and electrotransferred to a polyvinylidene
difluoride (PVDF) membrane (Millipore, MA, USA). Non-
specific binding sites were blocked and membranes were
rinsed in buffer and incubated with primary antibodies:
anti-f-actin (1:50000; Sigma-Aldrich, St. Louis, USA), anti-
BDNF (1:1000; Abcam, Cambridge, UK), anti-proBDNF
(1:500; Santa Cruz Biotechnology, CA, USA), anti-TrkB
(1:500; Santa Cruz Biotechnology, CA, USA), anti-GDNF
(1:1000; Santa Cruz Biotechnology, CA, USA), anti-GFAP
(1:1000 Santa Cruz Biotechnology, CA, USA), and anti-GR
(1:500; Santa Cruz Biotechnology, CA, USA), followed by
anti-goat (1:10000; Santa Cruz Biotechnology, CA, USA) or
anti-rabbit (1:20000; Santa Cruz Biotechnology, CA, USA)
IgG horseradish peroxidase conjugate. Immunocomplexes
were visualized using Luminata (Millipore, USA) according
to the manufacturer’s instructions. Film signals were digitally
scanned (Chemidoc™ Imaging Systems) and then quantified
using ImagelJ software. -actin was used as an internal con-
trol, so that data were standardized according to actin values.

Statistical Analysis

Levene's test was performed to verify the homogeneity of
data. Two-way ANOVA (2 treatments (vehicle/reserpine) =
2 procedures (UH/TS)) followed by the Newman-Keuls post
hoc test was used for all analysis, when appropriate. One-way
ANOVA (1 treatment (reserpine) = 3 procedures (UH/TS/
Imipramine)) followed by the Newman-Keuls post hoc test
was used to compare the positive control and TS (only
reserpine-treated groups). All data are expressed as means +
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SEM. p<0.05 was considered statistically significant for all
comparisons made.

Results

Depression-Like Behavior Observed in the Forced
Swimming Test

Two-way ANOVA revealed a significant influence of han-
dling, reserpine administration, and an interaction of handling
* reserpine on immobility (F(1,24)=223.93, p=0.000;
F(1,24)=247.49, p=0.000; F(1,24)=19.93, p =0.000, re-
spectively), swimming time (F(1,24)=18.59, p =0.000;
F(1,24)=24.19, p=0.000; F(1,24)=12.83, p=0.001, re-
spectively), and climbing time (F(1,24)=10.85, p=0.000;
F(1,24)=18.50, p=0.000; F(1,24)=5.52, p=0.000,
respectively).

The Newman-Keuls test showed that reserpine increased
immobility and climbing time and reduced swimming time
compared to vehicle-UH, while reserpine-TS animals showed
reduced immobility and climbing time and increased swim-
ming time when compared to the reserpine-UH group.

The post hoc test of one-way analysis showed that imipra-
mine administration reduced immobility time when compared
to reserpine-UH animals and increased immobility and
climbing time when compared to reserpine-TS animals.
Moreover, imipramine administration reduced the swimming
time compared to reserpine-TS animals and increased this
parameter when compared to reserpine-UH group (Fig. 2).

Anhedonia Behavior Was Observed in the Splash Test
and Sucrose Consumption

In the splash test, two-way ANOVA revealed a significant
influence of handling on latency time to grooming
(F(1,24)=37.06, p=0.000, and grooming time F(1,24)=
21.76, p=0.000). The post hoc of Newman-Keuls showed
that TS per se reduced the latency to grooming when com-
pared to the vehicle-UH group, while reserpine-UH animals
increased latency to grooming when compared to the vehicle-
UH and reserpine-TS groups. In grooming time, TS per se and
reserpine-TS animals increased this behavior when compared
to the vehicle-UH and reserpine-UH groups, respectively.

One-way analysis followed by the post hoc test showed
imipramine administration reduced the latency to grooming,
compared to reserpine-UH animals. Also, imipramine admin-
istration decreased the grooming time when compared to
reserpine-TS group (Fig. 3a, b).

In the sucrose consumption, two-way ANOVA revealed a
significant influence of handling, reserpine, and an interaction
of handling x reserpine on sucrose consumption (F(1,24)=
4.84,p=0.003; F(1,24)=4.15, p=0.054; and F(1,24) =741,
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Fig.2 Influence of reserpine and TS on immobility (a), climbing (b), and
swimming time (¢) measured in the forced swimming test (FST), Data are
expressed as mean £ SEM (n=7). Asterisk indicates significant
difference from UH to TS or imipramine groups (p <0.05). Plus sign

p=0.013, respectively). The Newman-Keuls test showed that
reserpine-UH animals reduced sucrose consumption com-
pared to vehicle-UH and reserpine-TS group, while
reserpine-TS reversed this parameter. The post hoc test of
one-way analysis showed that imipramine administration in-
creased sucrose consumption, compared to reserpine-UH an-
imals, and had no difference in reserpine-TS animals (Fig. 3c).

Adrenal Weight, Body Weight, and Adrenal
Weight/Body Weight Ratio

Two-way ANOVA revealed a significant main effect of han-
dling in adrenal weight (#(1,24)=16.88, p =0.000) and adre-
nal weight/body weight ratio (AW/BW) (F(1,24)=17.96,p =
0.000) while in the body weight was shown a significant main
effect of handling * reserpine (F(1,24) = 5.808, p = 0.025).
The Newman-Keuls post hoc test showed that TS per se
and reserpine-TS animals showed a decrease in adrenal weight
and adrenal weight/body weight ratio when compared to
vehicle-UH and reserpine-UH animals. The post hoc test of
one-way analysis of imipramine administration showed
higher adrenal weight/body weight ratio than reserpine-TS

COuUH W8 TS 3 Imipramine

indicates significant difference from vehicle to reserpine groups
(p<0.05). Number sign indicates significant difference from reserpine-
TS to imipramine group (p <0.05). UH, unhandled; TS, tactile
stimulation

animals and had no difference when compared to reserpine-
UH group (Table 1).

Adrenocorticotropic Hormone and Corticosterone
Levels

Two-way ANOVA of ACTH revealed a significant main ef-
fect of handling (F(1,24)=52.84, p=0.000) and reserpine
(F(1,24)=761.30, p=0.000). The Newman-Keuls post hoc
test showed that reserpine-UH animals increased ACTH
levels compared to vehicle-UH, while TS per se and
reserpine-TS animals decreased these levels when compared
to vehicle-UH and reserpine-UH animals, respectively. Also,
reserpine-TS animals showed lower ACTH levels, compared
to TS per se. The post hoc test of one-way analysis showed
that imipramine administration decreased ACTH levels when
compared to reserpine-UH and reserpine-TS animals
(Fig. 4a).

Two-way ANOVA of corticosterone revealed a significant
main effect of handling (F(1,24)=22.48, p=10.000) and re-
serpine (F(1,24)=531.32, p=10.000). The Newman-Keuls
post hoc test showed that reserpine-UH animals increased
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Fig. 3 Influence of reserpine and TS on anhedonia behavior. Latency to
grooming (a) and grooming time (b) was measured in the splash test (ST),
and sucrose preference percentage (¢) was measured in the sucrose
preference test (SPT). Data are expressed as mean = SEM (n=7).
Asterisk indicates significant difference from UH to TS or imipramine

groups (p < 0.05). Plus sign indicates significant difference from vehicle
to reserpine groups (p < 0.05). Number sign indicates significant
difference from reserpine-TS to imipramine group (p <0.05). UH,
unhandled: TS, tactile stimulation
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Table1  Effects of reserpine and TS on adrenal weight (AW), final body
weight (BW), and adrenal weight/body weight ratio (AW/BW) in female
rats

Treatment Adrenal weight (g) Body weight (g) AW/BD (mg)
Vehicle-UH 0.1076 + 0.005 237.66 £ 44 045 +0.020
Vehicle-TS 0.0908 + 0.003* 262.16 £ 6,52 034 £ 0.012*
Reserpine-UH  0.1131 + 0.001 251.83 £6.69 044 +0.007
Reserpine-TS ~ 0.0959 + 0.004* 242,16 £9.70  0.39 + 0.020*
Imipramine 0.1050 + 0.006 22740 £ 828 046 = 0.020*

UH, unhandled; TS, tactile stimulation; data are expressed as mean £
SEM: *indicates significant difference from UH to TS or imipramine
groups (p <0.05)

corticosterone levels when compared to vehicle-UH, while TS
per se and reserpine-TS animals decreased these levels. Also,
reserpine-TS animals had lower corticosterone levels when
compared to TS per se. The post hoc test of one-way analysis
showed that imipramine administration decreased corticoste-
rone levels, compared to the reserpine-UH group, and had no
difference when compared to reserpine-TS animals (Fig. 4b).

Molecular Parameters Analysis in Western Blotting

Two-way ANOVA of BDNF revealed a significant interaction
between handling x reserpine (F(1,24)=6.97, p =0.020). The
Newman-Keuls post hoc test showed that reserpine-UH ani-
mals decreased BDNF levels when compared to vehicle-UH
and reserpine-TS animals. One-way analysis followed by the
post hoc test showed that imipramine had no difference when
compared to the other groups (Fig. 5a).

Two-way ANOVA of proBDNF revealed a significant
main effect of handling (F(1,24)=8.39, p=0.01) and han-
dling * reserpine (F(1,24)=5.37, p=0.03). The Newman-
Keuls post hoc test showed that reserpine-UH animals in-
creased proBDNF levels when compared to vehicle-UH and
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Fig. 4 Influence of reserpine and TS on ACTH and corticosterone in
plasma. Data are expressed as mean £ SEM (n=7). Asterisk indicates
significant difference from UH to TS or imipramine groups (p <0.05).
Plus sign indicates significant difference from vehicle to reserpine groups
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reserpine-TS animals. The post hoc test of one-way analysis
showed that imipramine administration decreased proBDNF
levels, compared to reserpine-UH, and had no difference
when compared to reserpine-TS animals (Fig. 5b).

Two-way ANOVA of TrkB revealed a significant main
effect of handling (F(1,24)=202.11, p=0.000), reserpine
(F(1,24)=8.12, p=0.014), and handling * reserpine
(F(1,24)=45.66, p=0.000). The Newman-Keuls post hoc
test showed that reserpine-UH animals decreased TrkB levels
when compared to vehicle-UH and reserpine-TS. TS per se
increased TrkB levels when compared to the vehicle-UH
group, while reserpine-TS animals showed TrkB higher
levels, compared to TS per se and reserpine-UH animals.
The post hoc test of one-way analysis showed that imipramine
administration had no difference when compared to reserpine-
UH animals, but decreased TrkB levels when compared to
reserpine-TS animals (Fig. 5¢).

Two-way ANOVA of GDNF revealed a significant main
effect of handling (F(1,24)=22.69, p = 0.000). The Newman-
Keuls post hoc test showed that TS per se and reserpine-TS
animals increased GDNF levels when compared with vehicle-
UH and reserpine-UH animals. The post hoc test of one-way
analysis showed that imipramine administration increased
GDNF levels when compared to reserpine-UH and decreased
these levels when compared to reserpine-TS animals (Fig. 5d).

Two-way ANOVA of GFAP revealed a significant main
effect of reserpine (F(1,24)=5.56, p=0.03) and handling *
reserpine (F(1,24)=8.90, p =0.01). The Newman-Keuls post
hoc test showed that reserpine-UH animals decreased GFAP
levels when compared with vehicle-UH and reserpine-TS an-
imals. The post hoc test of one-way analysis showed that
imipramine administration had no difference when compared
to the other groups (Fig. Se).

Two-way ANOVA of GR revealed a significant main effect
of handling (F(1,24) = 24.65, p=0.001) and handling * reser-
pine (F(1,24)=7.34, p=0.02). The Newman-Keuls post hoc
test revealed that TS per se showed higher levels of GR when
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(p < 0.05). Number sign indicates significant difference from reserpine-
TS to imipramine group (p <0.05). UH, unhandled; TS, tactile
stimulation; ACTH, adrenocorticotrophic hormone
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Fig. 5 Influence of reserpine and TS on BDNF (a), proBDNF (b), TrkB
(¢), GNDF (d), GFAP (e), and GR immunoreactivity (f) in the prefrontal
cortex. Data are expressed as mean + SEM (n=7). Asterisk indicates
significant difference from UH to TS or imipramine groups (p <0.05).
Plus sign indicates significant difference from vehicle to reserpine groups

compared to vehicle-UH animals, while reserpine-UH ani-
mals decreased GR levels when compared to vehicle-UH
and reserpine-TS animals. The post hoc test of one-way anal-
ysis showed that imipramine increased these levels, compared
to reserpine-UH, and had no difference when compared to
reserpine-TS (Fig. 5f).

Discussion

Our study is showing that the tactile stimulation (TS) applied
in adult animals reversed reserpine-induced depression-like
behaviors, which were evidenced in the forced swim test
(FST), splash test, and sucrose preference test. Furthermore,
TS decreased adrenal weight, as well as the plasma levels of
ACTH and corticosterone, thus reversing the decreased im-
munoreactivity of GR, GFAP, TrkB, proBDNF, and BDNF
induced by reserpine administration. These findings are indic-
ative that TS could reverse depressive behaviors by different
pathways.

The FST is an experimental paradigm originally proposed
to investigate beneficial effects of antidepressant drugs [43], in
which reduced passive behaviors (immobility) and increased
active behaviors (climbing and swimming) display the drug

(p<0.05). Number sign indicates significant difference from reserpine-
TS to imipramine group (p <0.05). UH, unhandled; TS, tactile
stimulation; BDNF, brain-derived neurotrophic factor; TrkB,
tropomyosin receptor kinase B; GDNF, glial-derived neurotrophic
factor: GFAP, glial fibrillar acidic protein; GR. glucocorticoid receptor

effect on depressive symptoms improvement [50], possibly
through noradrenaline and serotonin system activation [51].
Here, TS and imipramine showed a reduction in the immobil-
ity time, thus increasing the swimming time in the FST. More
precisely, imipramine also increased the climbing behavior.
As this drug is a tricyclic antidepressant, it can reverse the
depressive-like behavior, since the increase in the release of
neurotransmitters such as noradrenaline and serotonin is di-
rectly associated with the climbing behavior enhancement
[52]. Meanwhile, TS treatment increased only the swimming
time, suggesting that the main effect of TS could be more
dependent on serotoninergic system modulation. Despite that,
more investigations about the monoaminergic system are
needed. Besides FST, anhedonia behaviors (or hyposensitivity
to pleasure) also have been employed to access the effective-
ness of the antidepressant treatment [46, 53]. Here, both TS
and imipramine administration reversed the increased latency
time to grooming in the splash test, and the reduced sucrose
consumption induced by reserpine.

