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A doenca de Alzheimer (DA) é uma desordem neurodegenerativa cronica caracterizada
clinicamente pela perda progressiva de fungdo cognitiva, distlrbios neuropsiquiatricos e
comportamentais. Patologicamente esta doenca caracteriza-se pelo acimulo anormal do
peptideo B-amildide (AP) no cortex e no hipocampo, emaranhados neurofibrilares
intracelulares formados por tau hiperfosforilada, disfuncdo progressiva sinaptica e,
posteriormente perda neuronal. As opcdes terapéuticas disponiveis melhoram os
sintomas, mas ndo impedem a progressdo da doenca, portanto, ainda esta faltando uma
estratégia terapéutica efetiva para DA. Ha estudos relacionados a utilizacdo de terapia
epigenética para o tratamento da DA, a terapéutica mais desenvolvida € a que envolve a
classe dos inibidores das deacetilases (HDACSs). Assim, este trabalho tem por objetivo
investigar o efeito protetor do inibidor da HDAC acido hidroxamico de suberoilanilida
(SAHA) em um modelo de DA em camundongos. Para isso, foram utilizados 50
camundongos Swiss adultos, pesando entre 30-35 g, divididos em dois experimentos.
No primeiro, os camundongos foram divididos em 6 grupos que receberam uma injecao
de APi-42 via intracerebroventricular (i.c.v.) no inicio da experiéncia (exceto o grupo

Sham que foi utilizado como controle) para investigar a atividade das histonas



acetiltransferase (HATs) e HDAC, determinacdo dos niveis do fator neurotréfico
derivado do cérebro (BDNF), expressaio do mRNA de BDNF e modula¢do da via
(cCAMP/PKA/CREB) em uma curva de tempo (6 horas, 1, 3, 7 e 21 dias). Ao final de
cada tempo, os animais foram submetidos ao teste cognitivo e foram eutanasiados. O
cortex pré-frontal e o hipocampo foram removidos para posteriores analises. No
segundo experimento, os camundongos foram dividos em 4 grupos: Grupo Controle
(sham+veiculo); Grupo Aia2 (APi42 + veiculo); Grupo SAHA (25 mg/kg, via
intraperitoneal) (sham + SAHA); Grupo Interacdo (APi-42 + SAHA). O peptideo APi-a2
ou o veiculo foram infundidos por injecdo i.c.v. e, um dia depois, iniciou-se 0
tratamento, por via i.p., durante 21 dias. Ao final do experimento os animais foram
submetidos ao teste cognitivo, eutandsiados para retirada das estruturas cerebrais. As
amostras foram utilizadas para a determinacdo dos niveis de BDNF, expressdo do
MRNA de BDNF, atividade enzimatica das histonas (HDAC e HATS) e regulagdo da
via CAMP/PKA/CREB. O presente estudo observou deficiéncias significativas causadas
pela AP1-42 na meméria (Labirinto Aquatico de Morris), bem como causou desequilibrio
das enzimas HAT/HDAC, reducdo de cAMP, PKA e CREB e BDNF no cortex pré-
frontal e hipocampo de camundongos. A inibicdo de HDAC, com SAHA demostrou
neuroprotecdo nas alteracdes comportamentais e neuroquimicas induzidas por APi-s2.
Estes dados mostram que a acetilacdo através da inibicdo do HDAC, desempenha um
papel fundamental na mediacdo da memdria e demonstra que SAHA podera ser uma

ferramenta médica promissora na abordagem terapéutica para o tratamento da DA.
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Alzheimer's disease (AD) is a chronic neurodegenerative disorder characterized
clinically by the progressive loss of cognitive function, neuropsychiatric and behavioral
disorders. Pathologically this disease is characterized by the abnormal accumulation of
B-amyloid peptide (AP) in the cortex and hippocampus, intracellular neurofibrillary
tangles formed by hyperphosphorylated tau, progressive synaptic dysfunction and, later,
neuronal loss. The available therapeutic options improve the symptoms but do not
impede the progression of the disease, therefore, an effective therapeutic strategy for
AD is still lacking. There are studies related to the use of epigenetic therapy for the
treatment of AD, the most developed therapy is that involving the class of deacetylase
inhibitors (HDACs). Thus, this work aims to investigate the protective effect of the
HDAC inhibitor hydroxamic acid suberoilanilide (SAHA) in an AD model in mice. For
this, 50 Swiss adult mice weighing between 30-35 g were used, divided in two
experiments. In the first, the mice were divided into 6 groups that received an injection
of AP142 via the intracerebroventricular (icv) at the beginning of the experiment (except
the Sham group that was used as control) to investigate the activity of histones
acetyltransferase (HATs) and HDAC , Determination of brain-derived neurotrophic
factor (BDNF), expression of BDNF mRNA, and modulation of the pathway
(cCAMP/PKA/CREB) in a time curve (6 hours, 1, 3, 7 and 21 days). At the end of each

time, the animals were submitted to the cognitive test and were euthanized. The



prefrontal cortex and hippocampus were removed for further analysis. In the second
experiment, the mice were divided into 4 groups: Control Group (sham + vehicle);
Group AB1-42 (AB1-42 + vehicle); SAHA group (25 mg/kg, intraperitoneal route) (sham +
SAHA); Interaction Group (AP1-42 + SAHA). The APi42 peptide or vehicle was
infused by i.c.v. and one day later, the treatment was started i.p. for 21 days. At the end
of the experiment the animals were submitted to the cognitive test, euthanasia for
removal of the cerebral structures. Samples will be used for determination of BDNF
levels, expression of BDNF mRNA, histone enzymatic activity (HDAC and HATS) and
regulation of the cCAMP/PKA/CREB pathway. The present study observed significant
deficiencies caused by APi42 in memory (Morris Aquatic Labyrinth), as well as caused
imbalance of HAT/HDAC enzymes, reduction of cAMP, PKA and CREB and BDNF in
the prefrontal cortex and hippocampus of mice. Inhibition of HDAC with SAHA
demonstrated neuroprotection in behavioral and neurochemical changes induced by
AP1-42. These data show that acetylation through inhibition of HDAC plays a key role in
memory mediation and demonstrates that SAHA may be a promising medical tool in the

therapeutic approach to AD.
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LISTA DE FIGURAS

PARTE |

Figura 1. Ativagdo do CREB pela via CAMP/ PKA........cooiiiee e 26
PARTE Il

Figura 1. Desenho experimental do estudo na curva de tempo.........ccccovervvireeiiniennnnes 61
Figura 2. Desenho experimental do eStUTO..........c.ooieiiriiineeieee e e 62

Figura 3. Efeito da injecdo i.c.v. de APi42 sobre a atividade das enzimas HDAC e
HATSs (H3 e H4) no cdrtex pré-frontal e hipocampo na curva de tempo...........cccecevenee. 63
Figura 4. Efeito da injego i.c.v. de APi42 Sobre os nives de BDNF e expressdo do
MRNA de BDNF no cortex pre-frontal e hipocampo na curva de tempo...........ccccoe..... 64
Figura 5. Efeito da injegdo i.c.v. de APi-42 sobre os nives de cCAMP, PKA e CREB no
cortex pré-frontal e hipocampo na curva de teMPO.......cccveevereereeiie e s 65

Figura 6. Efeito da inje¢do i.c.v. de APi142 sobre o teste comportamental do Labirinto

Aquatico de Morris na curva de tEMPO.........ccueviiirereeie e e e 66
Figura 7. Efeito do inibidor SAHA sobre a atividade enzimatica de HDAC e HATs (H3
e H4) no cortex pré-frontal e hipocampo em camundongos injetados com AB1-42......... 67

Figura 8. Efeito do inibidor SAHA sobre os niveis de BDNF e expressdo do mRNA de
BDNF no cortex pré-frontal ¢ hipocampo em camundongos injetados com AB1.42....... 68
Figura 9. Efeito do inibidor SAHA sobre os niveis de cAMP, PKA e CREB no cortex
pré-frontal e hipocampo em camundongos injetados com AB1-42.....ccvevvrvriereeiinreernnnnns 69
Figura 10. Efeito do inibidor SAHA sobre o prejuizo da memdria no Labirinto

Aquético de Morris induzida pela injecao de AB1-



LISTA DE TABELAS

PARTE Il

Tabela 1: Valores de R resultantes do teste de correlagdo de Pearson para fatores

neuroquimicos e parametros COMPOItAMENLAIS........c.evververrereerieereee e 71



LISTA DE ABREVIATURAS E SIGLAS

DA = Doenga de Alzheimer

APP = Amyloid precursor protein = Proteina precursora de amildide
AP = Amyloid-beta = Beta-amildide

AP1-42 = isoforma do peptideo beta-amil6ide com 42 amino&cidos

2

HDAC = Histona Desacetilase

HAT = Histona Acetiltransferase

DNMT = Metiltransferase

CpG/ MBD = Proteina de ligagdo a metil-CpG
DNA = Acido Desoxirribonucleico

SNC = Sistema Nervoso Central

3

BDNF = Brain-derived neurotrophic factor = fator neurotrofico derivado do cérebro
RNAmM = RNA mensageiro

MAPK = Proteinas cinases ativadas por mitdgenos

NGF = Fator de crescimento neuronal

NT3 = Neurotrofina-3

NT4/5 = Neurotrofina 4/5

SNP = Sistema Nervoso Periférico

PI3K = Fosfotidilinositide-3-quinases

PKA = Proteina Cinase A

AMPc = Monofostato de adenosina 3,5 ciclico

4
GTP = Trifosfato de Guanosina
CREB = Proteina de ligacdo ao elemento responsivo ao AMPc

CRE = Elemento responsivo ao AMPc



PDE = Fosfodiesterases

AC = Adenil ciclase

AMP = Monofosfato de adenosina
TrkB = Receptor de Tropomiosina B



SUMARIO

PARTE |
RESUMO ...ttt ettt st e s bt et et e et e et aeenbe s eesreas 5
ABSTRACT ettt b et et e et e b e e e be e e e et e eneeenbeenns 7
LISTA DE FIGURAS.... .ottt sttt sttt snte e 9
LISTA DE TABELAS....... ettt et sn e 10
LISTA DE ABREVIATURAS E SIGLAS......c e 11
LANTRODUGAO. ... sees s, 16
1.1. D0ENGa A8 AlZNEIMET......cui i e e e enee s 16
I T To 0] o S ORSPSSRSP 18
1.3 BN ... e 22
1.4. Via CAMP/PKA/CREB........coi ittt 24
2.1 ODJELIVO QEIAL.....eieeie et rae e 28
2.2 ODjJEtiVOS ESPECTTICOS. . vviiriiiiiecie e ettt 28