Previous studies from our laboratory have shown the ben-
eficial influence of TS applied during the neonatal period,
which was able to reduce anhedonia in adult rats, preventing
anxiety after stress exposure [54], improving benzodiazepine
drugs responsiveness [55]. Moreover, TS presented itself as an
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efficient tool against cocaine and amphetamine addiction [36,
37], also showing its effectiveness to increase the sertraline
responsiveness in an animal model of depression [38].
Regarding the different objectives, our current findings pri-
marily differ from these previous studies in two fundamental
aspects: (i) TS was applied in adult animals; (ii) the beneficial
influence of TS was effective to reverse reserpine-induced
depression-like behaviors, while in previous studies the TS
benefits were exclusively preventive. Although reserpine
showed no reduction in grooming time in the splash test, TS
increased this parameter per se and in the reserpine-TS group,
confirming the hypothesis that TS exerts a beneficial approach
to improve emotionality.

It is well known that women are more susceptible to devel-
op depression symptoms [2]. Thus, we performed our research
with female rats in order to mimic the human clinic. Although
literature demonstrates that the estrous cycle has an important
effect on depressive-like behaviors, since the estradiol can
show antidepressant effects [56], female rodents are known
to be more vulnerable to neuropsychiatric disorders models
[6] and more responsive to the impacts upon modulation of
the BDNF signaling and HPA axis [57, 58]. In the present
study, TS treatment reduced ACTH and corticosterone levels
in plasma, decreased adrenal glands weight, and increased GR
immunoreactivity in PFC. Our findings are in accordance with
previous studies showing that the glucocorticoid (GC) levels
increase, deregulation in GR and the HPA axis hyperactivity
were associated with depression-like behaviors [59, 60]. On
the other hand, GR activation may improve the impaired HPA
axis negative feedback and consequently, inhibit GC release.
Such enhancement of GR levels in the brain, including PFC, is
associated with decreased ACTH and corticosterone release
and is considered pivotal to reduce depression-like behaviors
since antidepressant treatment can reduce HPA axis activity
by increasing GR expression, translocation, binding, and
function [61, 62]. Our outcomes are in agreement with this
evidence, given that TS applied during animals’ adulthood
showed the ability to decrease the HPA axis activity, minimiz-
ing the corticosteroid cascade, inciting the GR expression.
Also, higher GR levels in the PFC after reserpine could ex-
plain the animals® depression-like behavior, whereas GR
levels could be increased by TS or imipramine to regulate
the GC release reversing the depression-like behavior.
Together these findings may be linked to a better biological
adaptation of the animal and a possible antidepressant effect,
considering antidepressants can modify GR expression in
brain areas such as the PFC [63].

Also, the GR changes in the PFC are directly associated
with plasma GC release, and evidence demonstrated that GC
exerts different influences on the PFC. Meanwhile, the in-
crease of this hormone can impair the PFC neuronal architec-
ture, thus facilitating the development of neuropsychiatric dis-
orders such as depression [64, 65]. Similar to TS, the
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imipramine-induced reversion of depressive-like behaviors
could be, at least partly, consequent to its influence on the
hormones and GR levels, which is in accordance with previ-
ous findings, suggesting the antidepressant-like effects could
be glucocorticoid-dependent [66, 67]. It is important to notice
that HPA axis receives serotonergic input, acting as a regulator
of behavior and emotion and the hyperactivity of the HPA axis
can impair monoaminergic neurons, leading to a BDNF
downregulation in the brain [68, 69]. Thus, an increase in
glucocorticoid release could exert detrimental effects on
CNS, reducing dendritic complexity, altering synaptic plastic-
ity, and suppressing GDNF and BDNF expression, leading to
atrophy and disruption of connectivity in cortex and hippo-
campus [70, 71].

Recent reports have shown that TS applied during the neo-
natal period and adulthood was able to increase trophic factor
levels, including BDNF and fibroblast growth factor 2 in dif-
ferent brain areas, also increasing dendritic lengths after brain
injury and enhancing memory performance of rodents [40,
72]. In the current study, TS applied in adult animals reversed
the decreased reserpine-induced BDNF immunoreactivity,
thus increasing TrkB and reducing proBDNF in the PFC, a
brain area closely implicated in depression development [73,
74]. Indeed, BDNF signaling exerts an essential role on the
maturation and survival of neurons, regulating
neuropsychiatric-like behavioral phenotypes in adulthood
[75]. In contrast, its precursor, proBDNF, can bind on
p75~"™ receptor inducing apoptosis, decreasing spine density
and dendritic arbor [76, 77], thus facilitating depression-like
behaviors. Moreover, BDNF-TrkB signaling also has demon-
strated antidepressant activity similarly to our results, since the
increase of TrkB levels in the brain tissue has been associated
with depression improvement [78, 79]. Besides, BDNF sig-
naling is crucial to the normal functioning of 5-HT,, recep-
tors, which are involved in the antidepressant activities [10].
In this sense, alterations in the conversion of proBDNF to
BDNF together with reduced TrkB immunoreactivity, as ob-
served in the reserpine-UH group, could explain the
depression-like behaviors observed in this experimental
group, while TS, and in minor proportion, imipramine, im-
proved this signaling cascade and decreased the depression-
like behavior.

Regarding imipramine, it is known that antidepressant
drugs can increase BDNF/TrkB levels, thus helping to recover
depression-like behaviors. However, our findings are showing
that although imipramine has reduced the immobility time in
TS-exposed animals, changes in BDNF/TrkB cascade were
not observed in this experimental group. We believe this con-
tradiction between the current outcomes and literature data
can be only apparent considering the doses of imipramine
and treatment time were in fact, different [80, 81].

Of particular importance, our findings also showed that re-
serpine exposure did not decrease GDNF levels in the PFC,
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while TS and imipramine treatment increased the immunoreac-
tivity of this molecular marker. GDNF is known to be an im-
portant factor for the survival and maintenance of dopaminergic
and serotonergic neurons [82]. According to recent findings, all
types of antidepressants, including imipramine, can modulate
GDNF expression, possibly due to the increased extracellular
level of 5-HT caused by antidepressant treatment, leading to
increased ERK/MAPK activation and consequently stimulating
the GDNF release [82, 83]. TS procedure increased this neuro-
trophic factor, suggesting the monoamines levels maintenance,
which can be related to the depression-like behavior improve-
ment, Studies have demonstrated that TS applied for 8 days can
alter trophic factors in brain regions after a dopaminergic lesion,
and that might have a direct relation between TS and dopami-
nergic release in the brain, and maybe other monoamines,
which could contribute to improving psychiatry conditions
such as depression [40, 84]. It is important to note that a limi-
tation of our study was the absence of monoamines quantifica-
tion in the PFC. Such an analysis could show the real mono-
amines reduction in the animals’ brain and the possible recov-
ery promoted by TS. This handling procedure showed similar,
but subtly superior influences than those observed after imipra-
mine administration. Thus, the continuity of studies ap-
proaching the TS as a therapeutic resource is still needed to
better understand the relation among TS in adult animals, brain
neurotrophic factors, and monoamines levels.

With similar functions to the neurotrophic factors, astro-
cytes are a type of glial cell responsible for providing energy,
morphological, and metabolic support to neurons, and are also
involved in differentiation, proliferation, and survival of neu-
rons [85]. Reduced numbers of astrocytes have been related to
different CNS diseases, including depression [22]. Likewise,
GFAP, which is an essential marker of astrocytes and the ma-
jor component of intermediate cytoskeletal filaments, present-
ed reduced levels in both human and rodent depressed brain
[86]. In our findings, reserpine reduced GFAP immunoreac-
tivity in the PFC, while TS reestablished these levels.
Decreased levels of GFAP also indicate a reduced number of
astrocytes, and their hypofunction was recently associated
with lower neuron survival and disruption in synaptic plastic-
ity, which may be closely related to depression-like behavior
[24] and literature data have shown that some antidepressant
drugs can recover the astrocytes levels, ameliorating depres-
sion symptoms [24]. In our current findings, imipramine did
not recover GFAP levels, but TS increased GFAP levels, en-
hancing reserpine-induced depression-like behaviors. In this
sense, we suggest that TS can affect astrocytes proliferation
and morphology, increasing synaptic plasticity and improving
depression-like behaviors. Therefore, we hypothesized that
the improvement in the HPA axis signaling caused by TS
could enhance the function of neurotrophic factors and
GFAP and consequently improve depression-like behavior in
adult rats.

In summary, TS exerts a positive effect on the HPA axis
signaling, which was reflected in the adrenal weight of ani-
mals, corticosterone release, and changes in GR expression in
PFC. The protective cascade triggered by TS in adult female
rats recovered the cortical levels of neurotrophic factors, such
as BDNF, TrkB, GNDF, and GFAP, which were impaired by
the reserpine-induced animal model of depression. Thus, to
the best of our knowledge, the current study is demonstrating
for the first time that TS can reverse depression-like behaviors
in adult rats, through its influence on gene transcription, en-
hancing the neurogenesis. Also, the beneficial influence of TS
was similar but subtly higher to those observed with the imip-
ramine, a classical antidepressant drug. Our findings suggest
that TS exerts a beneficial role on the psychological disorders
of adult life and could be a practical approach in the human
clinic, in the form of massage therapy, since this therapy con-
sists in kinesthetic or sensory stimulation [87], contributing to
the treatment of depression. Despite that, performing addition-
al studies would be imperative to deepen the knowledge relat-
ed to a possible involvement of the monoaminergic system
succeeding the TS procedure.
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The serotonin transporter (SERT) gene, especially the short allele of the human serotonin
transporter linked polymorphic region (5-HTTLPR), has been associated with the
development of stress-related neuropsychiatric disorders. In line, exposure to early life
stress in SERT knockout animals contributes to anxiety- and depression-like behavior.
However, there is a lack of investigation of how early-life exposure to beneficial stimuli,
such as tactile stimulation (TS), affects later life behavior in these animals. In this
study, we investigated the effect of TS on social, anxiety, and anhedonic behavior in
heterozygous SERT knockouts rats and wild-type controls and its impact on gene
expression in the basolateral amygdala. Heterozygous SERT*/~ rats were submitted
to TS during postnatal days 8-14, for 10 min per day. In adulthood, rats were assessed
for social and affective behavior. Besides, brain-derived neurotrophic factor (Bdnf) gene
expression and its isoforms, components of glutamatergic and GABAergic systems as
well as glucocorticoid-responsive genes were measured in the basolateral amygdala. We
found that exposure to neonatal TS improved social and affective behavior in SERT*/~
animals compared to naive SERT*/~ animals and was normalized to the level of naive
SERT** animals. At the molecular level, we observed that TS per se affected Bdnf,
the glucocorticoid-responsive genes Nrdal, Gadd45p, the co-chaperone Fkbp5 as
well as glutamatergic and GABAergic gene expression markers including the enzyme
Gad67, the vesicular GABA transporter, and the vesicular glutamate transporter genes.
Our results suggest that exposure of SERT*/~ rats to neonatal TS can normalize their
phenotype in adulthood and that TS per se alters the expression of plasticity and stress-
related genes in the basolateral amygdala. These findings demonstrate the potential
effect of a supportive stimulus in SERT rodents, which are more susceptible to develop
psychiatric disorders.

Keywords: neonatal period, tactile sti
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INTRODUCTION

Vulnerability to psychiatric disorders is thought to be caused
by complex interactions between genes and the environment
particularly when the interactions take place early in life (Caspi
et al, 2010). The serotonin transporter linked polymorphic
region (5-HTTLPR) serves as a model for gene-environment
interactions, with the short (s) 5-HTTLPR allele playing an
important role in the sensitivity to the environment (Homberg
and Lesch, 2011; Homberg et al, 2016). In rodents, these
behavioral conditions can be evaluated in serotonin transporter
(SERT) knockout rats (Homberg et al, 2007). Heterozygous
SERT knockout animals (SERT*/~) are generally suggested to
be most comparable to the human short 5-HTTLPR allele from a
gene-dose dependent point of view. Although some studies could
not confirm an interaction effect of SERT genotype and early
life adversities (see review: Houwing et al., 2017), other studies
have shown a significant influence of the SERT™/~ genotype
on behaviors putatively related to psychiatric disorders (Olivier
et al., 2008; Bartolomucci et al., 2010; van der Doelen et al., 2013;
Houwing et al., 2019).

SERT knockout animals present enhanced anxiety- and
depression-like symptoms (Homberg et al., 2008; Schipper et al.,
2015, 2019; Verheij et al,, 2018) and most studies examined the
increased sensitivity to negative environmental stimuli in SERT
knockout rodents. However, a few studies demonstrated that
these animals are also very sensitive to positive environmental
stimuli such as psychostimulants, conditioned reward,
co-housing with a female, and environmental enrichment
(Homberg and Lesch, 2011; Nonkes et al., 2012; Kastner et al.,
2015; Homberg et al., 2016; Rogers et al., 2017). This is well
in line with the differential susceptibility theory from the field
of developmental psychology, which postulates that “plastic”
individuals, due to (5-HTTLPR s/s) genotype, show increased
sensitivity to environmental stimuli, both adverse and supportive
ones (Belsky et al., 2009; van Ijzendoorn et al., 2012).

Early life is a critical phase for central nervous system
development, during which plasticity levels are high and the
brain is very sensitive to environmental influences. Thus
far, no studies have addressed the effect of an early life
supportive environment on later life behavior in SERT*/~
rodents. Neonatal handling is an environmental treatment
used to study behavioral mechanisms and neurobiological
alterations in rodents (Denenberg, 1964). The handling
consists of separating the pups from the mothers for a
short period and performing some intervention, such as
tactile stimulation (TS; Daskalakis et al., 2009). Neonatal
TS is a procedure applied during developmental periods
mimicking nonspecific maternal stimulation such as licking
and grooming of pups. It has emerged as an efficient tool
to improve the behavior by altering brain organization and
enhancing hippocampus neurogenesis (Guerrero et al, 2016)
and neuroplasticity (Richards et al, 2012). TS decreases
anxiety-like behaviors (Rio-Alamos et al., 2015), and prevents
the negative effects of stress (Boufleur et al, 2013) and the
development of depressive-like behaviors (Freitas et al., 2015).
These findings raise the possibility that TS has the potential

to modify the anxiety- and depression-related phenotypes of
SERT "/~ animals.

The TS mechanism in the brain is still unclear, but evidence
has suggested that TS affects the hypothalamic-pituitary-adrenal
(HPA) axis and brain neurotrophic factors such as brain-
derived neurotrophic factor (Bdnf; Antoniazzi et al, 2017;
Roversi et al,, 2019). Further, the GABA and glutamate systems
are likely targets. The HPA-axis mediates stress responses
through glucocorticoids release from the adrenal cortex. The
programming of the HPA-axis is influenced by stress, leading
to glucocorticoid receptor (Nr3cl) dysregulation and changes
in the expression of glucocorticoid-inducible genes, including
the co-chaperone FK506-binding protein 51 (Fkbp5) and the
transcription factor Nr4al (Kember et al., 2012; van der Doelen
et al., 2014). Indeed, the expression of Fkbp5 was found to
be altered in peripheral blood cells of patients suffering from
psychiatric disorders following early life adversities (Klengel
et al, 2013). Furthermore, altered stress-related behavior in
adulthood has been associated with changes in Nr4al gene
expression in the hippocampus of mice (Kember et al,
2012). Also, the growth arrest and DNA-damage-inducible beta
(Gadd45f), a glucocorticoid-responsive gene responsible for
actively demethylating gene promoter regions, was found to be
increased in the hippocampus of rats treated with the multitarget
antidepressant vortioxetine and exposed to acute stress (Brivio
et al,, 2019). Finally, negative experiences in early life seem to
affect the levels of Gadd458, yet also overexpression of this gene
has been observed in the amygdala of psychiatric patients (Gavin
et al, 2012; Blaze and Roth, 2013). Thus, whether Gadd45f
is also responsive to positive stimuli in early life remains to
be determined.

Bdnf is a molecule that promotes the development and
survival of neurons and is present in high amounts in the
basolateral amygdala. Changes in Bdnf levels in this area
are associated with stress-dependent learning and important
behavioral changes related to fear and depression (Williams
et al., 2006; Schulte-Herbruggen et al., 2006). While TS increased
Bdnf hippocampus levels and improved memory and anxiety
behaviors in normal and depressive-like animals (Antoniazzi
et al,, 2017; Roversi et al., 2019), transgenic overexpression of
Bdnf in the amygdala facilitated the development of anxiety-
related behaviors (Govindarajan et al., 2006), thus showing
the importance of the modulatory effect of Bdnf in the
brain. Neonatal handling also affects the GABAergic system,
as demonstrated by increased GABA interneuron density in
the lateral amygdala (Giachino et al., 2007). Moreover, there is
an important link between the GABAergic and glutamatergic
systems in animal models of depression and different stress-
related psychiatric disorders (Garcia-Garcia et al,, 2009; Luscher
et al, 2011), such as depression, which is characterized by
an excitation-inhibition imbalance (Sanacora et al., 2004).
Furthermore, expression levels of Gad67, the enzyme that
converts glutamate in GABA, are decreased in psychiatric
disorders (Fatemi et al., 2005). Conversely, positive stimuli
like environmental enrichment that can buffer the negative
effects of stress also alter GABAergic signaling in the amygdala
(Sampedro-Piquero et al, 2016). Finally, there is evidence
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that Bdnf affects the excitation-inhibition balance, providing a
putative pathway through which positive environmental stimuli
may ameliorate stress-induced excitation-inhibition imbalances
(Oh et al., 2016).

In this study we sought out to determine the effect of
a supportive environment, that is TS, during the postnatal
day (PND) 8-14. This period of life was chosen based on
a previous study of Antoniazzi et al. (2017), in which the
most beneficial effects of TS have been observed during
this period. Furthermore, in rats, brain development paces
extremely fast during the first weeks of life. Neurogenesis
is completed on PND 15 (Rice and Barone, 2000; Babikian
et al, 2010), the astrocytes undergo to a rapid period of
maturation, with a peak on PND 11-16 (Catalani et al., 2002),
and the critical period of synaptogenesis peaks during week
2 after birth (Semple et al, 2013). As readouts we focused
on social behavior, anhedonia, and anxiety in SERT*/~ and
wild-type control rats in adulthood. Additionally, to understand
the underlying mechanisms we assessed mRNA expression
levels of Bdnf, glucocorticoid (Nr3cl) and mineralocorticoid
(Nr3c2) receptors, and glucocorticoid-responsive genes in the
basolateral amygdala. We also focused on components of the
GABAergic and glutamatergic systems, by analyzing Gad67,
vesicular GABA transporter (Vgat), parvalbumin, and vesicular
glutamate transporter (Vglut) gene expression.

MATERIALS AND METHODS

Animal and Procedures

Eight wild-type and eight SERT*/~ (Slc6a41Hubr) pregnant
rats were used. They were derived by crossing heterozygous
breeding animals. Dams were checked daily for pups’ delivery,
and the day of birth was set as postnatal day (PND) 0. On
PND8-14, male pups from each litter were assigned to one of
the two experimental groups: neonatal TS or not (no TS, naive),
and the pups were marked with a non-toxic colored marker
for identification purposes. At PND21, pups were weaned, and
ears were punched for identification and genotyping (Homberg
et al, 2007). The animals were housed in two animals per
cage, in standard polypropylene cages with saw-dust bedding
and water and food ad libitum, in a temperature (21 + 1°C)
and humidity-controlled room (45%-60% relative humidity),
with a 12:12 h light/dark cycle (lights on at 7:00 AM). The
experimental procedures were approved by the Committee for
Animal Experiments of the Radboud University Nijmegen, The
Netherlands, and all efforts were made to minimize animal
suffering and to reduce the number of animals used. Only
male SERT*/~ rats were used in this study. At PND 60, the
males from naive and TS were subdivided between treatment
and genotype [wild-type (SERT**) or heterozygous (SERT*/7)]
groups, resulting in the following groups: naive SERT*/* (n = 9);
naive SERT*/~ (n = 7); TS SERT** (n = 9); TS SERT/~ (n=9;
Figure 1A). All tests were performed in the dark phase.

Neonatal Tactile Stimulation
Neonatal TS was applied from PND 8 to PND 14, between 10 AM
and 2 PM. Pups were removed from the nest, gently held by the

experimenter, and stroked with the index finger on the dorsal
surface, in the rostral-caudal direction for 10 min, once a day.
At the end of the TS, pups were returned to their litters. The
naive group (no TS) remained in their nest without any touch
by human hands (Freitas et al., 2015; Antoniazzi et al., 2017).

Behavioral Procedures

Social Interaction Test

The social interaction test protocol is based on social interest
and interaction with an unfamiliar animal. The arenas consisted
of a black floor and transparent walls (45 cm x 50 c¢m). Before
the test, animals were put individually in the chamber for
a 1-h habituation session and immediately after habituation,
two rats from different cages with the same genotype and
manipulation were put together in the arena and the behavior
was video recorded for 15 min. The recorded behavior was
measured as social contact (time animals spent in body-contact,
sniffing, grooming), social interest (time animal was following
or approaching), social undergoing (passive behavior: when the
rat’s partner was mounting, sniffing, pinning, attacking the rat),
and non-social behavior (time animal was solitary). One observer
blind to the test subjects’ genotype and manipulation, manually
scored video recordings by using Boris v.7. Both animals were
equally observed. By using a reliability analysis feature in Boris
(Behavioral Observation Research Interactive Software), the
percentages of agreement between two observers were calculated
and resulted in 78% of agreement (data not shown).

Elevated Plus-Maze

This test is based on the innate fear rodents have for open
and elevated spaces and was performed as described by de
Jong et al. (2006). The apparatus consisted of a plus-shaped
platform elevated 50 ¢cm from the floor. Two opposite arms
(50 cm x 10 cm) were enclosed by 40 cm high walls whereas
the other two arms had no walls. The four arms had at their
intersection a central platform, which gave access to any of the
four arms. At the beginning of each test, the rat was placed on
the central platform facing an open arm. The movements and
position of the animals were recorded and processed afterward
using EthoVision XT (Noldus Information Technology, The
Netherlands). Entries were counted when all four paws were
placed in one of the arms. Data were expressed as the mean
percentage of the time spent on open arms [(time on open
arms/300 s) x 100%], the mean of the entries number into open
arms [(entries on open arms/total entries) x 100%)] and the time
spent on closed arms (s). The mean of the time spent (s) on and
number of entries to open arms were used as the standard anxiety
indices. Locomotor activity was expressed as the total distance
moved (cm) by the animal in the entire maze.

Sucrose Consumption

Anhedonia is typically measured using the sucrose consumption
test in which the animals have in their homecage a free choice
between a bottle with water and a bottle with a sucrose solution.
A decrease in sucrose intake and/or preference is considered
as a measure of anhedonia (Willner et al., 1987). Animals were
housed individually and habituated to the two-bottle paradigm
by offering them water in two plastic drinking bottles, one
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FIGURE 1 | Schematic representation of the experimental paradigm performed in heterozygous serotonin transporter knockout (SERT*/~) and wid-type (SERT*/*)
male rats exposed daily to tactile stimulation (TS) from postnatal day (PND) 814 or a control treatment (no TS-naive; A). Diagrams represent the location where
basolateral amygdala punches were taken for molecular analyses (adapted from Paxinos and Watson brain Atlas; B).

on each side, for a total of 3 days. After the third day of
the habituation period, the sucrose test started. Animals were
presented with two bottles, one containing water and the other
one containing a 3% sucrose solution. Fluid consumption (g)
was measured at 2 h, 5 h, and 24 h, and body weight was
measured daily (g). Both measures were used to calculate sucrose
preference (sucrose intake in ml divided by total intake x 100%)
and the intake in grams relative to body weight in Kg (intake
in grams divided by body weight in grams/1,000; adapted
from Olivier et al., 2008).

Tissue Collection and Preparation

One week after the last day of the sucrose test, the animals were
euthanized by decapitation within 10 s. Immediately after the
decapitation, the brains were isolated and frozen on dry ice in an
aluminum foil and stored in a —80° C. The brains were prepared
in 200 pm thick coronal slices in a cryostat (—11°C) to obtain
punches of basolateral amygdala bilaterally (Bregma ~ —2.28:
—3.30 mm; Interaural &~ —6.72: —5.80 mm; anterior-posterior

~22.8 posterior to bregma; DV ~6.5 from skull surface) using
a 1.00 mm brain puncher (Figure 1B). The brain puncher was
cleaned with alcohol after each punch. The punches were used
for RNA isolation.

RNA Preparation and Gene Expression Analysis by
Quantitative Real-Time RT-PCR

Total RNA was isolated from the basolateral amygdala using
PureZol RNA isolation reagent (Bio-Rad Laboratories S.r.l;
Segrate, Italy) following the manufacturer’s instructions. The
RNA concentration was then quantified by spectrophotometric
analysis (OD 260/280 1.8 < ratio <2). Afterward, the samples
were prepared for real-time polymerase chain reaction (RT-
PCR) to measure the mRNA expression of total Bdnf, Bdnf
long 3’ UTR, Bdnf isoforms IV and VI, Nr3cl, Nr3c2, Nr4al,
Gadd458, Fkbp5, Gad67, Pvalb, Vgat, Vglut. After RNA isolation,
an aliquot of each sample was treated with DNAse to avoid
contamination by DNA. The samples were then prepared
for the analyses by TagMan qRT-PCR instrument (CFX384

Frontiers in Behavioral Neuroscience | www.frontiersin.org

August 2020 | Volume 14 | Article 142



52

Roversi et a

Handling in Serotonin Transporter Knockout

real-time system, Bio-Rad Laboratories S.r.l.) using the iScript
one-step RT-PCR kit for probes (Bio-Rad Laboratories S.r.l.).
The primers and probes sequences used were acquired from
Eurofins MWG-Operon and Life Technologies and are shown in
Table 1. The samples (10 ng/ul) were run in a 348-well format in
triplicates as multiplexed reactions with the normalizing internal
control 36b4. Thermal cycling started with incubation at 50°C for
10 min (RNA retrotranscription), and 95°C for 5 min (TagMan
polymerase activation). After this step, 39 cycles of PCR were
performed. Each PCR cycle consisted of heating the samples at
95°C for 10 s to facilitate the melting process and then at 60°C
for 30 s for the annealing and extension reactions. A comparative
cycle threshold (Ct) method was used to calculate the relative
target gene expression by applying the 2(~2ACT) method (Livak
and Schmittgen, 2001).

Data Analysis

Behavioral data were analyzed by two-way ANOVA followed by
post hoc of Newman-keuls. Genotype (SERT** vs. SERT*/~)
and manipulation (naive vs. TS) were assessed as independent
variables. The level of significance was set at P < 0.05. For
the molecular data two-way ANOVA followed by post hoc
of Fisher’s protected least significant difference (PLSD) was
used. Benjamini-Hochberg multiple testing corrections for false
discovery rate (FDR) was applied and the significance was set
to FDR adjusted p-value < 0.05. All statistical analyses were
performed using the Statistics Software version 13.3 (Tulsa, OK,
USA) and the graphs were made by GraphPad Prism version
7. Data are presented as means =+ standard error (SEM). In the
graphs of the molecular data, the group of naive SERT*/* is
set at 100%.

RESULTS

Behavioral Tests

Social Interaction Test

Our main readout in the social interaction test was the time spent
on social interaction. For this parameter, we found a significant
effect of TS (F(y30) = 10.16; p = 0.003). After post hoc testing, we
found that naive SERT'/~ rats spent less time on social contact
(p =0.014) compared to naive SERT*/* rats while in TS SERT/~
rats this parameter was increased (p = 0.001) compared to naive
SERT/~ rats (Figure 2A).

For non-social behavior a significant interaction between
genotype and TS (F(;30) = 15.47; p = 0.0005) was found. Post
hoc testing showed that naive SERT*/~ rats spent more time on
non-social contact (p = 0.0002) compared to naive SERT*/* rats,
while TS SERT*/~ rats spent less time on non-social behavior
(p = 0.0001) compared to naive SERT*/~ rats (Figure 2D).

For social interest and passive undergoing behavior, we did
not find any difference between groups (Figures 2B,C).