NEUROPROTETIC EFFECT OF SUBEROILANILIDA HYDROXAMIC ACID
(SAHA), AHDAC INHIBITOR, IN ALZHEIMER'S DISEASE MODEL
INDUCED BY INTRACEREBROVENTRICULAR INJECTION OF B-

AMYLOID PEPTIDE 1-42.......coiiiiiiiiiii s 29
ABSTRACT e 30
INTRODUCTION. ...ttt 31
MATERIALS AND METHODS........ociiiii e 32
RESULTS . .. e 39

The i.c.v. injection of AP142 induced desbalance of HAT/HDAC in the prefrontal
cortexX and NIPPOCAMPUS.......coviiiiieirieitie ettt st e staeeraeebe e e e e sraesreeeas 39

The i.c.v. injection of AB1-4 elicited a down-regulation of neurtotrophic factors in the
prefrontal cortex and hiPPOCAMPUS.......cccuviiiiiiieiiiie e 40



The i.c.v. injection of AP142 elicited a down-regulation on the pathway

CAMP/PKAJ/CREB in the prefrontal cortex and hippocampus..........c.ccccceevvierirnnn. 41
The i.c.v. injection of AB1-s2 induced behavioral disturbes..........ccccocveviniiiiinnnn 42
Enzimatic activity OF HDAC ..........coiiiece s e 42
Enzimatic activity Of HAT H3....oo e 43
Enzimatic activity Of HAT H4 ..o 44
BDINF TBVEIS. ... e 45
Expression of BDNF MRNA. ... s 45
CREB IBVEIS......oeeeee et et 46
CAMP TBVEIS. ... e b 47
PRATBVEIS. ... bbb e 48
Spatial mMemory in MWIM TESE..........ooiiiiie i s 49
DISCUSSION.....c it nn et ear e nr e e ennes 49
CONCLUSION . ...ttt e r e e n e s 53
REFERENCQCES. ... e an e 54
2.CONCLUSAO. ....viieireiieis ettt 72

B.LREFERENCIAS.......oooiiiiece ettt sttt st 73



APRESENTACAO

Os resultados que compdem essa dissertacdo apresentam-se divididos em 3
partes. Na parte | encontram-se a Introducéo e os Objetivos. A parte Il refere-se aos
resultados deste trabalho sob a forma de Manuscrito que abrange as se¢fes introducéo,
materiais e métodos, resultados, discussdo dos resultados e referéncias bibliograficas. O
item Conclusdo encontra-se na parte Ill desta dissertacdo e apresenta conclusdes
gerais do manuscrito contido nesse trabalho. O item Referéncias inclui somente as

citacOes que aparecem no item introducéo desta dissertacgéo.
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1. INTRODUCAO
1.1. Doenga de Alzheimer

A doenga de Alzheimer (DA) é uma desordem neurodegenerativa cronica, sendo
a forma mais comum de deméncia em idosos, 0 que representa 50 a 75% de todos o0s
casos (Choi et al., 2014). E caracterizada por um comprometimento do sistema
colinérgico, o que leva a um quadro clinico de perda progressiva da memoria e das
fungdes cognitvas (Suh & Checler, 2002).

A DA foi primeiramente descrita em 1906 pelo médico alemé&o Alois Alzheimer,
durante o 37° Congresso do Sudoeste da Alemanha de Psiquiatria, na cidade de
Tubingen. Durante sua conferéncia intitulada “Eine eigenartige Erkrankung der
Hirnrinde” (Uma Doenca Peculiar dos Neuronios do Coértex Cerebral), Alzheimer
definiu seu achado como uma patologia neuroldgica, ndo reconhecida, que cursa com
deméncia, dando destaque aos sintomas de déficit de memdria, alteracOes
comportamentais e incapacidade para as atividades rotineiras. Posteriormente,
Alzheimer ainda viria a descrever 0s aspectos anatomopatoldgicos da doenca, cujas
principais caracteristicas eram o0 acimulo de placas senis e emaranhados neurofibrilares
e a perda neuronal (Medeiros, 2007; Goedert & Spillantini, 2006).

Em 1968, um estudo demonstrou que o0s achados anatomopatologicos
caracteristicos da DA também apareciam em individuos com deméncia senil, em que 0s
sintomas se iniciam aos 65 anos ou apds essa idade, sendo entdo considerados como
parte da mesma entidade patologica (Blessed et al., 1968).

A apresentacdo clinica tipica da DA € a perda progressiva da memoria e das
funcbes cognitivas (Chen et al., 2015). A DA pode levar a morte dentro de 3 a 9 anos
apos o seu diagnostico, sendo a idade o principal fator de risco, com sua incidéncia
dobrando a cada 5 anos ap6s 0s 65 anos de idade (Souza, 2012).

A susceptibilidade a DA é resultante de multiplos determinantes ambientais e
genéticos que interagem durante a vida. Os fatores de risco relacionados a DA
compreendem: baixa escolaridade, traumatismo craniano associado a perda de
consciéncia, sexo feminino, depressdao, diabetes mellitus, hipertensdo arterial, fumo,
hiperinsulinemia, inatividade fisica, fibrilacdo arterial, dieta rica em gorduras e fatores
genéticos. Porém, dentre os fatores de risco associados a DA, a idade é a que exerce
maior influéncia (Gorelick, 2004; Mattson, 2003).

Duas formas da doenca sdo descritas: a forma da DA familiar (FAD), que é

referente a 5% dos casos da doenca, caracterizada pela precocidade do quadro clinico,
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ocasionada devido a mutagdes dos genes da proteina precursora amildide (APP) ou das
presenilinas | e 1. Os outros 95 % dos casos da doenca sdo referentes ao tipo esporadico
e apresenta uma evolucdo mais lenta, sendo que os sintomas raramente surgem antes do
paciente completar 50 anos de idade (Suh & Checler, 2002).

Estimativas indicam que a doenca acomete 8-15 % da populagcdo com mais de 65
anos. Atualmente, existem em todo o mundo, aproximadamente 25 milhGes de pessoas
com a DA, o que demonstra sua grande importancia. Considerando projecdes do
crescimento populacional que indicam que o nimero de individuos com mais de 80
anos chegara a 300 milhdes em 2050 (Zinser et al., 2007).

Das multiplas causas associadas ao aparecimento da DA, destacam-se trés: O
alelo €4 da apolipoproteina E (apoE), um dos grandes fatores de risco para o
aparecimento da DA e também um importante indicador do seu desenvolvimento, uma
outra causa para o desenvolvimento desta doenca é o acumulo das placas de beta-
amiloide, a terceira causa é a neurodegeneracdo mediada pela tau. Relativamente ao
alelo €4 da apoE, no corpo humano este gene situa-se no brago longo do cromossoma 19
(19913.2) (Petersen et al., 1995). A informacdo contida neste gene € importante para a
formacdo da proteina apoE, uma vez que esta proteina é fundamental no mecanismo de
redistribuicdo de trigliceridios e colesterol nos varios tecidos do organismo humano. O
segundo 6rgao de maior importancia na sintese de apoE é o cérebro, assumindo um
papel especifico na formacao das placas amiloides, o que sucede € uma interacéo entre a
beta-amiloide (AB) solivel ¢ a apoE, criando um complexo apoE-AB que
posteriormente é digerido enzimaticamente e origina duas porcdes, uma € degradada e a
outra promove 0 acumulo de placas amildides que irdo ser excretadas para 0 meio
extracelular (Ojopi, Bertoncini & Dias Neto, 2004).

A AP é o maior constituinte das placas sendo caracterizada como o maior agente
da patologia da DA, devido os niveis desta proteina na doenca se encontram
aumentados, o que ocasiona um aumento extracelular de placas de fibras amildides de
AP. Juntamente com as fibras amildides também se encontram fibras neurocelulares
desordenadas. A deposicao destas placas amildides leva a uma grande diminuicdo de
neurdnios no cérebro (Sung et al., 2014). Os emaranhados neurofibrilares e as placas
senis podem estar presentes nos cérebros normalmente senis, mas em menor quantidade
e com distribuicdo menos extensa (Walsh & Selkoe, 2004).

Os emaranhados neurofibrilares sdo constituidos primariamente de proteinas tau

associadas aos microtibulos. As proteinas tau dao estabilidade aos microttibulos do
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citoesqueleto neural, sendo esta fungdo regulada por um processo de fosforilagcdo e
defosforilacdo. Nos neurbnios que sofrem degeneracdo, as proteinas tau associadas a
microtibulos tornam-se anormalmente hiperfosforiladas e acumulam-se na forma de
filamentos emaranhados helicoidais pareados. Por sua vez, as placas senis sdo
constituidas da deposicdo de fragmentos amiléides no parénquima cerebral (Haass,
2004; Mattson, 2004).

A AP ¢ um fragmento proteolitico formado a partir de uma glicoproteina
transmembranica maior, a APP, que sofre a agdo das enzimas proteoliticas - e y-
secretases. Os mecanismos responsaveis pela neurotoxicidade da AP sdo complexos,
mas acredita-se que envolva a quebra da homeostase intracelular do célcio e potéssio,
inducdo de estresse oxidativo e ativagdo do processo de morte celular e neuroinflamacéo
via caspases (Hardy & Selkoe, 2002).

Avancos recentes na compreensdo dos mecanismos patofisioldgicos
relacionados a doenca de Alzheimer apontam para novas estratégias no
desenvolvimento de drogas. Os modelos animais tém contribuido consideravelmente
para estes avancos e tém um papel ainda maior na avaliacdo de eventuais drogas com
potencial terapéutico, ndo apenas de aliviar a deméncia associada com a doenca de
Alzheimer, mas de modificar o processo da doenc¢a (Van Dam & De Deyn, 2006).

O tratamento da doenca de Alzheimer inclui estratégias farmacoldgicas e
intervencdes psicossociais para o paciente e seus familiares. Inimeras substancias
psicoativas tém sido propostas para restabelecer ou preservar a cognicdo do paciente.
Estudos recentes sugerem que alteracdes de natureza epigenética estdo associadas a DA.
Esta nova area de estudo associa a influéncia do ambiente sobre a expressdo génica, ou
seja a capacidade de fatores ambientais induzirem alterag@es no fenotipo sem afetarem a
sequéncia de DNA (Mount & Downton, 2006).