Elevated Plus-Maze Test

The standard readouts for anxiety as measured in the elevated
plus-maze test involve the percentage time spent on the open
arms and the percentage of entries onto the open arms. As
shown in Figure 3A, two-way ANOVA showed that there was

a significant interaction between genotype and TS (F(; 39) = 9.29;
p = 0.004) for the mean percentage of open arms time. Post hoc
testing revealed that naive SERT*/~ animals remained less time
on the open arms compared to naive SERT*/* rats (p = 0.012)
and TS SERT*/~ rats (p = 0.016; Figure 3A). For the relative
number of open arm entries, a significant effect of genotype
(F(1,30) = 5.45; p = 0.026) and an interaction between genotype
and TS (F(30) = 6.05; p = 0.020) was observed. In particular,
naive SERT*/~animals showed fewer entries on to the open arm
compared to naive SERT’“(p = 0.010) and TS SERT/~ rats
(p = 0.049; Figure 3B). These data show that TS ameliorated the
anxiety observed in naive SERT*/ ™ rats.

Regarding the time spent on closed arms, no statistical
differences were observed (Figure 3C). For total time traveled,
also no significant genotype or TS manipulation effect was found.
The latter confirms that the differences seen in anxiety were not
due to differences in locomotor behavior (Figure 3D).

Sucrose Consumption Test
As shown in Figure 4A, there was a significant effect of genotype
(F(1,30) = 8.19; p = 0.007) for sucrose preference over 5 h. Naive
SERT*/~ rats showed a reduction in sucrose preference after 5 h
of exposure to the water and sucrose solutions (—25%; p = 0.049;
Newman-Keuls) compared to the naive SERT*/* group. After
24 h of exposure, TS SERT'/~ rats increased their sucrose
preference (+5%; p = 0.034) compared to naive SERT*/ " rats.
Figure 4B illustrates the sucrose intake data. We found a
significant interaction between genotype and TS (F(; 309) = 6.29;
p = 0.018) effect over 2 h. A post hoc test revealed a trend
towards a reduction (—58%; p = 0.053) in sucrose intake in naive
SERT*/~ rats after 2 h of exposure compared to naive SERT**
rats, while TS SERT1/~ rats increased the sucrose intake after 2 h
(+177%; p = 0.016) compared to naive SERT*/~ rats.
Furthermore, for sucrose intake over 5 h, there was a
TS effect (F(130) = 6.24 p = 0.018). Post hoc testing showed
that the sucrose intake in naive SERT'/~ rats were lower
than in naive SERT** rats (—36%; p = 0.048) while TS
SERT*/~ rats showed an increase in sucrose intake after 5 h
(+148%; p = 0.036) compared to naive SERTY/~ rats. After
24 h of exposure, no significant differences were found in the
sucrose intake.

Molecular Results

Bdnf mRNA Expression Levels in the Basolateral
Amygdala

We initially investigated total Bdnf mRNA levels in the
basolateral amygdala of naive or TS SERT*/~ and SERT*"*
animals. We found a significant effect of TS (F(;31) = 6.053,
p = 0.020) on total Bdnf mRNA levels. Post hoc analysis showed
that the TS SERT** group had a significant decrease of Bdnf
mRNA levels compared to the naive SERT*'* group (—44%,
p = 0.025; Figure 5A).

Based on this result, we decided to evaluate if TS could
affect the expression of major Bdnf transcripts. In particular,
we quantified the expression levels of the long 3'UTR Bdni
transcripts, associated with dendritic targeting of specific
neurotrophin transcripts. Additionally, we measured Bdni
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TABLE 1 | (a) Sequences of primers, reverse primers, and probes used in real-time polymerase chain reaction (RT-PCR) analyses and purchased from Eurofins

MWG-Operon.
(a) Gene Forward primer Reverse primer Probe
Total Bdnf AAGTCTGCATTACATTCCTCGA GTTTTCTGAAAGAGGGACAGTTTAT TGTGGTTTGTTGCCGTTGCCAAG
Nr3ci GAAAAGCCATCGTCAAAAGGG TGGAAGCAGTAGGTAAGGAGA AGCTTTGTCAGTTGGTAAAACCGTTGC
Nr3c2 TCGCTTTGAGTTGGAGATCG ACGAATTGAAGGCTGATCTGG AGTCTGCCATGTATGAACTGTGCCA
Pvalb CTGGACAAAGACAAAAGTGGC GACAAGTCTCTGGCATCTGAG CCTTCAGAATGGACCCCAGCTCA
Vgat ACGACAAACCCAAGATCACG GTAGACCCAGCACGAACATG TTCCAGCCCGCTTCCCACG
Gad67 ATACTTGGTGTGGCGTAGC AGGAAAGCAGGTTCTTGGAG AAAACTGGGCCTGAAGATCTGTGGT
Vglut ACTGCCTCACCTTGTCATG GTAGCTTCCATCCCGAAACC CTTTCGCACATTGGTCGTGGACATT
Fkbps GAACCCAATGCTGAGCTTATG ATGTACTTGCCTCCCTTGAAG TGTCCATCTCCCAGGATTCTTTGGC
36b4 TTCCCACTGGCTGAAAAGGT CGCAGCCGCAAATGC

AAGGCCTTCCTGGCCGATCCATC
(b) Gene Accession number Assay ID
Bdnf long 3' UTR EF125675 Rn02531967_s1
Bdnf isoform IV EF125679 Rn01484927_m1
Bdnf isoform Vi EF125680 RnO1484928_m1
Gadd4sp BCO086337.1 Rn01452530_g1
Nrdat BCOA7313.1 Rn01533237_m1

(b) Probes purchased from Life Technologies which did not disclose the sequence.
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FIGURE 2 | Social interaction test. The time spent on social contact (A), social interest (B), passive behavior (C) and non-social behavior (D) of heterozygous
serotonin transporter knockout (SERTY~) and wild-type (SERT**) male rats daily exposed to TS from postnatal day 8-14 or a control treatment (no TS-naive). Data
are represented as mean + SEM. *Significantly different from naive SERT*'* rats, “significantly different from naive SERT*/~ rats (p < 0.03).
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isoforms IV and V1. While isoform 1V is localized in the soma,
is an indication of altered neuronal activity (Pattabiraman et al.,
2005), isoform VI is targeted to dendrites (Chiaruttini et al,
2008). Changes in isoform IV and VI have been associated with
mood disorders (Molteni et al., 2010).

No significant differences were found for long 3'UTR
Bdnf mRNA levels, indicating that there was no modulation
of this pool of transcript on total Bdnf mRNA levels
(Figure 5B). Two-way ANOVA revealed a significant effect of TS

(F1,31) = 4.484, p = 0.043) for Bdnf isoform IV, with its mRNA
levels being decreased in TS SERT** animals (—54% vs. naive
SERT**, p = 0.024, Fisher PLSD) in comparison to the naive
counterpart (Figure 5C).

Regarding Bdnf exon VI, two-way ANOVA showed a similar
result with a trend in the TS group (F(; 3;) = 3.794, p = 0.062).
Indeed, we observed a decrease in Bdnf isoform VI levels in the
TS SERT** group (—44% vs. naive SERT*/*, p = 0.035, Fisher
PLSD; Figure 5D).
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FIGURE 3 | Elevated plus maze test. The mean time of spent in open arms (%: A). the mean of entries number in open armms (%: B), time spent in closed arms (s:
C) and total distance traveled (cm; D) of heterozygous serotonin transporter knockout (SERT™/~) and wild-type (SERT™~) male rats daily exposed to TS from
postnatal day 8-14 or a control treatment (no TS-naive). Data are represented as mean + SEM. *Significantly different from naive SERT™ rats, "significantly different
from naive SERT*/~ rats (p = 0.05).
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FIGURE 4 | Sucrose consumption test. Sucrose preference (A) and sucrose intake (B) in heterozygous serotonin transporter knockout (SERT™/ ) and wild-type
(SERT**) male rats daily exposed to TS from postnatal day 8-14 or a control treatment (no TS-naive). Data are represented as mean + SEM. *Significantly different
from naive SERT* rats, *significantly different from naive SERT ~rats {p < 0.08).

Mineralocorticoid and Glucocorticoid Receptor Gadd458, and the co-chaperone Fkbp5 were measured in the
mRNA Expression Levels in the Basolateral basolateral amygdala.
Amygdala Two-way ANOVA showed that TS significantly affected

We next investigated if mRNA expression levels of both ~ mRNA levels of Nr3c2 (F(y3) = 11.243, p = 0.002; Figure 6B).
corticosterone receptors, Nr3cl, and Nr3c2 could be We observed that TS induced an increase of its mRNA levels
affected by the SERT genotype or TS. Furthermore, the specificallyin SERT*/ “rats (+42% vs. naive SERT ™/, p=0.003).
expression of glucocorticoid-responsive genes, including Nr4al, ~We did not observe any change in Nr3cl gene expression
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(Figure 6A). As a consequence, the Nr3cl/Nr3c2 ratio was
significantly affected by TS (F(y 35 = 11.541, p = 0.014). Fisher
PLSD showed a decrease in this ratio in TS SERT** rats
compared to their naive counterparts (—32% vs. naive SERT**,
p = 0.002; Figure 6C).

Two-way ANOVA of Nr4al mRNA levels revealed a
significant effect of TS (F(y 33y = 13.460, p = 0.0009; Figure 7A).
Post hoc testing revealed a decrease in Nrdal mRNA levels both
in TS SERT"* (—34%, p = 0.005) and TS SERT/~ rats (—32%,
p = 0.0008) compared to their naive counterparts.

Gadd45p gene expression was significantly affected by TS
(F(1,33) = 4.887, p = 0.034, two-way ANOVA) and we found that
TS induced a significant reduction of its mRNA levels in TS
SERT*/*rats compared to naive SERT™/~ rats (—28% vs. naive
SERT*™, p = 0.009, Fisher PLSD; Figure 7B).

As shown in Figure 7C, we found a significant effect of TS
on Fkbp5 gene expression (F(, 33, = 10.377, p = 0.003, two-way
ANOVA). Accordingly, we observed a significant increase in
Fkbp5 mRNA levels due to TS in SERT"'* rats compared to naive
SERT*"* rats (+39% vs. naive SERT*'*, p = 0.013, Fisher PLSD).

mRNA Expression Levels of Key Elements of the
GABAergic and Glutamatergic Systems in the
Basolateral Amygdala

Finally, we investigated the expression levels of genes encoding
key elements of the GABAergic synapses, which are the
GABA-producing enzyme (Gad67), vesicular GABA transporter

Frontiers in Behavicral Neuroscience . frontiersin.org

(Vgat), and parvalbumin (Pvalb). Additionally, we measured one
glutamatergic marker, vesicular glutamate transporter (Vglut), in
the basolateral amygdala.

Two-way ANOVA showed a significant effect of genotype
(Fa33 = 17.158, p = 0.000) and an interaction between
genotype x TS (F33 = 4.971, p = 0.033) for Gad67 gene
expression (Figure 8A). We found a significant increase in its
mRNA levels specifically in TS SERT*/* animals in comparison
to naive SERT*'* rats (+30%, p =0.007, Fisher PLSD). We did not
observe any alteration in Pvalb mRNA levels and Vgat mRNA
levels (Figures 8B,C).

As shown in Figure 9A, we observed a significant effect of
TS on Vglut gene expression (F; 33) = 7.071, p = 0.015, two-way
ANOVA). TS SERT*/* animals showed a decrease in its mRNA
levels (—47% vs. naive SERT'*, p = 0.009, Fisher PLSD).

Finally, we calculated the Vglut/Vgat ratio. Two-way ANOVA
revealed that there was a trend effect for TS on this ratio
(F1,32) = 3.812, p = 0.061). Further, post hoc testing revealed
that the ratio was significantly reduced in TS SERT™* rats
compared to naive SERT*'* rats (—55%, p = 0.047, Fisher PLSD;
Figure 9B).

DISCUSSION

In this study, we investigated the effect of neonatal TS in
male SERT™/~ rats on social and affective behavior, as well
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key elements of the Bdnf, GABA and glutamate systems, and
on mRNA expression levels of genes encoding glucocorticoid-
responsive genes in the basolateral amygdala of SERT** but not
SERT*/~ animals.

Previous work has demonstrated that inherited

as gene expression in the basolateral amygdala as readouts. By
applying TS 1 x day/10 min from PND 8-14 we observed that
diminished social contact and increased non-social behavior in
naive SERT*/~ rats were normalized in TS SERT*/~ animals.
Also, we observed that increased anxiety as measured in the

elevated plus-maze test and reduced anhedonia as measured in
the 3% sucrose consumption test was normalized in TS SERT™/~
rats, suggesting that neonatal TS had a beneficial influence on
the development of the effective behavior in SERT*/~animals.
Interestingly, at the molecular level, we observed a strong
effect of TS on mRNA expression levels of genes encoding

ontiers in Behavioral Neuroscience rw.frontiers

down-regulation of SERT is associated with increased sensitivity
to the adverse effects of early life stress, resulting in increased
anxiety- and depression-like behavior (Houwing et al., 2019).
However, the SERT does not only increase sensitivity to
negative environmental stimuli, since this would preclude the
existence of the high frequency of the 5-HTTLPR in the human
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population. Given that, it is unlikely that a so common gene
variance is maintained throughout evolution only exerting
negative effects. Indeed, there is evidence, particularly from
human studies, that the 5-HTTLPR also increases sensitivity
to positive environmental stimuli, in line with the differential
susceptibility theory (Belsky et al., 2009). TS is a positive
manipulation that when applied during neonatal periods can
prevent the development of anxiety and depression (Boufleur
et al, 2012; Freitas et al, 2015). Accordingly, we observed
that naive SERT'/~ rats displayed increased anxiety in the
elevated plus-maze test and that this behavior was normalized
in TS SERT*/~ rats. Also, we observed a reduction in sucrose
preference and intake in naive SERT™/~ animals in the sucrose
3% preference test, indicative of an anhedonic state in the
animals, while TS SERT*/~ animals showed a normalization
of the sucrose preference up to the level of SERT** rats.
Based on these findings we can hypothesize that animals
submitted to TS did not develop the anxiety- and anhedonia-like
behaviors as observed in naive SERT™/~ animals. Since we
did not test the influence of negative stimuli on SERT*/~ rats,
our findings would reflect vantage sensitivity, which reflects
a disproportionally increased sensitivity to positive stimuli
(Pluess and Belsky, 2013).

According to literature, SERT/~ animals present an increase
in social avoidance after stress exposure (Bartolomucci et al,
2010). Here, naive SERT™/~ animals showed a reduction in
social contact time and an increase in non-social behavior
time, while TS normalized these observations in SERT/~
animals. Sociability has been strongly associated with amygdala
function (Hitti and Siegelbaum, 2014) since the neuroplastic
changes accompanying the social decisions in rodents involves
modulation of the amygdala. For instance, amygdala lesions have
been related to alterations in social behavior in juvenile and
adult rats (Daenen et al., 2002) and changes in amygdala circuits
also have been associated with sociability deficits and anxiety
symptoms in mice (Li et al., 2019).

At the molecular level, in general, we did not find significant
alterations in naive SERT*/~ rats compared to naive SERT**
rats, while in TS SERT"* animals there were basolateral
amygdala modifications when compared to naive SERT*/*
animals. Possibly, SERT*/* animals exhibit a large dynamic
space for adjustments to buffer environment influences while
SERT*/~ animals may lack such a dynamic space because of
a tonic elevation in neuronal activity. This may render them
susceptible to environmental influences, including supportive
stimuli (Homberg et al,, 2016). A previous study reported that
in SERT™/~ mice, compared to wild-type mice, spine density
in the amygdala was significantly increased. Interestingly, after
stress exposure, behavioral changes were observed selectively in
the SERT/~ mice, while spine density remained unaltered in
these mice. In wild-type controls, spine density increased up to
the level of that of SERT ™/~ mice. These findings suggest that
a tonic increase in excitability reduces plasticity when a further
increase in excitability is required to process the stress, failing
to buffer the effects of stress and exaggerated behavioral stress
response (Nietzer et al,, 2011). It is plausible that a comparable
mechanism is at play in the present study, with SERT*/~ rats

responding behaviorally to TS due to a lack of a dynamic range
to molecularly “neutralize” the effects of TS.

Previous works demonstrated that Bdnf levels were reduced
in the prefrontal cortex and hippocampus of SERT~/~ animals
throughout life (Molteni et al., 2010; Calabrese et al., 2013). Bdnf
is a key player in neurodevelopment and neuronal plasticity.
Here, we observed a decrease in the expression of total Bdnf
and its isoform IV and VI in TS SERT** animals compared to
naive SERT*/* rats. Although an increase in Bdnf expression in
the brain is generally related to an antidepressant effect, Bdnf
has been reported to have an opposite role in the amygdala.
Indeed, overexpression of Bdnf in the amygdala has been related
to an anxiogenic response (Govindarajan et al., 2006). Also, a
Bdnf up-regulation in the central amygdala of SERT~/~ rats
is related to enhance negative emotional state, contributing to
a compulsive drug self-administration behavior (Caffino et al.,
2019). Not only the total Bdnf but also alterations in Bdnf isoform
VI and IV were related to increased anxiety in male rats after
acute stress exposure (Luoni et al., 2016; Pandey et al., 2017).
Although a previous study demonstrated that TS in Wistar rats
led to an increase in Bdnf levels in the hippocampus, along with
a beneficial effect on anxiety and an improvement in working
memory as evaluated using the Y-maze test (Antoniazzi et al.,
2017), in our study the decrease of Bdnf expression in the
basolateral amygdala in TS animals could be indicative of a
protective mechanism against anxiety and anhedonic behaviors.

To assess if the HPA axis is modulated by TS in SERT
animals, we investigated the expression of both glucocorticoid
(Nr3cl) and mineralocorticoid (Nr3c2) receptor encoding genes.
There was an increase in Nr3c2 gene expression only in
TS SERT*/~ animals compared to TS SERT*/* animals and
there were no changes in Nr3cl gene expression. Nonetheless,
the ratio of Nr3c1/Nr3c2 was found to be increased in the
basolateral amygdala of both SERT*/* and SERT*/~ TS exposed
animals. In previous work, this ratio was found to be reduced
in the paraventricular nucleus and hippocampus of stressed
animals (Brydges et al., 2014; Murgatroyd et al, 2015). The
ratio between glucocorticoid and mineralocorticoid expression
plays a key role in the promotion of health, homeostasis, and
adaptation (de Kloet et al, 1993). An increase in this ratio
as observed in TS SERT*/~ animals could indicate a change
in homeostasis, leading to neuroadaptation and improving the
ability to cope with different environmental situations and
explaining the normalization of anxiety behavior observed in
this group. Furthermore, we measured expression levels of
glucocorticoid-regulator FK506-binding protein 51 (Fkbp5),
Nrdal, and growth arrest and DNA damage-inducible factor
45 (Gadd458). We observed that FKBP5 was increased in TS
SERT*/* animals compared to naive SERT'*. Literature is
controversial regarding Fkbp5 expression in the brain. Some
studies showed increased expression levels of Fkbp5 in the
basolateral amygdala of stressed rats (Xu et al., 2017) as well
as increased FKBP5 mRNA in the ventral prefrontal cortex of
homozygous SERT rats after early life stress exposure (van der
Doelen et al,, 2014). In contrast, maternal separation reduced
Fkbp5 expression in the hippocampus and did not alter in
the amygdala of adult male mice (Candemir et al, 2019).
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Furthermore, we observed that Nr4al expression was reduced in
both TS manipulated SERT*/* and SERT*/~ animals. Nr4al is
an activity-dependent immediate early-gene responding to a
variety of sensory stimuli, adapting the synaptic activity in
response to stimuli. Prolonged expression of Nr4al can lead
to mitochondrial malfunction and altered synaptic plasticity
(Chen et al,, 2014; Jeanneteau et al, 2018). Accordingly, the
reduction of Nr4al expression in TS groups could explain the
mechanism of protection against brain disturbances. Moreover,
Gadd45f8 has been associated with amygdala-related learning
tasks and the epigenetic programming of social behavior (Kigar
et al, 2015). Despite Gadd45p’s effects on social behavioral
function, we did not observe a change in Gadd45p expression
in both naive and TS SERT*/~ animals. Only in TS SERT*/*
animals, we found a change, possibly contributing to the
maintenance of brain homeostasis. This could explain why
there was no change in behavior, as a response to TS in
SERT** rats.

The basolateral amygdala is a brain region involved in the
processing of emotional signals and contains GABAergic
interneurons. The amygdala undergoes developmental
changes in early life and is fully mature around adolescence.
Environmental events during early life or the developmental
stage of the amygdala can have long-lasting persisting effects
(Bessiéres et al, 2019). The balance between inhibitory and
excitatory neurotransmission is necessary for brain development
(Chamberland and Topolnik, 2012). Here, we investigated the
expression levels of Gad67, Pvalb, vesicular GABA transporter
(Vgat), and vesicular glutamate transporter (Vglut) to reflect
the excitatory/inhibitory balance in the basolateral amygdala.
We observed an increase in the GABAergic marker Gad67 in
TS SERT*'* rats compared to naive SERT*'* rats. Gad67 serves
as an inhibitory marker that helps in the GABA synthesis
under basal conditions. Stress is related to decreases in
Gad67 expression in the medial prefrontal cortex, impairing
social behavior in rats, and reducing inhibitory synapses
in the brain (Ohta et al, 2019). Evidence has shown that
treatment with the antidepressant duloxetine can restore
the reduction of Gad67 in stress-depressive state animals
(Guidotti et al, 2012). Moreover, inhibitory and excitatory
amygdaloid circuits were found to be affected in patients
with depression, bipolar disorder, or schizophrenia, which
was paralleled by a decrease in GAD67 and an increase in
VGLUT levels in various nuclei of the amygdala in all patients
(Varea et al., 2012). The increase in Gad67 observed in TS
SERT** rats may suggest that the manipulation increased the
number of GABAergic terminals in the basolateral amygdala,
preventing anxious-depressive behaviors. Regarding excitatory
neurotransmission, TS SERT*/* animals showed a reduction
in both Vglut expression levels and Vglut/Vgat ratio. Stress
has been associated with enhancement of glutamatergic
neurotransmission in prefrontal cortex and amygdala,
and peripubertal stress has been related to increasing the
Vglut/Vgat ratio, which in turn was associated with the
development of psychiatric disorders (Yuen et al, 2011;
Tzanoulinou et al,, 2014). Although we did not find alterations
in SERT*/~ groups, the maintenance of normal anxiety

behavior observed in TS SERT*/* animals could be explained
by the reduction in this glutamatergic expression, in which
these reduced levels could prevent sensitivity to adversity in
these animals.

Summarized, our findings indicate that exposure to neonatal
TS in SERT™/~ and SERT*/* animals result in lasting changes
in emotional and social parameters and molecular changes in
the basolateral amygdala. Generally, the data suggest that TS
in SERT*/~ animals had pronounced effects on anxiety and
social behaviors, but not on gene expression in the basolateral
amygdala, possibly because of SERT*/~ animals present at
baseline a tonic elevation in neuronal activity, hindering further
changes in gene expression upon environmental challenges.
On the other hand, TS in SERT*/* animals altered molecular
parameters in the basolateral amygdala but these effects were
not accompanied by behavioral changes, suggesting that SERT*/*
animals might have a greater dynamic range for adjustments,
allowing them to remain unaffected by TS. One limitation of the
present study is that we did not include female rats. Since women
show more susceptibility to depression (Kuehner, 2017), studies
comparing male and female are still needed to better understand
the relation between TS and SERT*/~ animals in both sexes. To
conclude, this is the first study to investigate the beneficial effects
of an early-life supportive environmental stimulus on later life
behavior of stress-sensitive SERT*/~ animals, with results that
will further our understanding of how a supportive environment
particularly benefits vulnerable individuals.
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4.3 MANUSCRITO |

Este manuscrito apresenta-se em forma de revisdo sisteméatica da literatura, e

encontra-se em fase de redacao.

The impact of tactile stimulation in early and adult life: a systematic review of

behavioral and neurobiological changes in rats

Karine Roversi, Caren T. D. Antoniazzi, Marilise E. Burger
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Abstract

Tactile stimulation (TS) is a supportive strategy that exerts impact on different
aspects of behavioral, physiological, and neurobiological functioning in early and later
life stages. Here, we conduct a systematic review to identify and provide information
regarding the TS methodological procedures, mechanisms involved in its beneficial
action, besides general influences evidenced in experimental studies. Our search
was conducted using the PUBMED database, and the findings were categorized into
experimental protocols, behavioral outcomes, and peripheral and central nervous
system (CNS) outcomes. We identified 42 studies on the searched database and a
further 13 studies were added based on authors’ knowledge, totalizing 55 studies
included in this systematic review. The acquired data demonstrated that TS
application in rats showed important beneficial influences on behaviors, and most of
these positive outcomes were observed on emotional behaviors. Also, the effects on
the stress modulatory system, as well as in brain plasticity were the most common
findings among all the reviewed studies. These results suggest that independently of
the wide variations found in TS protocol, this procedure is a promising strategy for
improving behaviors and neurobiological functioning in rodents. The current review
provides important insights regarding the influence of TS on rats and this could help

to devise strategies in the future to buffer different problems in humans.

Keywords: handling; neonatal; adulthood; anxiety; memory; brain, stress
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1 Introduction

Gentle touch is known to induce pleasant sensation in the body (Loken et al.,
2009). In humans, studies have shown that close physical contact or social support
intervention (touch) is a key regulator of physiological, emotional, and behavioral as
well as touch can “pbuffer” disadvantageous circumstances, such as stressful
situations (Hofer, 1994; Morrison, 2016; Moszkowski & Stack, 2007). In rodents,
different types of contact support, used as environmental interventions, have been
used to study the relation of environmental effect on brain and behavior. Noxious
stimuli applied in early life, such as sensory deprivation, social and maternal
isolation, are widely used as a translational model of psychopathologies and have
been associated to impair the development of the pups and alter brain anatomy and
behavior, which can persist throughout life (Newson et al., 2005; Lai et al., 2008;
Iguchi et al., 2020). Although negative experiences are the majority studied, positive
environmental stimuli such as visual stimulation, enriched environment, and tactile
stimulation (TS), have shown beneficial effects on neural circuits, psychiatric
disorders, improving cerebral development, learning process, and skill abilities
(Prusky et al., 2008; Sampedro-Piquero and Begega, 2016; Antoniazzi et al., 2017).

TS consists of a variety of external sensorial stimuli that when applied in early
life mimics the mother’s caring and grooming behavior towards the pups, and in
adulthood, TS is categorized as social contact enrichment. TS in neonatal periods
was found to prevent damage from ischemia (Rodrigues et al., 2004) and cortical
injury (Gibb et al., 2010), prevent psychostimulants addiction (Antoniazzi et al.,
2014a,b) reverse the stress effects (Boufleur et al., 2013) and acid valproic exposure
(Raza et al., 2015). Also, neonatal TS prevented alterations in brain organization,
enhancing hippocampus neurogenesis (de los Angeles et al., 2016) and
neuroplasticity (Richards et al., 2012). Regarding the effects of TS in adulthood,
studies have shown that TS reverts depression-like behaviors (Roversi et al., 2019;
Costa et al., 2020), prevents cortical lesion (Gibb et al.,, 2010), increasing
neurotrophins levels in the prefrontal cortex (Roversi et al., 2019) and dendritic length
in the striatum (Effenberg et al., 2014; Roversi et al., 2019). The TS mechanism in
the brain remains unclear, however, there is evidence suggesting that TS affects the
hypothalamic-pituitary-adrenal (HPA) axis and brain neurotrophic factors, but still is a

lack of full understanding of the mechanism.
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From a translational perspective, in humans, TS is used in the form of
massage therapy in preterm infants and children and it has been an important tool
used for the newborns’ development (Pepino; Mezzacappa, 2015; Fields et al., 1996)
while in adults, massage therapy, involving gentle touching of the skin, influences the
autonomic nervous system and alters the stress response, increasing the wellbeing
of patients with emotional disturbance, such as anxiety and depression (Lindgren,
2012; Weze et al., 2007).

To date, no reviews are detailing the mechanisms, methodological
procedures, and effects of TS on rats. Given the wide variety of alterations in
behavior and brain circuits found in animals submitted to TS, this systematic review
aims to analyze the current literature and address the potential impacts of TS in early
life and adulthood in rats. Here we provide an overview of different methodological
TS applications, and the observed effects on physiological, behavioral, and

neurobiological outcomes in different periods of rats’ life.

2 Methods

A systematic literature review on PubMed was conducted on July, 18", 2020. No
limits were included for publication year or the language of publication. The search
consisted of the following entry: Tactile stimulation AND (handling OR neonatal OR
adult) AND rat. Additional scientific papers of interest were obtained via assessments
through the relevant literature review and based on the authors’ knowledge. A
publication was excluded if it was a review and if it did not specifically focus on the
skin/body tactile stimulation, such as stimulation on paws or whiskers, stimulation
with anesthetized animals, tactile discrimination, electrode stimulation, stimulation

only on anogenital area, and stimulation on artificially reared pups.