1.2. Epigenética
Epigenética € o termo utilizado para descrever acontecimentos que ndo sdo
explicados através de principios genéticos. A epigenética é definida, por Conrad
Waddington (1942), como “uma area da biologia que estuda as interagdes entre genes e
0s seus produtos, o que leva ao inicio do fendtipo” (Goldberg, Allis & Bernstein, 2007).
As alteracdes epigenéticas estdo presentes desde a fase pré-natal de vida e as
mudancas fenotipicas causadas por essas mesmas alteracfes estdo associadas ao

processo de envelhecimento, assim como nas doencas neurodegenerativas. Esta nova
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area de estudo associa a influéncia do ambiente sobre a expressdo geénica, ou seja a
capacidade de fatores ambientais induzirem alteracdes no fendtipo sem afetarem a
sequéncia de DNA (Zhu et al., 2015).

A epigenética pode interferir com o fenotipo através de varios mecanismos. Os
dois mecanismos principais centram-se na interferéncia do mecanismo biolégico
levando a doenga ou servindo como biomarcador da doenca ou da exposicdo ambiental
(Goldberg, Allis & Bernstein, 2007). A interferéncia dos fatores epigenéticos no
mecanismo biolégico sdo a nivel da metilagdo do DNA, modificacdo de histonas, da
cromatina e regulacdo do RNA n&o codificante (Zhu et al., 2015). Esses mecanismos
atuam modificando a acessibilidade da cromatina para a regulacdo da transcrigéo local
ou globalmente, pelas modificacbes no DNA e pelas modificagcbes ou rearranjos dos
nucleossomos (Jenuwein & Allis, 2001; Jones & Takai, 2001).

Os nucleossomos e as histonas sdo estruturas associadas ao DNA com a funcao
de organizacdo da cromatina. Esta organizacdo esta intimamente ligada a expressao
génica. Mudancas na estrutura da cromatina influenciam a expressao dos genes, sendo
que, estdo inativos quando a cromatina esta compactada e 0S genes Sa0 expressos
quando a cromatina estiver aberta, ou seja, descompactada. Esses estados dindmicos da
cromatina sdo controlados por padrdes epigenéticos reversiveis de metilacdo do DNA e
de modificac6es das histonas (Rodenhiser, 2006; Feinberg, 2001).

A metilacio do DNA é indispensavel para as funcbes do genoma dos
vertebrados e estd relacionada com processos de regulacdo génica, estabilidade
cromossdmica e imprinting parental. A metilacgio do DNA ocorre quando um grupo
metil (CH3) é adicionado no carbono 5 de citosinas situados adjacentes a guanina (Sitio
CpG). As partes de sequéncias de DNA com uma elevada concentracdo de CpG sdo
referidos como 'ilhas' CpG, sdo localizadas, em sua maioria, nas regiées promotoras de
genes e apresentam tamanho igual ou superior a 200 pares de bases (pb) sendo que ha
pelo menos 10 vezes mais metilacdo nessa regido do que em outras regides do genoma
com CpG (llingworth & Bird, 2009; Bird, 2002). O processo de metilacdo é mediado,
ao menos, por trés DNA metiltransferases (DNMT1, DNMT3a, DNMT3b), estas
enzimas catalizam e transferem o grupamento metil da S-adenosyl-L-metionina (doador
de metil) para as bases de citosina ou adenina na molécula de DNA. A metilacdo de
DNA dentro da regido promotora de um gene pode ser a explicacdo do porque essa
modificacdo tem um efeito tdo profundo na expressdo génica, podendo afetar a

transcricdo impedindo fisicamente a ligacdo de fatores de transcricdo nos genes e/ou
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recrutamento, através da acdo das proteinas de ligacdo a metil-CpG (MBDs),
componentes epigenéticos ao locus, como por exemplo histonas desacetilases e outras
proteinas com acdo sobre a remolodecdo da cromatina, ocasionando uma compactacao
da cromatina (Robertson, 2005).

O DNA nuclear encontra-se associado a proteinas chamadas histonas. Ambos
encontram-se sob a forma da estrutura basica de condensacdo do DNA, o nucleossomo.
Este é composto por dois complexos idénticos, cada um constituido de 4 proteinas
histonas, que formam um octdmero. As proteinas histonas presentes em cada
nucleossomo sdo: a H2A, H2B, H3 e H4 (Pruss, Hayes & Wolffe, 1995). A modificacdo
de histonas normalmente € pds- transcricional e pode ocorrer por VArios processos,
como por exemplo, acetilacdo, metilacdo, fosforilagcdo e ubiquitinacdo. A acetilacdo de
histonas & um processo reversivel e necessita de um equilibrio dindmico entre duas
enzimas principais que atuam no processo: as acetiltransferases (HATS) e as
deacetilases (HDACS) (Van Den Hove, Kenis & Rutten, 2014).

Acredita-se que a acetilacdo das histonas H3 e H4 nas caudas N-terminais seja
um sinal predominante para a ativa¢do da cromatina, aumentando a acessibilidade para
que ocorra a transcricdo. Esse sinal é removido pela acdo das histonas deacetilases
(HDAC), que promovem a condensacao da cromatina. As HATs atuam na transcricao
do genoma em zonas especificas, acetilando residuos de lisina, enquanto que as
deacetilases atuam removendo os grupos acetil, no qual gera o silenciamento de genes
(Strahl, 2000).

A falta de modificagdes da cromatina associada ao DNA metilado sera
rapidamente corrigida pelo recrutamento de enzimas modificadoras de cromatina (Nan,
Cross & Bird, 1998; Nan et al., 1998). E a diminuicdo de metilacdo do DNA sera
corrigida pelo recrutamento de DNMts pela cromatina modificada (D”Alessio & Szyf,
2006). Existe uma interacdo entre as enzimas DNMTs e HDAC e também entre as
DNMTs e metiltransferases de histonas para a manutencdo de alguns padrdes de
metilacio do DNA que marcam a cromatina inativa (Fuks et al., 2003; Rountree,
Bachman & Baylin, 2000).

A acetilacdo das histonas atua como fator de demetilacio do DNA e os
mecanismos pelos quais isso ocorre sdo 0s seguintes: em uma visao mais simplista do
processo epigenético, as histonas com caudas ndo acetiladas impediriam o acesso das
DNAs metiltransferases para a cromatina compactada, e assim evitariam a metilagéo do

DNA (Balch et al. 2005). Um segundo mecanismo propde que a demetilagdo néo



21

ocorreria imediatamente ap0s a acetilacdo das histonas, mas seria dependente da
interagdo com a enzima de transcricdo RNA polimerase Il com o promotor metilado do
gene (D Alessio & Szyf, 2006). Na DA a alteracdo mais comum sdo acetilacbes ou
fosforilagdes das histonas (Portela & Esteller, 2010).

Na DA a acetilagdo de histonas no cortex temporal encontra-se diminuida,
existindo também uma diminuicdo da acetilacdo da H3, esta diminui¢do leva a uma
reducdo da expressdao do regulador da atividade pos-sinaptica (Millan, 2014). A H3 é
um marcador de silenciamento de genes e regulador na compactacdo da cromatina, 0s
niveis de histonas fosforiladas encontram-se aumentados em individuos com DA,
afetando a distribuicdo da tau fosforilada. A modificacdo de histonas estd tambem
relacionada com o processo de hidrolise da APP em AP e na transcricdo de genes
reguladores da acetilacdo das histonas. A epigenética consegue integrar mecanismos de
entrada diferentes e gerar os de saida mais longos e moldaveis, fornecendo assim um
substrato para a localizacdo da memoria e por combinar a hipotese de interacdo entre o
gene e 0 ambiente neste tipo de doenca (Sanchez-Mut & Graff, 2015).

Esta nova vertente da genética tem um grande impacto na DA, que se verifica na
regulacdo da expressdo génica quando existe um estimulo ambiental exterior que afeta o
SNC. Séo varios os estimulos ambientais que podem dar origem a alteracGes
epigenéticas que levam ao surgimento e desenvolvimento da DA. Estudos recentes
sugerem que estes estimulos e eventuais alteracdes epigenéticas sdo causas possiveis
para o desenvolvimento da DA de inicio tardio, uma vez que essa forma da doenca néo
tem nenhuma causa genética e por isso as alteracdes acima descritas podem ter uma
grande influéncia a nivel dos mecanismos pelos quais surge a DA (Maloney et al.,
2012).

As modificacdes epigenéticas sdo uma das causas da doenca de Alzheimer
podendo, no entanto, ser utilizadas no seu tratamento. O desenvolvimento desta nova
area da genética na DA parece trazer alguns avangos em nivel de tratamento desta
doenca. Sdo varios 0s estudos que apontam a epigenética como uma area de intervencao
terapéutica. A interindividualidade relativamente a resposta a farmacos é uma dessas
areas. As classes mais utilizadas sdo os inibidores das DNMT e das HDACSs, que tém
como objetivo reverter as alteracdes epigenéticas (Cacabelos & Torrellas, 2014; Adwan
& Zawia, 2013).

A terapia mais estudada é a que envolve a classe dos inibidores das HDACS.

Estas enzimas na sua funcdo normal sdo responsaveis pela acetilacdo das histonas,
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quando estdo inibidas regulam o nivel de acetilacio e melhoram a capacidade de
memoria e aprendizagem de um individuo. Na DA esta classe afeta a atividade da
proteina AP e da tau (Adwan & Zawia, 2013, Lovatel et al., 2013).

1.3 BDNF

O fator neurotréfico derivado do cérebro (BDNF) € um intermediario dos
processos dependentes da atividade no cérebro e tem um impacto muito grande no
desenvolvimento neuronal e na plasticidade (Karpova, 2014). O BDNF desempenha um
efeito protetor nos neurdnios (Numakawa et al., 2010).

O BDNF é um gene-alvo da ativacdo de CREB, pertencente a familia de
neurotrofinas polipepitidicas que inclui o fato de crescimento neuronal (NGF), a
neurotrofina-3 (NT3) e a neurotrofina 4/5 (NT4/5). E sintetizado inicialemente como
um precursor com 32Kda, o pr6 BNDF, apos a quebra intracelular origina a proteina
madura de 14Kda, BDNFm (Mowla et al., 2001), podendo formar dimeros ndo-
covalentes estaveis (Chao, 2003). Ha duas vias de secrecdo de BDNF nos neurdnios, a
via dependente de regulacdo e a constitutiva. Na secrecdo pela via dependente de
regulacdo, o BDNF é estocado em vesiculas grandes que fundem-se a membrana
plasmatica em resposta do aumento do célcio intracelular. Na via constitutiva, é
armazenado em vesiculas menores e gradativamente liberado por um processo de fusédo
independente de célcio, o qual ocorre na auséncia de qualquer evento especifico. A
liberacdo da neurotrofina pela via dependente de regulacdo requer o aumento do calcio
intracelular. A PKA pode regular a cinética de liberacdo vesicular do BDNF. Os
estimulos capazes de liberar o BDNF sdo diversos, incluindo glutamato, estimulacao
elétrica, cafeina, entre outros, e essa heterogeneidade nas fontes de célcio e de estimulos
sugerem que diversas modalidades de secrecdo da neurotrofina podem co-existir
(Kuczewski et al., 2009).

Esta proteina € importante ndo somente para o desenvolvimento normal do SNP
e SNC, mas também pode desempenhar um papel fundamental na sobrevivéncia
neuronal, plasticidade sinaptica, orientacdo axonal, morfologia celular, formacdo de
memoria e cognicdo no cérebro adulto (Nettiksimmons et al., 2014; Balaratnasingman,
2012; Binder & Scharfman, 2004). A maior concentracdo do BDNF se encontra no
sistema nervoso. O BDNF produzido em neurdnios cerebrais age localmente em
sinapses, e ndo € liberado e transportado do cérebro para a periferia (Partridge, 2002). O

BDNF circulante nas plaquetas é produzido a partir de megacariécitos e armazenado em
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granulos a, que nao recebem o seu contetdo a partir de fontes externas (Chacdn-
Ferndndez et al., 2016).

A transducdo do sinal de BDNF é mediada pela ligagdo a dois receptores
transmembrana diferentes: o receptor de alta afinidade tirosina quinase B (TrkB), que
reconhece espeficicamente o0 BDNF, e o receptor de neurotrofina de baixa afinidade
p75, que reconhece outras neurotrofinas (Rex et al., 2007) As vias MAPK, PI3K,
Célcio-Calmodulina e AMPc-PKA regulam CREB, e esta ativagdo por sua vez leva a
transcricdo de BDNF (Tao et al., 1998).

O BDNF e seu receptor TrkB podem facilitar a formacdo de memoéria e a
potencializagdo a longo prazo (Kemppainen et al., 2012). Diminuicdo da sinalizacdo
BDNF-TrkB resulta em uma meméria espacial declinada (Minichiello, 2009), enquanto
a sobreexpressédo do TrkB de comprimento total aumenta a aprendizagem e a memoria
(Koponen et al., 2004).

Estudos mostram o BDNF estd envolvido na potencializagédo de longo prazo
(LTP) tanto na fase inicial quanto na tardia, na modulacéo da transmissao sinéptica, na
sintese de proteinas dendriticas, na formacdo de espinhas dendriticas e em modelos de
animais de aprendizagem e memoria (Heldt et al., 2007; Soule, Messaoudi & Bramham,
2006).

Especula-se que a variacdo do BDNF circulante pode refletir parcialmente a
variancia da secrecdo de BDNF no cérebro humano e os niveis reduzidos de BDNF no
cérebro podem estar associados a niveis mais baixos de BDNF circulante. A reducédo da
concentracdo de BDNF no hipocampo e no cdrtex cerebral pode induzir um processo
neurodegenerativo no cérebro humano (Laske et al., 2006).

A concentracdo sérica de BDNF foi relatada como sendo significativamente
reduzida em pacientes com deméncia grave comparando-se aos individuos controle
(Schindowski, Berlardi & Buee, 2008; Laske et al., 2006). Adicionalmente, maiores
niveis séricos de BDNF foram associados com melhor funcionamento neuropsicolégico
em idosos saudaveis (Driscoll et al., 2012; Gunstad et al., 2008). Alguns pesquisadores
descobriram uma diminuicdo nas concentracdes séricas de BDNF na DA (Zuccato et al.,
2008). Alem disso, em DA, ha uma reducdo significativa do RNA mensageiro de BDNF
(mRNA) (Zuccato et al., 2008; Holsinger et al., 2000; Howells et al., 2000). Verificou-
se que os niveis de BDNF estavam significativamente associados negativamente aos

escores na memoria e fungdo cognitiva (Fahnestock, 2011).
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Outros estudos mostraram que o0s niveis séricos de BDNF se correlacionam
positivamente com o desempenho em testes neuropsicologicos que investigam o
funcionamento e a atengdo (Costa et al., 2015). Além disso, 0 BDNF foi reconhecido
como um inibidor potente da morte celular mediada por apoptose e da degeneragéo
(Ziebel et al., 2012).

Os mecanismos exatos da regulacdo negativa do BDNF na DA ndo foram
estabelecidos. Entretanto, foi demonstrado que a AP diminui a expressio de BDNF
(Rosa & Fahnestock, 2015; DaRocha-Souto et al., 2012; Garzon & Fahnestock, 2007).
Os niveis diminuidos de BDNF e os niveis diminuidos de fosforilagdo de CREB estéo
entre os biomarcadores mais frequentemente validados do transtorno depressivo (Autry
& Monteggia, 2012). A sinalizacdo BDNF é um modulador fundamental da formacéo
de memoria e pode estar envolvida na patologia da DA, que estd associada com a
produgdo, acumulagdo e agregagdo de AP (Fukumoto et al., 2014). As modificacdes
epigenéticas no BDNF podem ser consideradas como um mecanismo de modulagéo do
processo de formacdo de memdria que € usado para ler a consolidagdo da memoria em

subtipos de genes especificos (Lubin et al., 2008).

1.4 Via cAMP/PKA/CREB

O cAMP (Monofosfato de Adenosina 3,5 ciclico) foi descoberto em 1958 por
Earl Sutherland, da Case Western Reserve, como um "segundo™ mensageiro intracelular
que € ativado em resposta a certos hormonios - 0s "primeiros” mensageiros. O CAMP
medeia quase todas as suas ac¢Oes atraves de uma quinase - uma enzima que fosforila
proteinas - chamada proteina quinase dependente de cAMP ou proteina quinase A
(PKA) (Kandel, 2012).

A via de sinalizacdo PKA é caracterizada por diversos tipos celulares e a PKA
fosforila substratos que podem controlar varios fendmenos celulares. PKA é uma
quinase serina/treonina que na sua forma inativa consiste em um tetramero composto
por 2 subunidades regulatérias (R) e 2 subunidades cataliticas (C). Cada subunidade R
contem 2 sitios de ligacdo para o0 CAMP. Apos a ligacdo do cCAMP ao sitio regulatorio a
dissociacdo das subunidades R e C ocorre e as 2 subunidades C sdo liberadas,
possibilitando que elas catalisem a fosforilacdo de proteinas em residuos regulatorios.
Apos ativar o receptor acoplado proteina G, a proteina trimerica Gofly dissocia-Se na
subunidade ativa Go, ligada ao GTP. A Ga ligada ao GTP ativa a adenil ciclase (AC), a
qual gera cCAMP a partir do ATP. Na sequéncia, CAMP se liga as subunidades R da
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PKA e provoca dissociagdo da holoenzima. Entdo as subunidades C podem fosforilar
seus substratos. As fosfodiesterases (PDE) hidrolizam cAMP em AMP (Tasken &
Aandahl, 2004).

Tanto a subunidade R quanto a subunidade C tém propriedades fisicas e
bioldgicas distintas, sendo diferentemente expressas e capazes de formar diferentes
formas de PKA. Duas classes de isoenzimas da PKA, denominadas como tipo | e tipo
11, foram identificadas e diferenciam-se no contetdo das subunidades R, chamadas RI e
RII, respectivamente. As subunidades R apresentam afinidades de ligacdo ao CAMP
diferentes, com distintos limiares para ativacdo. A PKA tipo | possui maior afinidade de
ligagdo para o CAMP, podendo ser ativada com concentragdes menores. As subunidades
R sdo expressas de maneira especifica em diferentes células e tecidos e possuem
capacidade de formar homodimeros e heterodimeros produzindo um elevado nimero de
combinagdes, o0s quais contribuem para especificidade e diversidade da via de
sinalizacdo do cCAMP (Tasken & Aandahl, 2004; Diviani & Scott, 2001). A ativagdo da
PKA pode afetar uma ampla variedade de eventos celulares por fosforilacdo de
proteinas citoplasmaticas e nucleares (Kopperud et al., 2003).

A regulacdo da expressdo de genes de citocinas tem sido relacionada com a via
CAMP/PKA. Os niveis elevados de cAMP intracelulares resulta em estimulacdo da
PKA, fosforilacdo da proteina de ligacdo ao elemento responsivo ao cCAMP (CREB) e
ligacdo do CREB ao sitios do elemento responsivo ao CAMP (CRE) (Tan et al., 2007).
Tem sido relatado que a via cAMP/PKA/CREB regulam a resposta inflamatéria

mediada pelo fator nuclear kappa B (Park et al., 2013).
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Figura 1. Ativacdo do CREB pela via AMPc/PKA.
Fonte:http://www.tankonyvtar.hu/hu/tartalom/tamop425/0011_1A_Jelatvitel_en_book/c
h02s04.html

O CREB é um fator de transcricdo ubiquo e constitutivamente expresso que tem
sido amplamente envolvido na plasticidade sindptica de longa duracdo subjacente a
aprendizagem e a memoria (Kandel, 2012), bem como a sobrevivéncia neuronal
(Walton & Dragunow, 2000). A proteina CREB tem mdltiplos papéis em diferentes
areas cerebrais (Carlezon, Duman & Nestler, 2005), e sua sinalizacdo tem sido estudada
em ambos 0s aspectos afetivo e neurodegenerativa (Schmidt & Duman, 2010). O CREB
é induzido por uma variedade de fatores de crescimento e sinais inflamatdrios e medeia
a transcricdo de genes que contem o elemento responsivo ao cAMP (CRE) (Saura &
Valero, 2011).

Para ativar a expressdo de um gene alvo, a CREB requer fosforilacdo no residuo
de serina critico 133, representando um ponto em que convergem varias vias de
sinalizacdo principais. Foi relatada a fosforilacdo em multiplos locais de CREB por uma
variedade de proteinas-cinases. A fosforilagdo do CREB aumenta sua ligagdo aos
coativadores CBP (proteina de ligagdo CREB) e p300 (Vo & Goodman, 2001).


http://www.tankonyvtar.hu/hu/tartalom/tamop425/0011_1A_Jelatvitel_en_book/ch02s04.html
http://www.tankonyvtar.hu/hu/tartalom/tamop425/0011_1A_Jelatvitel_en_book/ch02s04.html
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CBP/p300, por sua atividade histona acetiltransferase, promovem remodelamento da
cromatina e o recrutamento da maquinaria basal de transcricdo até os promotores
contendo sitios CRE. Apontando a importancia desses mecanismos via CREB para a
cognicdo humana (Goodman & Smolik, 2000).