3 Results
3.1 Study selection

The literature search resulted in 241 papers and after applying the exclusion
criteria, 42 articles were considered relevant and 13 other articles were added to the
current review based on authors’ knowledge and assessment of the relevant citations

reference sections, totalizing 55 articles.

3.2 Experimental protocols for tactile stimulation
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The neonatal TS procedure generally varies among research groups, but it mainly
consists of removing the dam from the nest, followed by the removal or not of the
pups from the home cage, to finally have the TS applied.

The first evidence of tactile manipulation in rats was described in a review by
Schanberg and Field (1987) in which the pups were kept in the nest and submitted to
TS applied with a small brush to mimics the mother’s tongue-licking behavior. A total
of 22 of the reviewed studies used the brush methodology, including, baby brush,
Swiffer duster, bristled brush, camel hairbrush, toothbrush, and paintbrush. In 3
studies, the TS was applied with the felt part of a marking pen. Additionally, studies
applying TS stroke directly with the experimenter's hands or fingers are also usually
observed in the literature. In this procedure, the animal is removed from the nest and
placed in a novel cage, such as a plastic cage with paper towel bedding or an
individual round container without bedding (n=4 experiments); or the most commonly
observed, on the experimenter lap/hand (n=21) and the animals/offspring were
stroked with gloved hands or fingers. 3 articles applied TS with the hand/fingers but
did not report in which bed the animals were placed and 2 articles did not report how
the TS was applied.

Another important observation of different strategies used for TS is related to the
frequency and total duration of the stroke. The daily amount of stimulation ranged
from 0.5 min to 45 min while the total days of TS ranged between 1 day to 3 months
of stroke. TS was applied in a variety of body locations, but the majority of
experiments (n=42) reported the TS being applied on the dorsal surface, which
includes the head, neck, and back. TS stroke was less commonly observed when
applied on limbs, abdomen, and tail (n=7) and 6 experiments did not report which

specific body part was submitted to the stroke.

3.3Tactile stimulation and period of life

The early life stage is an important period for brain development when different
stimuli can influence neurobiological and neuroendocrine systems, and these
changes are known to remain for the rest of the rat’s life. Due to these important
changes occurring on the neural systems in the early life period (Levine, 1962), this
stage of life is the most common choice among the studies for handling manipulation
to be applied. The majority studies with TS are applied in early life (n=45 studies).
The TS on early life is used to mimic the maternal behavior of licking and grooming. It
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is well established that an increase of these specific maternal behaviors towards the
offspring can improve the pups’ emotionality-related behaviors in a long-term
response (Liu et al., 1997; Macri, Mason, and Wurbel, 2004). Moreover, evidence
has shown that after a brief mother-pup separation, an increase in mother licking
behavior was observed what could be related to the improved emotionality-behavior
response of the pups in adulthood (de Azevedo et al., 2010).

As previously described, TS is also applied on adulthood, but only in a fewer
number of studies (n=9 studies) when compared to neonatal periods. This approach
is related to the fact that not only the brain in development but also the adult nervous
system has great neural plasticity, including the generation of new neurons and new
connections among neurons (Gage, 2004). The TS application on adulthood confirms
the hypothesis that the brain is always changing, since, changes in behavior and
neuroanatomical differences were observed after TS on adult animals (see item
3.5.2). Among all reviewed studies, only 1 paper had TS applied from birth to adult
period (from birth to the age of three months), to investigate the long-term effects of
TS in rats.

3.4 Behavioral outcomes
3.4.1 Anxiety and depression behaviors

Several environmental factors are known to influence the risk for psychiatric
disorders development, such as anxiety and depression. In both early periods and
adulthood, adverse life events such as maternal separation, stress, or social isolation
can predispose to anxiety and depression symptoms (Boufleur et al., 2013b; Grippo
et al., 2014; Alves et al., 2020). Meanwhile, tactile stimulation is used as a supportive
environment for a better adaptation to cope with adverse situations throughout life.

Many of the reviewed studies report beneficial TS effects on anxiety- and
depression-like behaviors. 17 experiments assessed the TS effects on anxiety
behaviors and among these, 11 found anxiety-like symptoms reduced/reverted by TS
procedure (Antoniazzi, Boufleur, Dolci, et al., 2014; Antoniazzi, Boufleur, Pase, et al.,
2014; Boufleur et al., 2012, 2013; Antoniazzi et al., 2017; Costa et al., 2012; Imanaka
et al., 2008; Riul et al., 1999; Roversi et al., 2020; Soares et al., 2013). 5 studies
established that TS did not affect anxiety-like behaviors (Silveira et al., 2005;
Muhammad and Kolb, 2011; Muhammad et al., 2011; Richards et al., 2012; Raza et
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al., 2015) and 1 experiment reported higher levels of anxiety in animals submitted to
TS (Soares et al., 2014). Regarding depression-like behaviors, 5 studies observed
that TS has beneficial effects on these symptoms, being able to reduce the
depression-like behaviors (Boufleur et al., 2013; Costa et al., 2012; Freitas et al.,
2015; Roversi et al., 2019; 2020).

3.4.2 Cognitive function: memory and learning

It is well established that environmental interventions may have prolonged
effects on the brain. Given that, positive interventions have shown beneficial
outcomes on memory and learning (Harati et al., 2013; Kambali et al., 2019).
Different types of memory - function, content, duration, nature, or motivation memory
- can be assessed to evaluate learning and memory performances of rodents
(Antunes and Biala, 2012; Vorhees and Williams, 2014). In the reviewed studies, 14
experiments investigated the TS role in memory and learning behaviors. 10
experiments reported positive outcomes on learning and memory (Antoniazzi et al.,
2017; Costa et al.,, 2012; Daskalakis et al.,, 2009; de los Angeles et al., 2016;
Gschanes et al., 1995, 1998; Kolb & Gibb, 2010; Richards et al., 2012; Stara et al.,
2018; Zhang & Cai, 2008) and 5 studies found no effect of TS on these behaviors
(Wong, 1966; Muhammad and Kolb, 2011; Muhammad et al.,, 2011; Raza et al.,
2015; Antoniazzi et al., 2017). Among these 14 studies, only 1 experiment showed
TS impairments on learning and memory, depending on the duration of TS
application (Daskalakis et al., 2009), which confirms the hypothesis that supportive

environments have been positively correlated with cognition function.

3.4.3 Locomotor and drug addiction effects

Due to the important evidence provided by the outcomes of TS on psychiatric
disorders, this positive approach was also tested on drug addiction models and their
psychomotor effects. Among the reviewed studies, 4 studies investigated the
influence of TS on drug effects, and 2 experiments found a reduced preference for
psychostimulants (cocaine and amphetamine) (Antoniazzi et al., 2014a,b), and the
other 2 observed an attenuated amphetamine behavioral sensitization, assessed in a
locomotor behavioral test (Muhammad et al., 2011; Muhammad and Kolb, 2011).
Furthermore, 9 studies investigated the locomotor and exploratory effects of TS.

Among these, 6 experiments found locomotion increase (Silveira et al., 2005;
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Imanaka et al., 2008; Muhammad and Kolb, 2011; Boufleur et al., 2012; Raza et al.,
2015) and 3 observed no effect of TS on locomotor behavior (de Azevedo et al.,
2010; Muhammad et al., 2011; Kentner et al., 2018).

Also, among the reviewed studies, 4 experiments assessed motor tasks after
brain lesions, and 2 experiments evaluated motor skills in rats without brain lesions.
Related to this, 3 experiments found improved skilled locomotor behaviors after
cortical lesion (Gibb et al., 2010; Kolb and Gibb, 2010; Zucchi et al.,, 2014), 1
experiment found improved skilled locomotor behaviors in normal rats (Richards et
al., 2012) while 2 experiments observed no effect of TS on motor behaviors after
valproic acid administration (Raza et al., 2015) and after striatal lesion (Effenberg et
al., 2014;). Moreover, 1 study assessed the developmental motor recovery after
exposure to a stressful model mimicking the neonatal intensive care unit and TS was

able to improve surface righting and rooting reflexes (Kentner et al., 2018).

3.4.4 Other behaviors outcomes

Regarding emotional behaviors, 9 studies investigated the TS influence on
social behavior, and among them, 3 experiments observed an increase in social play
behavior (Aguilar, 2010; Aguilar et al., 2009; Roversi et al., 2020) and 2 found a
reduction on play attacks behavior (Muhammad et al., 2011; Muhammad and Kolb,
2011). TS also was found to reduce social behavior in 1 study (Kentner et al., 2018)
and in 1 experiment TS showed no effect on play attacks in social behavioral tests
(Riul et al., 1999). 1 experiment observed an increase in the social 50 kHz ultrasonic
vocalizations, an index of positive emotion (Okabe et al., 2015) while 1 experiment
did not observe any effect in the 192 kHz vocalizations, in which represents a social
behavior (Kentner et al. 2018).

2 studies assessed thermal pain sensitivity, and both studies observed
increased latency for paw withdrawal from the heating source (Stephan et al., 2002a;
Imanaka et al., 2008). 2 studies evaluated the food ingestion and the findings
demonstrated an increase in palatable foods intake (Silveira et al., 2004, 2005). 1
study investigated visual acuity development and the researchers found increased
visual acuity in TS-treated rats (Guzzetta et al., 2009). On the other hand, 1
experiment showed an aggravation in the clinical scores measured in the
experimental autoimmune encephalomyelitis model, used to mimic the symptoms

observed in multiple sclerosis in humans (Stephan et al.,, 2002b) and 1 experiment
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observed heightened clinic signs in the experimental allergic encephalomyelitis
model, an autoimmune disease of the central nervous system (Laban et al., 1995). 1
study assessed the odor preference, and the TS procedure showed improvements in
the learning odor preference (Sullivan et al., 1991), and 1 study evaluated the TS
activity after deprivation states and TS did not alter the active behavior observed in

the wheel running test (Wong et al., 1967).

3.5 Peripheral and central nervous system outcomes
3.5.1 Stress systems regulation

The hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous
system have been investigated in handling procedures due to the important
neuroendocrine and catecholaminergic alterations that external stimuli can cause.
The HPA axis is the first hormonal response to homeostatic challenges (Herman et
al., 2016). In rodents, the HPA axis regulates the release of corticosterone, a
glucocorticoid hormone related to stressful situations. Once the HPA axis is
activated, the corticotrophin-release hormone (CRH) is released, and CRH signals
the pituitary gland to secretes the adrenocorticotrophic hormone (ACTH) in the
bloodstream. This sequence of events results in glucocorticoid secretion, the
corticosterone, by the adrenal glands. In the brain, the glucocorticoid and
mineralocorticoid receptors (GR and MR, respectively) regulate the HPA axis through
a negative feedback response. 14 studies assessed corticosterone serum levels and
among them, 11 experiments found decreased serum levels of corticosterone after
TS (Stephan et al., 2002b; Jutapakdeegul et al., 2003; Daskalakis et al., 2009; Haley
et al., 2013; Soares et al., 2013; Zucchi et al., 2014; Freitas et al., 2015; Antoniazzi et
al., 2017b; Kentner et al., 2018; Roversi et al., 2019; Costa et al., 2020). 2
experiments found increased levels (Daskalalaskis et al., 2009; Soares et al., 2014)
and 2 observed no alterations in corticosterone serum levels (Guzzeta et al., 2009;
Costa et al., 2012). 1 study investigated the serum ACTH levels, and the researchers
observed a reduction of its levels (Roversi et al.,, 2019) and 1 study observed a
reduction in cortisol plasma levels, a hormone also considered as a general stress
measurement for adrenocortical function (Boufleur et al., 2012). 3 studies evaluated
the adrenal weight/body weight ratio, and TS treatment reduced/restored this relation
in all 3 studies (Boufleur et al., 2013; Zucchi et al., 2014; Roversi et al., 2019). In the
brain, 5 studies investigated the GR levels in different brain areas related to stress,
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anxiety, and depression. 4 studies observed increased levels of GR on the
hippocampus, prefrontal cortex, and midbrain after TS treatment (Jutapakdeegul et
al., 2003; Antoniazzi et al., 2017; Kentner et al., 2018; Roversi et al., 2019) while 1
study did not find alterations on this receptor (Roversi et al., 2020). Regarding MR
levels on the brain, only 1 study evaluated its levels on the amygdala, and it was
reported an increase in the receptor levels (Roversi et al., 2020). Furthermore, the
same study also investigated the glucocorticoid inducible genes FK506-binding
protein 51 (Fkbp5), Nr4al, and the growth arrest and DNA-damage-inducible beta
(Gadd45b), finding reduced levels of Nr4al and Gadd45b on the amygdala besides
an increased Fkbp5 mRNA levels (Roversi et al., 2020).

The sympathetic nervous system, a key role for the release of the
catecholamines, is also related to the homeostatic regulation for stressful situations.
Thus, in response to adverse external stimuli, the sympathetic nervous system will
signal the adrenal glands for releasing epinephrine, norepinephrine, and cortisol,
which can act directly on autonomic nerves, and trigger the physical stress reaction
(Renard et al., 2005; Olausson et al., 2008; Costa et al, 2020). Plasma
norepinephrine and epinephrine levels can represent an index of sympathoneural
activity. In the reviewed studies, 2 experiments analyzed adrenaline and
norepinephrine serum levels and both studies found a reduction in norepinephrine
levels (Costa et al., 2012; 2020). Regarding epinephrine levels, 1 study found
reduction (Costa et al., 2020), and 1 found no alterations on these levels (Costa et
al., 2012). 1 study investigated the angiotensin Il levels on the hypothalamus, which
is a component of the renin-angiotensin system that participates in the regulation of
the stress response, and the researchers found a reduction of this peptide (Costa et
al., 2020).