Embora numerosos estudos tenham demonstrado o requisito de transcrigéo
mediada por CREB para consolidacdo da memdria a longo prazo, os mecanismos pelos
quais CREB facilita a memoria ndo sdo totalmente elucidados. No entanto, a capacidade
do CREB para induzir a expressdo génica do BDNF é visto como um constituinte chave
da mecénica para seus efeitos na plasticidade sinaptica e na funcdo cognitiva (Platenik
et al., 2000). Semelhante ao CREB, diversos estudos demonstraram que o BDNF
produz efeitos procognitivo através de seus efeitos neurotréficos levando a proliferagédo
da neurite e sinaptogénese melhorada associada a neuroplasticidade (Xue et al., 2016).
Como tal, o BDNF mostrou melhorar a aprendizagem em ambos os paradigmas de
memoria de curto e longo prazo (Thomas & Davies, 2005).

Foi descrito um papel deletério dos disturbios da via de sinalizacdo de CREB na
alteracdo sinaptica na DA. O péptido AP altera a plasticidade sinaptica dependente do
hipocampo e a memoria e medeia a perda de sinapse através da via de sinalizacao
CREB (Saura & Valero, 2011). Foi demonstrado que os inibidores de HDACs agem
como ativadoras da transcri¢ao regulada por CREB e moduladoras da neuroplasticidade

mediada por cromatina (Fass et al., 2013).
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2. OBJETIVOS

2.1 Objetivo geral
Investigar o efeito protetor do inibidor de HDAC SAHA em um modelo de DA

induzida pela infusdo intracerebroventricular (icv) de Ap1-42 ém camundongos.

2.2 Objetivos especificos

Compreender a influéncia da epigenética na DA através do reconhecimento dos
seus efeitos neuroprotetores, por meio da:

Analise dos efeitos do SAHA sobre a atividade de HDACs e HAT.

Andlise dos efeitos do SAHA em estruturas encefalicas (cortex pré-frontal e
hipocampo) de camundongos nos niveis do BDNF.

Andlise dos efeitos do SAHA em estruturas encefalicas (cortex pré-frontal e
hipocampo) de camundongos sobre modulacao da via cAMP/PKA/CREB.

Verificacdo dos comportamentos cognitivos dos camundongos nos testes do

labirinto aquético de Morris.
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ABSTRACT

Alzheimer's disease (AD) is a chronic neurodegenerative disease characterized
clinically by the progressive loss of cognitive function, neuropsychiatric and behavioral
disorders. The available therapeutic options improve the symptoms but do not impede
the progression of the disease, therefore, an effective therapeutic strategy for AD is still
lacking. There are studies related to the use of epigenetic therapy for the treatment of
AD, the most developed therapy is that involving the class of histone deacetylase
inhibitors (HDAC). This study investigated the neuroprotective effects of
suberoilanilide hydroxamic acid (SAHA) on a model of AD induced by p-amyloid
peptide 1-42 (AB1-42) in aged mice. For this, we used Swiss mice that were divided into
two experiments. In the first, the mice received an injection of AB1.42 (icv) to investigate
histones activity, neurotrophic factors, and modulation of the cAMP/PKA/CREB
pathway in a time curve (6 hours, 1, 3, 7 and 21 days). In the second experiment the
mice received SAHA (25 mg / kg, i.p.) for 21 days after administration of AP1.42. We
observed significant ABi-42 deficiency in memory (MWM), as well as caused enzimatic
imbalance of histones, reduced levels of cAMP, PKA, CREB, neurotrophic factors in
prefrontal cortex and hippocampus of mice. Inhibition of HDAC through SAHA
treatment showed significant neuroprotection against behavioral and neurochemical
changes induced by Api42. These data show that acetylation through inhibition of
HDAC plays a key role in memory mediation. Thus, SAHA treatment demonstrated a

promising medical tool and therapeutic approach for the treatment of AD.
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Introduction

Alzheimer's disease (AD) was first described by German physician Alois
Alzheimer in 1906 and is characterized by accumulation of amyloid plaques, tau-
mediated neurodegeneration and cognitive impairment in the affected individuals
(Petersen et al., 1995). The susceptibility to AD is the result of multiple environmental
and genetic determinants that interact during life (Choi et al., 2014). Epigenetic changes
are present from the prenatal stage of life and the phenotypic changes caused by these
same changes are associated with the aging process, as well as in neurodegenerative
diseases, such as AD. The main epigenetic alterations affecting the phenotype are DNA
methylation, histone modification, chromatin modification and regulation of non-coding
RNA (Zhu et al., 2015). Histone modification is usually post-transcriptional and may
occur by various processes, for example, acetylation, methylation, phosphorylation and
ubiquitination (Van Den Hove, Kenis and Rutten, 2014).

Histone acetylation is a reversible process and requires a dynamic balance
between two main enzymes involved in the process: acetyltransferases (HATS) and
deacetylases (HDACs) (Strahl & Allis, 2000). In DA, histone acetylation in the
temporal cortex is decreased, and there is also a decrease in HAT acetylation, which
leads to a reduction in the expression of the regulator of postsynaptic activity (Millan,
2014). Histone modification is also associated with the hydrolysis of APP in Ap and
the transcription of histone acetylation regulatory genes (Goldberg et al., 2007).

The cyclic AMP signaling pathway (CAMP) has been shown to play a crucial
role in long-term memory formation (Lonze and Ginty, 2002). CAMP-dependent
protein kinase A (PKA), when activated alosterically by cAMP, can phosphorylate the
CAMP response element binding protein (CREB) on serine 133 (Gonzalez and

Montminy, 1989). A recent study demonstrated that CREB increases short-term
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memory through the regulation of brain-derived neurotrophic factor (BDNF),
suggesting that CREB signaling is involved in short- and long-term memory formation
(Suzuki et al., 2011) . It has been documented that CREB-mediated expression of
BDNF and gene expression are drastically decreased in the hippocampus and in some
cortical areas of AD patient and in AP1-42-treated mice (Fukumoto et al., 2014; Tapia-
Arancibia et al., 2008). Recent studies have shown that chromatin remodeling via
histone acetylation regulates BDNF transcription. Interactions promoting acetylation are
performed by the use of HDAC inhibitors, which increase BDNF levels during in vivo
memory formation (Boulle et al., 2012; Lubin et al., 2008).

Thus, the aim of this study was to characterize the mechanisms by which the
injection of the APi142 peptide via the intracerebroventricular (i.c.v.) induces the
cognitive deficiency and alteration of the neurochemical parameters. For this, the
Morris Water Maze (MWM) task behavioral test was performed. We also evaluated the
activity of histones HATs and HDAC, neurotrophic factors and regulation of the
cAMP/PKA/CREB pathway in the prefrontal cortex and hippocampus of mice in a time
curve. The inhibitor of HDAC SAHA (25 mg/kg intraperitoneally (i.p.)) was used to
investigate the involvement of epigenetic modifications in the protection of APi-42-

induced toxicity.

Materials and methods
Animals

Experiments were performed using female Swiss Albino mice (30-35g, 18-22
months old). Animals were maintained at 22-25°C with free access to water and food,
under a 12:12h light/dark cycle, with lights on at 7:00 a.m. All manipulations were

carried out during light phase on the day. All efforts were made to minimize animal
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suffering and to reduce the number of animals used. The procedures of this study were
conducted according to the guidelines of the Committee on Care and Use of
Experimental Animals Resources and with the approval of Ethical Committee for

Animal Use (CEUA protocol #009/2015) of Federal University of Pampa, Brazil.

Experimental design

Two experiments were conducted. In the first experiment, mice (n=6 animals per
group) received an intracerebroventriular (i.c.v.) injection of APi-42 to investigate the
behavioral disturbances and neurochemical parameters in a time-course curve (times:

6h, 1, 3, 7 and 21 days) (Fig. 1).

In the second experiment, mice were divided into four groups (n=6 animals per
group): vehicle + PBS (sham-operated); SAHA + PBS; AP + vehicle; and A + SAHA.
21 days after the i.c.v. injection of AP1.42 (peak effect). After the treatments, mice were
subjected to behavioral tests. Afterwards, they were euthanized and the prefrontal cortex

and hippocampus were removed to neurochemical determinations (Fig. 2).

Drug treatment protocol

AP142 (Sigma-Aldrich) was prepared as stock solution at a concentration of 1
mg/ml in sterile 0.1M phosphate-buffered saline (PBS) (pH 7.4), and aliquots were
stored at -20° C. AP142 was aggregated by incubation at 37°C for 4 days before use, as
described previously (Souza et al, 2013). The aggregated form of APi42
(400pmol/mouse) was administered by i.c.v. route, using a microsyringe with a 28-
gauge stainless-steel needle 3.0 mm long (Hamilton), as described beforehand (Cioanca
et al., 2014; Piermatini et al., 2010; Yan et al. 2001). Briefly, mice were anesthetized
with intraperitoneal (i.p.) injection of sodium pentobarbital (0.067mg/g) and placed in a

stereotaxic apparatus (Insight, Brazil). Under light anesthesia (i.e. just that necessary for
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loss of the postural reflex), the needle was inserted unilaterally 1mm to the right of the
midline point equidistant from each eye and 1mm posterior to a line drawn through the
anterior base of the eyes (used as external reference). ABi-42 was administered right-
unillaterally into the lateral ventricule. The injection volume of 3ul of Api-42 or PBS
was delivered gradually (1ul/min) using the following coordinates from bregma:
anteroposterior (AP) = —0.1 mm, mediolateral (ML) = 1 mm, and dorsoventral (DV) =
—3 mm. The sham-operated mice were injected with PBS (3ul/site; i.c.v.). The
advantage of this i.c.v. route of administration is the quick distribution of the peptide
throughout the brain (Chambon et al., 2011). In order to confirm the accurate placement
of the injection site (needle track) at the moment of dissection of the animals, two mice
in each group were submitted to dye injection (Evans blue dye, 0,5ul) into the

ventricules (Davisson et al., 1998).

SAHA was first dissolved in DMSO at a dose of 50 mg / ml. This initial solution
was diluted 1:10 every day in saline (final concentration: 5 mg / ml) prior to
intraperitoneal injections at a dose of 25 mg/kg body weight. The injections was

administered twice daily at 12-hour intervals, during 21 days after AP injection.

Behavioral assessment

During a period of 2 days after i.c.v. injection of APi142 (Starting 6 hs, 1, 3, 7 and 21
days after AP1-42 injection in experiment 1; and starting 21 days after Api-42 injection in
experiment 2), the animals were submitted to a battery of behavioral paradigms that
include Morris Water Maze (MWM) task (day 1). At on day 1, the Morris Water Maze
task was also used as the training. All tests were carried out between 9:00 and 16:00h

and they were scored by the same trained raters (who were blind to the experimental
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treatments) in an observation room where the mice had been habituated for at least 1 h

before the beginning of the tests.

Tissue Preparation for neurochemical determinations

After behavioral tests, mice were euthanized with barbiturate overdose
(pentobarbital sodium 150 mg/kg; i.p. route) and transcardiacally perfused with 10 mi
ice-cold saline via the aorta. The brain dissection was performed according to the
method of Spijker (2011), a method to dissect multiple brain regions from a single brain
based on existing atlases (Williams, 1999). Prefrontal cortex and hippocampus were
bilaterally removed and rapidly homogenized in 50 mM Tris—Cl, pH 7.4. The
homogenate was centrifuged at 2,400xg for 15 min at 4°C and a low-speed supernatant

fraction (S1) was used for assays.

Morris Water Maze (MWM) task

The apparatus was made of black painted fibreglass, 97 cm in diameter and 60
cm in height. For the tests, the tank was filled with water maintained at 23+2 -C. The
target platform (10 cmx10 cm) was made of transparent Plexiglas and it was submerged
1-1.5 cm beneath the surface of the water. Starting points for animals were marked on
the outside of the pool as north (N), south (S), east (E) and west (W). Four distant visual
cues (55 cmx55 c¢cm) were placed on the walls of the water maze room. They were all
positioned with the lower edge 30 cm above the upper edge of the water tank and in the
standard setting, the position of each symbol marked the midpoint of the perimeter of a
quadrant (circle =NE quadrant, square = SE quadrant, cross = SW quadrant and
diamond =NW quadrant). The apparatus was located in a room with indirect
incandescent illumination. Mice were submitted to a spatial reference memory version

of the water maze using a protocol that was described by Prediger et al (2007). The
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training session consisted of 10 consecutive trials during which the animals were left in
the tank facing the wall and then allowed to swim freely to the submerged platform. The
platform was located in a constant position (middle of the southwest quadrant),
equidistant from the centre and the wall of the pool. If the animal did not find the
platform during a period of 60 s, it was gently guided to it. The animal was allowed to
remain on the platform for 10 s after escaping to it and was then removed from the tank
for 20 s before being placed at the next starting point in the tank. This procedure was
repeated 10 times, with the starting points (the axis of one imaginary quadrant) varying
in a pseudo-randomized manner. The test session was carried out 24 h later and
consisted of a single probe trial where the platform was removed from the pool and each
mouse was allowed to swim for 60 s in the maze. Behavioral data were recorded and
analyzed using ANY-maze video tracking software (Stoelting Co., IL, USA). Latency to
target platform location and the time spent in correct quadrant (i.e. where the platform

was located on the training session) were computed for subsequent analysis.

Brain-derived neurotrophic factor (BDNF) levels

Levels of BDNF were measured using a BDNF Emax ImmunoAssay System kit
(Promega, Madison, WI, USA) according to the manufacturer's instructions. The
supernatants were collected for determination of BDNF levels. The content of BDNF

levels was demonstrated as pg/ug total protein in the tissue.

Real-time reverse transcription-PCR
Each frozen brain sample was homogenized, all the RNA was extracted using an
RNeasy® total RNA isolation kit (Qiagen, Valencia, CA), and converted into cDNA

using a SuperScript Il First-Strand Synthesis System for RT-PCR kit (Invitrogen Life
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Technologies). The primers used were as follows: BDNF (GenBank accession number
BC034862), forward primer, 5'-GCAAACATGTCTATGAGGGTTCG-3', and reverse
primer, 5'-ACTCGCTAATACTGTCACACACG-3; TagMan probe, 5'-
ACTCCGACCCTGCCCGCCGT-3, and p-actin (GenBank accession number
NMO007393), forward primer, 5-GGGCTATGCTCTCCCTCACG-3', and reverse
primer, 5'-GTCACGCACGATTTCCCTCTC-3; TagMan probe, 5'-
CCTGCGTCTGGACCTGGCTGGC-3'. PCRs were performed using the Platinum Taq

DNA polymerase (Invitrogen). The reaction profile consisted of the first round at 95 °C

for 3 min, followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C
for 34 s, and extension at 72 °C for 1 min, with the final extension reaction carried out
at 72 °C for 10 min in an iCycle iQ Detection System (Bio-Rad Laboratories, Hercules,
CA). To standardize the quantification, p-actin was amplified simultaneously.

Expression levels were calculated by the delta-delta Ct method.

The cAMP assay

CAMP levels were measured using the mouse CAMP ELISA kit (R&D System
China Co., Ltd), according to the manufacturer's protocol. Briefly, the tissue samples
were rinsed with PBS and homogenized in cold 0.1 N HCI, at a 1:5 ratio (w/v). The
homogenates of each sample were centrifuged at 10,000 rpm for 15 min at 4 C to
remove the particles. The supernatants were neutralized with 1 N NaOH and then
collected for the ELISA assay. Absorbance was measured at 450 nm with a microplate

reader.
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Determination of Global HDAC Enzyme Activity

The global HDAC enzyme activity was determined using an HDAC Assay Kit
(Fluorometric Detection catalog #17-372, Upstate Biotechnology, Temecula, CA, USA)
according to the manufacturer’s instructions. Briefly, the samples were incubated with
the substrate at 30 _C for 45 min before addition of the activator solution. The mixtures
were incubated at room temperature for additional 10 min and HDAC enzyme activity

was measured on a microplate reader (excitation: 360 nm, emission: 450 nm).

Determination of HAT Enzyme Activity

The HAT enzyme activity was determined using an ELISA HAT Assay Kit
(Colorimetric Detection catalog #K332-100, Biovision, Milpitasa CA, USA) according
to the manufacturer’s instructions. The mix, containing 5 1l of sample, HAT buffer,
substrate and NAD generating enzyme, was incubated for 1 h 30 min. The HAT enzyme

activity was evaluated in a microplate reader at 440 nm.

Protein determination
Protein concentration was measured by the method of Bradford, using bovine

serum albumin as the standard.

Statistical analysis

The data distribution was verified by applying the Kolmogorov-Smirnov test.
Results are presented as the mean + standard error of the mean (SEM). Comparisons
between the experimental and the control groups were performed by one-way (time
course = independent variable) or two-way ANOVA (AP142 X SAHA treatment =

independent variables) followed by Bonferroni post hoc test, when appropriate. A value
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of P < 0.05 was considered to be statistically significant. All tests were carried out using

the GraphPad software 5.0 (San Diego, California, USA).

Results
The i.c.v. injection of AP1.42 induced desbalance of HAT/HDAC in the prefrontal

cortex and hippocampus

In response to APi42 injection a significant increase in HDAC activity was
found in the hippocampus when compared to group control. Post hoc comparisons
showed that the injection of AP1.42 increased HDAC activity at 6 hours, 1, 3, 7 and 21
days. The peak effect of HDAC activity occurred at 3, 7 and 21 days time point (p <
0.001, p < 0.001 and p < 0.001, respectively) (Fig. 3A). An increase in HDAC activity
was also found in prefrontal cortex when compared to group control. Post hoc
comparisons revealed that the maximal effect occurred 3, 7 and 21 days after ABi-42

injection (p < 0.001, p < 0.001 and p < 0.001, respectively) (Fig. 3B).

When compared to group control, AB-treated mice showed a significant decrease
in HAT Ha3 activity in the hippocampus. Post hoc comparisons showed that the injection
of AP142 decreased HAT H3 activity at 6 hours, 1, 3, 7 and 21 days. The peak effect of
HAT H3 acitivity occurred at 3, 7, and 21 days (p < 0.01, p < 0.01 and p < 0.001,
respectively) (Fig. 3C). A similar pattern of HAT H3 activity was found in the
prefrontal cortex with a most significant decrease in this brain region in Ap-treated mice
at 3, 7 and 21 days post administration (p < 0.01, p < 0.01 and p < 0.001, respectively)

(Fig. 3D).

In response to APi42 injection a significant decrease in HAT H4 activity was

found in the hippocampus when compared to group control. Post hoc comparisons
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showed that the injection of AP1.42 decreased HAT H4 activity at 6 hours, 1, 3, 7 and 21
days. The peak effect of HAT H4 activity occurred at 3, 7 and 21 days time point (p <
0.01, p < 0.01 and p < 0.001, respectively) (Fig. 3E). In similar fashion, a significant
decrease in HAT H4 activity was found in the prefrontal cortex at 6 hours, 1, 3, 7 and
21 days, again with maximal effect at 3, 7 and 21 days post AP1-42 injection (p < 0.001,

p < 0.001 and p < 0.001, respectively) (Fig. 3F).

The i.c.v. injection of AP1.4> elicited a down-regulation of neurotrophic factors in

the prefrontal cortex and hippocampus

When compared to group control, Ap-treated mice showed a significant decrease
in BDNF levels in the hippocampus. Post hoc comparisons showed that the injection of
AP1-42 decreased BDNF levels at 6 hours, 1, 3, 7 and 21 days of the time points. The
peak effect of BDNF levels occurred at 3, 7 and 21 days (p < 0.01, p < 0.001 and p <
0.001, respectively) (Fig. 4A). A similar pattern of BDNF levels was found in the
prefrontal cortex with a most significant decrease in this brain region in Ap-treated mice
at 3, 7 and 21 days post injection (p < 0.01, p < 0.01 and p < 0.001, respectively) (Fig.

4B).

In response to APi42 injection, expression of BDNF mRNA was significantly
reduced in the hippocampus when compared to group control. Post hoc comparisons
showed that the injection of AP1.4> decreased expression of BDNF mRNA at 6 hours, 1,
3, 7 and 21 days. The peak effect of expression of BDNF mRNA occurred at 21 days
time point (p < 0.05, p < 0.05 and p < 0.01, respectively) (Fig. 4C). In similar fashion,
in the prefrontal cortex, reduced of expression of BDNF mRNA was found at 21 days

post administration (p < 0.05, p < 0.01 and p < 0.01, respectively) (Fig. 4D).
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The i.c.v. injection of APi.4> elicited a down-regulation on the pathway cAMP

/PKA/ CREB in the prefrontal cortex and hippocampus

When compared to group control, Ap-treated mice showed a significant decrease
in CREB levels in the hippocampus. Post hoc comparisons showed that the injection of
AP1-42 decreased CREB levels at 6 hours, 1, 3, 7 and 21 days. The peak effect of CREB
levels occurred at 3, 7 and 21 days (p < 0.01, p <0.01 and p < 0.01, respectively) (Fig.
5A). A similar pattern of CREB levels was found in the prefrontal cortex with a most
significant decrease in this brain region in AP-treated mice at 3, 7 and 21 days post

administration (p < 0.05, p < 0.01 and p < 0.01, respectively) (Fig. 5B).