3.5.2 Neuronal morphology and plasticity

The brain is known to have a high ability to change in response to different
stimuli, also known as neuroplasticity, which can potentially affect the brain’s
morphology by the reorganization of its structure, connections, and functions (Shors
et al., 2012; Mateos-Aparicio and Rodriguez-Moreno, 2019). In the reviewed studies,
5 studies investigated anatomical changes in the brain, mainly evaluated by the
dendritic length, arborization, and spinal density. 1 study found that TS increased

dendritic length on layer 11l and V of the frontal cortex, and no alterations on dendritic
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branching and spine density (Gibb et al., 2010). 1 study revealed that TS reversed
the reduction of dendritic lengths on the parietal but not on the frontal cortex after a
brain lesion. Also, TS increased the spinal density in the frontal cortex of animals
submitted to a lesion in this brain area and did not alter on the parietal cortex, but
decreased the spinal density on control animals (Kolb and Gibb, 2010). 1 study
observed an increase in spine density in the amygdala after TS, and besides that,
spine density, dendritic length, and branching were also increased in the prefrontal
cortex (Richards et al., 2012). 1 study found increased dendritic length in the
striatum, while in the apical or basilar prefrontal cortex it was not altered by TS. The
dendritic bifurcation and number of spines were not altered as well (Effenberg et al.,
2014). 1 study found that TS increased/reverted the reduction caused by exposure to
valproic acid, observed on dendritic length, branching, and spinal density on apical
and basilar cg3 of the frontal cortex (Raza et al., 2015).

Furthermore, 3 studies investigated brain volume and thickness. 1 study reported
that TS prevented the reduction of the whole hippocampus and the dentate gyrus
after exposure to neonatal hypoxia-ischemia event while no differences in the
thickness of ipsilateral and contralateral cortex were observed (Rodrigues et al.,
2004). 2 studies showed that TS after amphetamine administration promoted an
increase in the cortical thickness of female but not male rats, and increased anterior
striatum in male but not in female rats. Also, with the TS application it was observed
a reduction in total brain weight after amphetamine administration was observed in
males but not in female rats (Muhammad et al., 2011; Muhammad and Kolb, 2011).

Our observations showed that 3 studies investigated neuroanatomical changes in
the optical nerve. 1 study found an increase of oligodendrocyte in the optical nerve
and blood vessel density, lower density of damaged fibers, and no alterations on
astrocytes density and diameter of the optical nerve (Horiquini-Barbosa and Lachat,
2016). 1 study showed that TS reversed the alterations of oligodendrocytes,
damaged fiber, and myelinated fiber density but did not alter the astrocyte density on
the optical nerve (Horiquini-Barbosa et al., 2017). 1 study reported that TS reversed
axon, fiber, and myelin size of small fibers while on large fibers TS did not affect
(Horiquini-Barbosa et al., 2020).

It is known that brain plasticity is influenced by different exposures to a stimulating
environment (Sale et al., 2014). Neurotrophic factors such as brain-derived

neurotrophic factor (BDNF), and glial cell line-derived neurotrophic factor (GDNF),
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and growth factors such as glial fibrillary acidic protein (GFAP), fibroblast growth
factor- 2 (FGF-2), and insulin-like growth factor-1 (IGF-1) are strongly involved on
synaptic plasticity. In the reviewed database, 4 studies investigated the TS influence
on BDNF and GDNF, and these 4 studies found increased levels of BDNF on the
hippocampus, amygdala, and prefrontal cortex (Effenberg et al., 2014; Antoniazzi et
al., 2017; Roversi et al., 2019; 2020). 1 study showed increased levels of GDNF on
the prefrontal cortex (Roversi et al., 2019) and 1 study found no alterations on GDNF
striatum levels after the TS procedure (Effenberg et al., 2014). 3 studies assessed
the TS role upon the growth factors FGF-2, GFAP, and IGF-1, in which 1 experiment
observed increased levels of FGF-2 on the hippocampus and striatum but no
alterations on the ventral midbrain (Effenberg et al.,, 2014), 1 paper reported
increased levels of GFAP on the prefrontal cortex (Roversi et al.,, 2019) and 1
experiment observed increased IGF-1 levels in visual cortex (Guzzeta et al., 2009).
Moreover, 1 study evaluated different gene growth factors in the motor cortex, and
the researchers found increased gene growth factors, which were related to
increased brain plasticity (Zucchi et al., 2014).

3.5.3 Neurochemical outcomes

The metabolism of the nervous system can be affected by different
environmental factors and the brain tissue is highly sensitive to the oxidative
imbalance. Alterations on the maintenance of the redox state can compromise the
brain physiology, damaging its function (Marmol et al., 2017; Marcon et al., 2018). 5
of the reviewed studies investigated oxidative and antioxidant biochemical markers in
different brain areas. 1 study found that TS favors the protein carbonyl reduction in
the cortex and subthalamic regions, but did not cause alterations in the hippocampus
(Boufleur et al., 2012). 1 study found a reduction in protein carbonyl, catalase activity
in the hippocampus and cortex and reduction in SOD activity in the hippocampus of
rats submitted to TS (Boufleur et al.,, 2013). 2 experiments found reduced protein
carbonyl and catalase activity in the cortex, striatum, and hippocampus after TS
(Antoniazzi et al., 2014a, b). 1 study observed that TS promoted a reduction in
thiobarbituric acid reactive substances (TBARS) and increased catalase activity in

the hippocampus (Antoniazzi et al., 2017).

3.5.4 Other systems outcomes
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The short time of removing the pup from the mother, also known as handling,
can cause a variety of physiological changes (Raineki et al., 2014). 1 study evaluated
glucose and lactate serum levels and the researchers found that lactate serum was
increased after the TS procedure, which is related to increased brain development in
early periods of life, while glucose levels were not affected (Alasmi et al., 1997). 1
study investigated the levels of interferon-y, a cytokine that plays an important role in
inducing and modulating an array of immune responses, and interleukin-4 and -10,
involved in the anti-inflammatory response, and TS treatment increased interferon-y
and interleukin-4 levels while did not alter interleukin-10 serum levels (Stephan et al.,
2002b). 2 studies investigated the impact of TS on bone mineralization, and 1 found
an increase in bone mineralization content and higher levels of growth factors in
serum and bone (Haley et al., 2011) while the other study observed the maintenance
of the bone mineralization content and growth factors on serum (Haley et al., 2013).
2 studies evaluated the abdominal fat deposition and both studies showed that TS
induced a normalization on the visceral fat deposition, minimizing the metabolic
consequences (Moyer-Mileur et al., 2011; Haley et al., 2013b). 1 study investigated
fos protein expression in oxytocin-immunoreactive neurons and it was observed an
increase of the expression on the supraoptic nucleus and the paraventricular
nucleus, while no alterations were observed on the bed nucleus of the stria terminalis
(Okabe et al., 2015). 1 study investigated the pCREB activation and it was found an
increase in the pCREB on the olfactory bulbs when the animals were exposed to a
specific odor and submitted to the TS treatment, but no alterations were found in
animals receiving only the TS treatment (McLean et al., 1999). 1 study evaluated the
dopaminergic receptor 1 activation and the researchers observed an optimal
activation of prefrontal D1 receptors in TS treated rats (Zhang and Cai, 2008). 1
study evaluated the influence of TS on the polyamines levels in the hippocampus and
the results showed no alterations on spermine and spermidine revealing no

alterations in the anabolic and catabolic process (Soares et al., 2013).

4 Discussion

The purpose of this systematic review was to access the TS impact on
behavioral, neuroendocrine, and physiologic parameters in experimental studies
performed in rats. Our findings suggest that although the heterogeneity observed

among the protocols for TS, TS promotes beneficial influences on different
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behaviors, including emotional, cognition, drug addiction as well as on brain and
other systems activity. Also, it was well described that TS exerts a positive effect
when applied in early periods, being also positive in both male and female adulthood
animals. These positive outcomes go in line with previous studies looking at the
effects of supportive environments (Raineki et al., 2014; Sampedro-Piquero and
Begega, 2016).

A wide variety of protocols regarding the duration — the amount of TS, time in
one session, or the total time in days - of the TS application was compared in the
reviewed studies. A study compared if two different amounts (10 back-strokes or 20
back-strokes per session) of neonatal TS could affect behavior or corticosterone
levels in adulthood. In both amounts of strokes, the researchers observed positive
and negative outcomes, leading to the conclusion that the intensity of TS exerts a
high impact on modifying behavioral aspects and stress hormonal production
(Daskalalaskis et al., 2009). Also, another study investigated the number of days
necessary for TS treatment to modify expression levels of some genes in different
brain areas of animals in adulthood. The findings showed that independent of how
many days of TS application, it changed brain gene expressions, suggesting that
even a minimal amount of TS (5 days) can cause significant modifications in the CNS
(Effenberg et al., 2014). Besides, the postnatal day in which TS was started was also
a parameter considered in the current review, considering the period more effective
for external stimulus during the stress-hyporesponsive period. 2 studies compared
the TS application in the preweaning and postweaning periods, and although TS
presented a positive approach in both phases of development, the learning behavior
was better in the groups receiving TS during the first postnatal week than in the
groups stimulated after the weaning period (Gschanes et al., 1995; 1998).
Furthermore, Antoniazzi et al (2017) compared the stimulation on 3 different stages
of preweaning and TS applied in the postnatal days (PND) 8-14 improved the rats’
performance in behavioral tests and molecular brain analysis when compared to the
periods of PND 1-7 or PND 15-21. The study showed that the intermediate phase of
the preweaning period was the best period for the TS intervention because this is the
phase in which the adrenal response to the stress is minimal and it is considered a
stress hyporesponsive period (Antoniazzi et al., 2017). However, a study comparing
the TS stroking on PND 2-9 and PND 10-17 did not observe significant differences

between the two assessed periods (Zhang et al.,, 2008). Overall, we could
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hypothesize that although the differences detected in the duration or the neonatal
period of TS application, the TS procedure reflected positive effects in a range of
behaviors, neurological, and physiological factors.

Behavioral studies were investigated in 44 of the 55 reviewed studies and the
majority of the behavior quantifications were related to affective behaviors, cognition,
locomotion activity, and these behavioral outcomes were generally related to
biochemical or neuroendocrinal adaptations. Indeed, glucocorticoid corticosterone
was the stress hormonal more assessed in these reviewed studies. Among all of
them, the relationship between corticosterone and behavioral outcomes were
investigated. The decreased serum corticosterone/cortisol was highly associated with
the improved performance of learning and memory (Antoniazzi et al.,, 2017,
Daskalalaskis et al., 2009), minor levels of anxiety, besides depressive-like behaviors
(Antoniazzi et al., 2017; Freitas et al., 2016; Roversi et al., 2019). Similarly,
glucocorticoid- (GR) and mineralocorticoid- (MR) receptors were associated with
emotional behavioral adaptations (Antoniazzi et al., 2017; Roversi et al., 2019; 2020).
In fact, glucocorticoids exert a strong influence on memory and, in adaptative
conditions, the release of corticosterone or the activation of GR and MR can mediate
and modulate the learning and memory behavior (Kelemen et al.,, 2014).
Furthermore, the imbalance in the regulation of corticosterone release is often
associated with psychopathologies development, such as anxiety and depression
disorders, and GR and MR support the HPA axis to maintain a proper regulation
(Finsterwald and Alberini, 2014). On TS animals, it was observed an increase of GR
and MR levels on different brain areas, and this increase was closely related to
enhanced negative feedback of the HPA axis which provides a better response
against adverse situations (Pham et al.,, 1997; Antoniazzi et al., 2017). Then, as
suggested that the positive effects of TS are associated with its ability to alter the
HPA axis sensitivity, as well as the glucocorticoid receptors concentration, and as
consequence, reduce emotionality and improve cognition.

Different handling procedures can influence both brain -function and -
morphology through neuroplasticity. Also, literature reports that separate pups from
the mother can hinder the pups’ development, but it seems clear that removing pups
from their dams and adding the TS procedure favors a better development to the
subjects involved. Among the studies evaluating the brain’s anatomical organization

or function, it was possible to observe that TS positively affects these parameters
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and, in some cases, TS application even reverted the behavioral and anatomical
deficits observed in rats following brain injuries. The brain is known to have the ability
to change after lesions. In the papers that TS improved brain morphology after an
injury, the hypothesis is that ocurr a sum effect of both the brain’s ability to
reorganize itself and TS influence on interact with these changes to produce further
enhancement (Gibb et al., 2010). Also, it seems that the positive influence of TS on
neurogenesis is associated with the hypothesis that TS is acting as a stressor and is
changing the brain’s capacity to adapt to new situations, according to other studies
with different environment stimuli (Lehmann and Herkenham, 2011; Gonzalez-Pardo
et al., 2019). Another interesting topic relies on the fact that the majority of the
reviewed studies associated the neurogenesis with TS in early life because it is a
critical and sensitive period that the brain is especially affected by external
experiences (Vazquez et al., 2006). However, a few studies also showed this effect
of TS on adulthood, suggesting that TS exerts potential benefits in all phases of life
(Effenberg et al., 2015; Roversi et al., 2019).

As with all systematic reviews, this study has its limitations. It is possible that
some relevant studies were not identified as our search strategy was limited to only
one electronic database (PUBMED) as well as only studies published in the English
language were included, subjecting this review to a language bias. Besides, a
considerable amount of heterogeneity related to the standardization of the TS
application protocol was found, making it difficult to compare the results between the
studies.

In conclusion, under our point of view, this is the first systematic review
pointing to the effects of the TS on behavioral, physiological, and brain alterations in
rats. Affective state, cognition, locomotion, drug addiction, and other behaviors in
male and female rats and early life and adulthood were favorably modified by TS
application. Also, a range of neuroplastic and neuroendocrine pathways markers
were affected by TS as well. These findings demonstrate the many positive effects of
TS suggest that this procedure can be an efficient tool applied in both early life and

adulthood able to modify brain functions that regulate different behaviors in rats.
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5 DISCUSSAO

A exposicdo dos individuos a estimulos externos negativos esta diretamente
relacionada a wuma maior vulnerabilidade para desenvolver doencas
neuropsiquiatricas (NESTLER; HYMAN, 2010), enquanto os estimulos positivos
podem ser associados a um efeito benéfico tanto na prevencdo destas doencas
neuropsiquiatricas bem como no tratamento (BOUFLEUR et al., 2012; SAMPEDRO-
PIQUERO; BEGEGA, 2017). Os dados experimentais apresentados nesta tese
confirmam os beneficios de que a exposicdo a ET, um estimulo externo positivo,
tanto no periodo inicial da vida quanto na idade adulta, exerce influéncias benéficas
na prevencao e reversdo de comportamentos tipo depressivos e de ansiedade em
ratos.

No presente estudo, avaliou-se inicialmente, a influéncia da ET sobre
parametros de comportamento e de neuroadaptacdes moleculares no coOrtex pré-
frontal, quando aplicada na idade adulta, apds a inducdo de modelo de depresséo
por reserpina em ratas. Além de reverter os comportamentos tipo depressivos
observados nos testes de nado for¢cado, de preferéncia pela sacarose e no teste de
“splash”, a ET também reduziu os niveis plasmaticos dos hormonios corticosterona e
adrenocorticotrofico, também aumentando a expressdo do BDNF e do seu receptor
Trkb, GFAP e GR. Essas respostas positivas observadas nos testes
comportamentais podem ser explicadas pelas adaptacdes na funcionalidade do eixo
HPA, consequentes a ET, observadas pela menor relacdo entre o peso das adrenais
e 0 peso corporal dos animais, cuja alteracfes, estdo associada com uma maior
habilidade de lidar com situacdes estressantes que possam induzir sintomas de
depressdo ou ansiedade (BOUFLEUR et al.,, 2013; FREITAS et al., 2012). Além
disto, a diminuicdo dos niveis plasmaticos de corticosterona e ACTH, e o aumento
do GR no cértex pré-frontal estdo de acordo com estudos da literatura, os quais
apontam um aumento do GR para restabelecer o feedback negativo alterado em
situagcbes de hiperatividade do eixo HPA, inibindo entdo a liberacdo de
glicocorticoides como a corticosterona (GUIDOTTI et al., 2013;) e favorecendo a
minimizacgéo da resposta comportamental do tipo-depressiva.

A maturacdo e sobrevivéncia neuronal exerce grande impacto sobre o
desenvolvimento de transtornos neuropsiquiatricos. incluindo a ansiedade e a

depressdo (DUMAN, 2009). Assim, o BDNF, representa um dos principais fatores
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neurotréficos relacionados a depressdo, visto que farmacos antidepressivos
utilizados na clinica parecem modificar a sinalizacdo do receptor de BDNF, o TrkB, e
cujo nivel é dependente da concentracdo de BDNF, o que seria um dos mecanismos
responsaveis pelos efeitos terapéuticos dos antidepressivos (COYLE; DUMAN,
2003; SAARELAINEN et al.,, 2003). Neste sentido, os antidepressivos s&o
reconhecidos por modular a expressdao do GDNF, possivelmente pelo aumento dos
niveis de serotonina observado (NAUMENKO et al., 2013). Em nosso estudo, a ET
aplicada na idade adulta aumentou os niveis corticais de BDNF e do seu receptor
TrkB, ao mesmo tempo que diminuiu a expressao dos niveis de GDNF e do receptor
p75NTR o qual é associado a apoptose (YANG et al., 2014), sugerindo que essa
modificacao na sinalizacdo BDNF-TrkB e GDNF pode ser responsavel pela resposta
antidepressiva observada na ET (Figura 6).

Figura 6- Esquema geral da influéncia da estimulacéo tatil aplicada na idade
adulta em ratas.
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Adicionalmente, um restabelecimento dos niveis de GFAP foram observados
no cortex pré-frontal dos animais expostos a ET, sugerindo que este manuseio pode
afetar tanto a morfologia quanto a proliferacdo dos astrécitos, melhorando a
plasticidade singptica e em conjunto, melhorando comportamentos do tipo-
depressivos. Até o limite do nosso conhecimento, este foi o primeiro estudo a
demonstrar que a ET alterou comportamentos de depressdo mesmo quando
aplicada nos animais adultos, indicando que a plasticidade cerebral, mesmo apés
formada, pode responder positivamente frente as mudangas ambientais a ponto de
modificar um comportamento afetivo.

Estudos anteriores desenvolvidos pelo nosso grupo de pesquisa, mostraram
que a ET neonatal potencializou os efeitos do farmaco benzodiazepinico Diazepam,
melhorando os comportamentos de ansiedade que estavam prejudicados apos a
exposicdo ao estresse (BOUFLEUR et al., 2013), também potencializando a
resposta do antidepressivo sertralina, observados em comportamentos de
depressao e ansiedade (FREITAS et al., 2016). A partir disto, decidiu-se investigar o
papel da ET neonatal sobre comportamentos do tipo depressivo e de ansiedade e
sobre alteragcdes moleculares na regido cerebral da amigdala basolateral em ratos
machos heterozigotos para o transportador de serotonina (SERT*?). A escolha
destes animais foi decorrente da sua maior vulnerabilidade para desenvolver
sintomas de ansiedade e depressdo (OLIVIER et al., 2008). Deste modo, através
deste estudo observamos que em semelhanca aos estudos do grupo desenvolvidos
anteriormente, a ET neonatal foi capaz de prevenir comportamentos de anedonia e
de ansiedade na vida adulta, melhorando o comportamento social dos animais
nocaute (SERT*). Em nivel cerebral, observamos novamente uma resposta da ET
sobre os niveis de BDNF e sobre marcadores da atividade do eixo HPA, como o
receptor mineralocorticoide e genes responsivos aos glicocorticoides.

Sabe-se que o polimorfismo S5HTTLPR em humanos ndo s6 aumenta a
sensibilidade a estimulos negativos, mas também a estimulos positivos (BELSKY et
al., 2009). Nossos resultados experimentais confirmam esta hipotese, visto que a ET
neonatal preveniu o desenvolvimento de comportamentos de ansiedade e anedonia
nos animais. Também, estes animais SERT*- apresentam caracteristicas fenotipicas
de prejuizo no comportamento social quando expostos a situacdes estressantes
(BARTOLOMUCCI et al., 2010), e aqui, a ET neonatal melhorou comportamentos

associados a sociabilidade. Interessantemente, na regido cerebral da amigdala
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basolateral, as respostas da ET neonatal s6 foram observadas nos animais
selvagens, porém n&do nos animais SERTY-. Acreditamos que essa auséncia de
respostas cerebrais nos animais SERT*- possa ser decorrente a uma diminuicdo da
capacidade de autoajuste frente a alteracbes causadas por influéncias externas.
Esta diminuicdo esta relacionada ao aumento da elevacdo tdnica na atividade
neuronal a nivel basal de animais SERT*", portanto quando expostos a diferentes
estimulos externos, um novo aumento da atividade neuronal somente pode ser vista
nos animais controles, porém n&do nos animais SERT* (NIETZER et al., 2011;
HOMBERG et al., 2016). Por outro lado, a ET mostrou diversas alteracdes
moleculares per se na amigdala basolateral. Mesmo que estudos anteriores do
nosso grupo tenham mostrado que a ET foi capaz de aumentar a expressao dos
niveis de BDNF no hipocampo e no cortex pré-frontal (ANTONIAZZI et al., 2017), no
presente estudo observamos uma diminuicdo tanto nos niveis de BDNF quanto de
suas isoformas IV e VI. Esta diminuicdo pode estar relacionada a regido cerebral
investigada, visto que além de a amigdala basolateral ser reconhecida por suas
funcbes ansiogénicas, niveis elevados de BDNF ja foram associados com um
aumento do estado negativo emocional em ratos SERT*-. Portanto, esta diminuigdo
na amigdala basolateral causada pela ET poderia configurar uma resposta
ansiolitica de protecdo nestes animais.

Da mesma forma, os resultados encontrados dos marcadores do eixo HPA,
foram diferentes encontrados em estudos anteriores do grupo, quando um aumento
nos niveis de GR foi observado tanto no hipocampo quanto no coértex pré-frontal
(ANTONIAZZI et al., 2017). Embora diferencas ndo significativas da expresséo de
GR e MR foram observadas na amigdala basolateral dos animais expostos a ET per
se, uma diminuicdo na razdo entre esses dois receptores foi observada, além de
uma diminuicAo em genes responsivos aos glicocorticoides e um aumento na
proteina ligante FK506. Apesar de diferentes resultados em relagdo aos estudos
prévios, estes resultados corroboram com hipéteses anteriores sobre a ET, a qual
desempenha um importante papel no controle da funcionalidade do eixo HPA.
Também, pela primeira vez mostramos uma possivel influéncia da ET no balanco
entre 0s sistemas glutamatérgico e GABAérgico. Aqui observamos que a ET
aumentou per se os niveis da enzima GAD67, a qual converte glutamato em GABA,
também diminuindo a expressao do transportador vesicular de glutamato (VGLUT) e

a razao entre o VGLUT e o transportador vesicular de GABA (VGAT). A partir desses
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resultados podemos inferir que as respostas normais observadas tanto no
comportamento social quanto nos comportamentos de ansiedade e anedonia dos
animais expostos a ET, estariam mais uma vez relacionados a estas alteracdes
glutamatérgicas e gabaérgicas, ja que em outros estudos, fatores externos
estressantes foram relacionados a um aumento na razdo do VGLUT/VGAT
(TZANOULINOU et al., 2014), bem como a diminuicdo da GADG67, observada em
diferentes transtornos psiquiatricos (VAREA et al., 2012). De modo geral, podemos
propor que a ET melhorou comportamentos associados a emogao, mas esta
resposta ndo estaria relacionada as alteracdes na amigdala basolateral, levando-nos
a considerar sobre a necessidade da continuidade dos estudos a fim de esclarecer o

mecanismo molecular de acédo benéfica da ET nesses animais SERT*" (Figura 7).

Figura 7- Esquema geral da influéncia da estimulacao tatil neonatal em ratos
SERT** e SERT*-.

ESTIMULACAO TATIL NEONATAL
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Fonte: Autor.

5-HT: serotonina; BDNF: Fator neurotréfico derivado do encéfalo; FKBP5: proteina ligante de FK506
de 51 kDa; GADDA45f3: Growth arrest and DNA damage inducible beta; GR: receptor glicocorticoide;
MR: receptor mineralocorticoide; SERT: Transportador de Serotonina; VGAT: Transportador vesicular

de GABA; VGLUT: Transportador vesicular de monoaminas.

Considerando a ampla variedade de estudos com a ET e a auséncia de uma
revisdo que abordasse detalhadamente as metodologias utilizadas, as respostas



92

comportamentais, fisiolégicas e neurobiolégicas da ET, nds decidimos realizar uma
revisao sistematica da literatura que mostrasse o impacto da ET neonatal e na idade
adulta em ratos. A partir desta revisdo sistematica, observamos que independente
do tempo, da forma ou da idade da aplicacdo, a ET exerceu influéncias benéficas
sobre diferentes tipos de comportamento aqui avaliados, como por exemplo,
cognicdo, emocao, locomocao, drogadicdo, dor, entre outros. Também, uma
significativa influéncia da ET foi observada na regulagéo do estresse, principalmente
pela via do eixo HPA, desde que na maioria dos estudos ocorreu uma reducéo da
hiperatividade do eixo HPA, melhorando a resposta a estimulos externos negativos
(BOUFLEUR et al., 2012; FREITAS et al., 2016; ROVERSI et al., 2019) e via sistema
nervoso simpdatico, no qual a ET diminuiu a liberacdo de catecolaminas em nivel
periférico, favorecendo a resposta ao estresse (COSTA et al., 2012; 2020). J& em
nivel central, a ET se mostrou importante sobre a morfologia e a plasticidade
neuronal, cuja melhoria anatdmica dos neurénios pode ser observada (GIBB et al.,
2010; KOLB; GIBB, 2010; RICHARDS et al.,, 2012), juntamente com a maior
expressao de fatores neurotroficos em diferentes areas cerebrais (EFFENBERG et
al., 2014; ANTONIAZZI et al., 2017; ROVERSI et al., 2019; 2020). Assim sendo,
podemos afirmar que a ET pode ser uma interessante ferramenta que pode ser
utilizada para modificar ou melhorar a funcdo neuronal que regula diferentes
respostas comportamentais.

Tomados em conjunto, os dados apresentados nesta tese sugerem que a
exposicdo a ET no inicio da vida ou na vida adulta pode beneficiar respostas
comportamentais, principalmente aguelas relacionadas a emocionalidade, mesmo
gue tais respostas benéficas da ET se mostrem presentes tanto agudamente quanto
ao longo da vida. A ET também mostrou influéncias positivas em nivel cerebral,
atuando sobre fatores neurotroficos como BDNF e seu receptor TrkB, GDNF, e
sobre fatores relacionados a funcionalidade do eixo HPA, também em ambos os
periodos de sua aplicagdo. Assim, levando em consideragéo os resultados dos dois
protocolos experimentais e dos estudos apresentados na revisdo sistematica, €
possivel sugerir que a ET é capaz de atuar como um tratamento e também prevenir

situacdes neuropsiquiatricas ao longo da vida.
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6 CONCLUSOES

Através dos resultados apresentados nesta tese, podemos propor que:

*A ET, quando aplicada na idade adulta, é capaz de reverter comportamentos tipo
depressivos induzidos pela reserpina, indicando que essa terapia manual exerce
influéncias benéficas mesmo quando o SNC j& se encontra desenvolvido.

»A ET é capaz de reduzir o nivel plasmatico de glicocorticoides e aumentar a
imunoreatividade dos receptores glicocorticoides (GR), em resposta a reduzida
hiperatividade do eixo HPA. A ET também é capaz de aumentar a imunoreatividade
de fatores associados a neurogénese e sobrevivéncia neuronal, como BDNF, GDNF,
TrkB, GFAP, reduzindo os niveis de proBDNF, associado a morte neuronal, com
respostas superiores ao farmaco antidepressivo imipramina,

*A ET neonatal € capaz de prevenir o desenvolvimento de comportamentos de
ansiedade e anedonia, melhorando o comportamento social de ratos heterozigotos
para o transportador de serotonina (SERT*").

*A ET neonatal pode, per se, modificar marcadores moleculares na regido da
amigdala basolateral, tais como: BDNF e suas isoformas IV e VI , a razao entre 0s
receptores GR e mineralocorticoides (MR), genes responsivos ao GR, além da
expressdo do transportador de glutamato e a enzima GADG67, a qual converte
glutamato em GABA.

= Experimentalmente, a ET mostra importante influéncia em diferentes
comportamentos, desde cognitivos, emocionais, entre outros, mostrando também
ser capaz de exercer alteracdes periféricas e neuronais envolvidas em diferentes
patologias.

= Por fim, podemos propor que a ET apresenta eficacia ao modificar a neurogénese e
outros fatores que encontram-se prejudicados em situacdes de depressdo; a ET
pode ser considerada uma interessante ferramenta para aplicacéo terapéutica, ndo
invasiva, de baixo custo e desprovida efeitos toxicos, tdo presentes nos atuais

tratamentos utilizados na depresséo e outras condi¢cdes neuropsiquiatricas.
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