In response to AP142 injection a significant decrease in cCAMP levels was found
in the hippocampus when compared to group control. Post hoc comparisons showed that
the injection of AP142 decreased CAMP levels at 6 hours, 1, 3, 7 and 21 days. The peak
effect of cCAMP levels occurred at 3, 7 and 21 days time point (p < 0.05, p <0.01 and p
< 0.01, respectively) (Fig. 5C). An decrease in cAMP levels was also found in
prefrontal cortex when compared to group control. Post hoc comparisons revealed that
the maximal effect occurred 1, 3, 7 and 21 days after ABi-42 injection (p < 0.05, p <

0.05, p <0.001 and p < 0.001, respectively) (Fig. 5D).

When compared to group control, AB-treated mice showed a significant decrease
in PKA levels in the hippocampus. Post hoc comparisons showed that the injection of
AP1-42 decreased PKA levels at 6 hours, 1, 3, 7 and 21 days of the time points. The peak
effect of PKA levels occurred at 3, 7 and 21 days (p < 0.01, p < 0.01 and p < 0.01,

respectively) (Fig. 5E). A similar pattern of PKA levels was found in the prefrontal
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cortex with a most significant increase in this brain region in Ap-treated mice at 3, 7 and

21 days post injection (p < 0.01, p <0.01 and p < 0.01, respectively) (Fig. 5F).

The i.c.v. injection of AP1.42 induced behavioral disturbances

Injection of AB1-42 21 days before the MWM, reduced of time spent in correct
quadrant when compared to group control. Post hoc comparisons demonstrated that the
injection of AP1.42 decreased of time spent in correct quadrant at 3, 7 and 21 days of the
time points. The peak effect occurred at 3, 7 and 21 days (p < 0.05, p <0.001 and p <
0.001, respectively) (Fig. 6A). A similar pattern of escape latency to target platform
location most significant decrease in AP-treated mice at 3, 7 and 21 days post injection

(p <0.001, p<0.001 and p < 0.001, respectively) (Fig. 6B).

Enzymatic activity of histones

HDAC actitivity

Statistical analysis of HDAC activity in hippocampus revealed a ABi-42 x SAHA
interaction (F1,24 = 0.45, p < 0.60) and a significant effect of SAHA (F124=15.91, p <
0.001) and APi42 (F124 = 11.88, p < 0.004) (Fig. 7A). Post hoc comparisons
demonstrated that APB1.42 significantly increase HDAC activity in hippocampus of mice
compared to control group. SAHA treatment reversed the increase of HDAC activity

induced by AB1-42.

Two-way ANOVA of HDAC activity in prefrontal cortex revealed a Apia2 X

SAHA interaction (F124 = 9.32, p < 0.01) and a significant effect of SAHA (F124 =
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25.69, p < 0.001) and APi42 (Fi24 = 40.10, p < 0.001). Post hoc comparisons
demonstrated that APi4. significantly increase HDAC activity in prefrontal cortex of
mice compared to control group. Treatment with SAHA promoted the attenuation of the
increase of HDAC levels induced by APi42. SAHA decreased the HDAC activity in
prefrontal cortex of effect per se (Fig. 7B). Pearson's correlation tests demonstrated
significant positive correlation (Time in correct quadrant X HDAC activity in the HP
and Latency to target plataform location X HDAC activity in the PFC and in the HP)
and showed negative correlation (Time in correct quadrant X HDAC activity in the

PFC) (Table 1).

HAT H3 activity

Statistical analysis of HAT H3 activity in hippocampus revealed a APi.42 X
SAHA interaction (F124 = 6.27, p < 0.02) and a significant effect of SAHA (Fi24 =
32.71, p < 0.001) and AP142 (F124=23.71, p < 0.001) (Fig. 7C). Post hoc comparisons
showed that AP1-4. significantly decrease HAT H3 activity in prefrontal cortex of mice
compared to control group. SAHA treatment prevented the decrease of HAT H3 activity

induced by A1-42.

Two-way ANOVA of HAT H3 activity in prefrontal cortex revealed a ABi42 X
SAHA interaction (F124 = 8.98, p < 0.01) and a significant effect of SAHA (Fi24 =
37.70, p < 0.001) and AB1-42 (F124 = 42.60, p < 0.001). Post hoc comparisons yield that
AP1-42 significantly decrease HAT H3 activity in prefrontal cortex of mice compared to
control group. Treatment with SAHA protected the decrease of HAT H3 activity
induced by APi42. SAHA increased the HAT H3 activity in prefrontal cortex of effect

per se (Fig. 7D). Pearson's correlation tests demonstrated significant positive correlation
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(Time in correct quadrant X HAT H3 activity in the PFC and in the HP and Latency to
target plataform location X HAT H3 activity in the HP) and showed negative
correlation (Latency to target plataform location X HAT H3 activity in the PFC) (Table

1).

HAT H4 activity

Statistical analysis of HAT H4 activity in hippocampus revealed a significant
APi42 x SAHA interaction (F124 = 10.01, p < 0.008) and a significant effect of SAHA
(F124 = 19.59, p < 0.001) and AP142 (F124 = 24.68, p < 0.001) (Fig. 7E). Post hoc
comparisons demonstrated that APi42 significantly decrease HAT H4 activity in
prefrontal cortex of mice compared to control group. SAHA treatment protected the

decrease of HAT H4 activity induced by AB1-42.

Two-way ANOVA of HAT H4 activity in prefrontal cortex revealed a
significant ABi42 X SAHA interaction (F124 = 6.91, p < 0.02) and a significant effect of
SAHA (F124 = 87.38, p < 0.001) and AP142 (F124 = 150.90, p < 0.001). Post hoc
comparisons showed that AB142 significantly decrease HAT H4 activity in prefrontal
cortex of mice compared to control group. Treatment with SAHA reversed the decrease
of HAT H4 levels induced by APi-42. SAHA increased the HAT H4 activity in prefrontal
cortex of effect per se (Fig. 7F). Pearson's correlation tests demonstrated significant
positive correlation (Time in correct quadrant X HAT H4 activity in the PFC and in the
HP) and showed negative correlation (Latency to target plataform location X HAT H4

activity in the PFC and in the HP) (Table 1).
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Biomarkers of neurotropic protection

BDNF levels

Statistical analysis of APi42 X SAHA interaction (Fi24 = 6.48, p < 0.02) and a
significant effect of SAHA (Fi24 = 63.83, p < 0.001) and ABi42 (F124 = 171.08, p <
0.001) in BDNF levels in hippocampus of mice was observed. Post hoc comparisons
demonstrated that APB1-42 significantly decreased BDNF levels in hippocampus of mice
compared to control group. Treatment with SAHA protected against the decrease of

BDNF levels caused by AP142 (Fig. 8A).

Two-way ANOVA of BDNF levels in prefrontal cortex yielded a significant
AP1-42 X SAHA interaction (F124 = 0.15, p < 0.70) and a significant effect of SAHA
(F1,24 = 10.03, p < 0.008) and AP142 (F124 = 63.39, p < 0.001). Post hoc comparisons
showed that APi42 significantly decreased BDNF levels in prefrontal cortex of mice
compared to control group. SAHA treatment prevented against the decrease of BDNF
levels caused by ABi42. SAHA increased BDNF levels in prefrontal cortex of effect per
se (Fig. 8B). Pearson's correlation tests demonstrated significant positive correlation
(Time in correct quadrant X BDNF levels in the PFC and in the HP) and yielded
negative correlation (Latency to target plataform location X BDNF levels in the PFC

and in the HP) (Table 1).

Expression of BDNF mRNA

A significant APi142 x SAHA interaction (F124=0.17, p < 0.63) and a significant
effect of SAHA (F124=12.82, p < 0.003) and AP1-42 (F124=22.37, p < 0.001) in mMRNA

BDNF expression in hippocampus of mice was observed. Post hoc comparisons
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demonstrated that APi42 significantly decreased expression of BDNF mRNA in
hippocampus of mice compared to control group. SAHA treatment protected against the

decrease of expression of BDNF mRNA caused by ABi.42 (Fig. 8A).

Two-way ANOVA of mRNA BDNF expression in prefrontal cortex yielded a
significant AP142 x SAHA interaction (F124 = 1.32, p < 0.27) and a significant effect of
SAHA (F124 = 17.94, p < 0.001) and AP142 (F124 = 57.78, p < 0.001). Post hoc
comparisons demonstrated that APi4> significantly decreased expression of BDNF
mRNA in prefrontal cortex of mice compared to control group. SAHA treatment
protected against the decrease of expression of BDNF mRNA caused by ABi-42. SAHA
itself increased expression of BDNF mRNA in prefrontal cortex of effect per se (Fig.
8B). Pearson's correlation tests demonstrated significant positive correlation (Time in
correct quadrant X expression of BDNF mRNA and in the PFC and in the HP) and
showed negative correlation (Latency to target plataform location X expression of

BDNF mRNA in the PFC and in the HP) (Table 1).

cAMP/PKA/CREB pathway

CREB levels

Statistical analysis of CREB levels in hippocampus revealed a significant effect
of SAHA (F1.24=72.57, p < 0.003) and AP1-42 (F1,24=80.71, p < 0.001) (Fig. 9A). Post
hoc comparisons demonstrated that APi42 significantly decrease CREB levels in
prefrontal cortex of mice compared to control group. SAHA treatment prevented the

decrease of CREB levels induced by APi1-42.
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Two-way ANOVA of CREB levels in prefrontal cortex revealed a APi42 X
SAHA interaction (F124=8.80, p < 0.01) and a significant effect of SAHA (F124 = 5.50,
p <0.03) and AP142 (F1.24 = 44.87, p < 0.001). Post hoc comparisons demonstrated that
APB142 significantly decrease CREB levels in prefrontal cortex of mice compared to
control group. SAHA treatment reversed the decrease of CREB levels induced by Ap:-
42. SAHA itself increased CREB levels in prefrontal cortex of effect per se (Fig. 9B).
Pearson's correlation tests demonstrated significant positive correlation (Time in correct
quadrant X CREB levels in the PFC and in the HP) and yielded negative correlation
(Latency to target plataform location X CREB levels in the PFC and in the HP) (Table

1).

cAMP levels

Statistical analysis of cAMP levels in hippocampus revealed a significant AP1-42
x SAHA interaction (F124 = 14.92, p < 0.002) and a significant effect of SAHA (F1,24 =
10.59, p < 0.006) and AP142 (F124 = 9.16, p < 0.01) (Fig. 9C). Post hoc comparisons
demonstrated that APi42 significantly decrease CAMP levels in prefrontal cortex of
mice compared to control group. And the tretament with the inhibitor of HDAC

attenuated the decrease of cAMP levels induced in the model of AD.

Two-way ANOVA of cAMP levels in prefrontal cortex revealed a APiar X
SAHA interaction (F124 = 20.98, p < 0.001) and a significant effect of SAHA (F124 =
11.68, p < 0.005) and AP142 (F1,24=8.00, p <0.01). Post hoc comparisons demonstrated
that AP1-42 significantly decrease CAMP levels in prefrontal cortex of mice compared to
control group. Treatment with SAHA reversed the decrease of CAMP levels induced by

AP142. SAHA itself increased cAMP levels in prefrontal cortex of effect per se (Fig.
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9D). Pearson's correlation tests demonstrated significant positive correlation (Time in
correct quadrant X cAMP levels in the PFC and in the HP) and showed negative
correlation (Latency to target plataform location X cAMP levels in the PFC and in the

HP) (Table 1).

PKA levels

A significant ABi42 X SAHA interaction (Fi24 = 18.24, p < 0.001) and a
significant effect of SAHA (F124 = 7.68, p < 0.01) and AB1-42 (F124=6.30, p <0.02) in
PKA levels in hippocampus of mice was observed. Post hoc comparisons demonstrated
that APi1-42 significantly decreased PKA levels in hippocampus of mice compared to
control group. Treatment with SAHA protected against the decrease of PKA levels

caused by APi-42 (Fig. 9E).

Two-way ANOVA of PKA levels in prefrontal cortex yielded a ABi-42 X SAHA
interaction (F124=15.69, p < 0.001) and a significant effect of SAHA (F124=12.31, p <
0.004) and APi-42 (F124=6.77, p < 0.02). Post hoc comparisons demonstrated that Ap;-
42 significantly decreased PKA levels in prefrontal cortex of mice compared to control
group. SAHA treatment showed protective effect against the decrease of PKA levels
caused by AP142. SAHA itself increased PKA levels in prefrontal cortex of effect per se
(Fig. 9F). Pearson's correlation tests demonstrated significant positive correlation (Time
in correct quadrant X PKA levels in the PFC and in the HP) and yielded negative
correlation (Latency to target plataform location X PKA levels in the PFC and in the

HP) (Table 1).
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Spatial memory in MWM test

Spatial memory was measured in a probe test conducted 24h after the last
training trial. During this test the platform was removed and the escape latencies and

time in correct (target) quadrant was computed.

Two-way ANOVA of time spent in correct quadrant showed a significant APi-a2
x SAHA interaction (F124 = 8.08 p < 0.001) and a significant effect of SAHA (F124 =
8.35; p <0.001) and AB1-42 (F1.24=5.06; p < 0.004). Post hoc comparisons revealed that
AP1-42 significantly decreased the time spent in correct quadrant of AP-treated mice
compared to control group. Treatment with SAHA totally reversed the decrease in time

spent in correct quadrant caused by APi42 (Fig. 10A).

Statistical analysis of scape latency of training sessions showed that Afi-a
caused a spatial learning impairment in AB-treated mice compared to control group. On
the other hand, treatment with SAHA caused an acquisition improvement in AB-treated

mice (Fig. 10B).

Two-way ANOVA of escape latency to target platform location yielded a
significant ABi42 X SAHA interaction (F124 = 5.69, p < 0.04) and a significant effect of
SAHA (Fi24 = 31.23, p < 0.001) and ABi42 (Fi2s = 34.80, p < 0.001). Post hoc
comparisons demonstrated that AP1.42 significantly increased the escape latency of AP-
treated mice compared to control group. Treatment with SAHA significantly protected

against the increase in scape latency elicited by AP142 (Fig. 10B).

Discussion
In the present study, we demonstrated that SAHA treatment protected against

AP1-40-induced neurotoxicity in mice. Acute injection of the AP1-42 peptide induced
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cognitive impairment accompanied by histone enzymatic imbalance, reduced levels of
BDNF and expression of its mMRNA and negative modulation on the cAMP/PKA/CREB
pathway in the prefrontal cortex and hippocampus of mice. Treatment with SAHA (25
mg/kg, for 21 days) reversed spatial memory impairment and other damage caused by
AP1-42  exposure, which probably occurred through modulation of the
CAMP/PKA/CREB pathway, BDNF and its mRNA expression and regulation in the

enzymatic activity of histones.

Synaptic plasticity is fundamental for the formation and storage of memory.
Histone acetylation has been implicated in synaptic plasticity and learning and memory.
Protein levels and enzymatic activity of HAT and HDAC regulate chromatin status and
transcription factor acetylation, and during normal conditions the balance of
HAT/HDAC is maintained very stringently (Spindler et al., 2014; Choi and Howe,
2009; Jiang et al., 2003). However, any damage that disrupts this balance, and thus
acetylation levels, alters cellular homeostasis. The imbalance of HAT/HDAC represents
a critical and decisive factor commonly underlying catastrophic neuronal dysfunction
and degeneration (Elsner et al., 2011; Saha and Pahan, 2006). Indeed, decreased histone
acetylation has been described in several cellular and in vivo neurodegeneration models
(Saha and Pahan, 2006; Rouaux et al., 2003), and this event has been associated with an
increase in HDAC, as well as a decrease in HAT activities (Bahari-Javan, Sananbenesi
and Fischer, 2014; Saha and Pahan, 2006). Indicating possible beneficial effects
resulting from pharmacological treatments that increase the activity of HATs and / or
dominate the action of HDACSs. In our study, the time course curve showed that
injection of AP142 induced a reduction in enzymatic activity of HAT (H3 and H4) and
increase the enzymatic activity of HDAC enzymes in the prefrontal cortex and

hippocampus, with a peak effect at 21 day time point. Supporting the idea that
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neurodegenerative disorders cause imbalance in the enzymatic activity of HATs and
HDAC (Lu et al., 2015; Saha and Pahan, 2006). In contrast, the inhibitor SAHA was
able to protect against the imbalance in the enzymatic activity of histone HAT and
HDAC in the prefrontal cortex and hippocampus of mice caused by the injection of Apa-
42, demonstrating that HDAC inhibitors increase histone acetylation, consequently,

potentiating memory and synaptic plasticity and ameliorating cognitive deficits in AD.

Neurotrophic factors are proteins that play an important role in regulating all
aspects of the development and function of neural circuits in the mammalian brain,
including neuronal survival, synaptic plasticity, neurogenesis, memory consolidation
and the pathophysiology of AD (Budni et al., Al.,, 2015, Sopova et al., 2014). In
addition, in AD, there is a significant reduction of BDNF messenger RNA (mMRNA)
(Zuccato et al., 2008; Garzon & Fahnestock, 2007) that is strongly implicated in
memory loss and cognitive function (Fahnestock, 2011). Epigenetic modifications in
BDNF can be considered as a modulation mechanism of the memory formation process
that is used to consolidate memory into specific gene subtypes (Lubin et al., 2008). In
our study, the time course curve showed that i.c.v. injection of Api42 induced a
neurotrophic deficiency revealed by reduction of BDNF levels and expression of
MRNA in the prefrontal cortex and hippocampus of mice, with a peak effect at 21 days
of time. Therefore, we suggest that neurotrophic deficiency in the prefrontal cortex and
hippocampus due to the decrease in BDNF levels and mRNA expression. Our results
demonstrate a correlation between the low levels of BDNF with spatially allocated
memory in response to APi-42 injection, as already reported in other studies where the
reduction of BDNF levels is related to impairment of the memory and learning in mice
treated with Ap1-42 (Fukumoto et al., 2014; Cunha et al., 2009). The SAHA treatament

was able to protect against the decrease of BDNF levels and of the expression of BDNF
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MRNA in the prefrontal cortex and hippocampus of mice caused by the of Api-42
injection. Thus, our results provide primary evidence that SAHA, through the inhibition
of the HDAC enzyme, can regulate BDNF levels and mRNA expression in the brain of
mice, modulating an important pathway for neuronal and cognitive protection against

the neurotoxic effects of AP peptide through epigenetic modulations.

The cAMP has been shown to play a crucial role in long-term memory formation
(Lonze and Ginty, 2002). CAMP-dependent protein kinase A (PKA), when activated
alosterically by cAMP, can phosphorylate the cCAMP response element binding protein
(CREB) on serine 133 (Gonzalez and Montminy, 1989). CREB is a ubiquitous and
constitutively expressed transcription factor that has been extensively involved in the
long-term synaptic plasticity underlying learning and memory (Kandel, 2012) as well as
neuronal survival (Walton and Dragunow, 2000). It is believed that CREB
phosphorylation is responsible for transcriptional activation, leading to the production
of numerous gene products, such as BDNF. It has been documented that CREB-
mediated expression of BDNF and gene expression are drastically decreased in the
hippocampus and in some cortical areas of AD patient and in APi-42 treated mice
(Fukumoto et al., 2014; Gong et al., 2009; Tapia-Arancibia et al., 2008). In our study,
the time course curve showed that i.c.v. injection of APi42 negatively affected the
modulation of the cAMP/PKA/CREB pathway revealed by the reduction of cAMP,
PKA and CREB levels in the prefrontal cortex and the hippocampus of mice, with a
peak effect at 21 days of time. Therefore, we suggest that this negative effect the
CAMP/PKA/CREB pathway that occurs in response to APi-42 injection is related to the
neurotrophic deficiency observed. It has been demonstrated that the pharmacological
inhibition of the HDAC enzyme through SAHA treatment was able to protect against

decreased levels of cCAMP, PKA and CREB in the prefrontal cortex of mice caused by
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the injection of APi-42. Therefore, these data support the hypothesis that epigenetic
modulation through HDAC inhibitors may favor the phosphorylation of CREB through
by increasing the access of chromatin-bound CREB to PKA, modulating the
cAMP/PKA/CREB pathway important for the synaptic plasticity and memory in which

they are affected by the AP peptide.

Spatial memory is critical to survival because it relates to its ability to encode,
store and retrieve information about locations in the environment (Teixeira, 2013). The
MWAM is usually accepted as an indicator of spatial learning and reference memory,
which reflects long-term memory (Morris, 1984; Souza et al., 2015). The present study
demonstrated that following injection of APi-42 peptide on day 21 a negative peak in
spatial learning and memory impairment was observed during the water labyrinth task.
In training trials (acquisition trials), Api-42 treated mice exhibited a progressive increase
in escape latency to find the platform. Api-42 treated mice were observed in the probing
assay (retention assay) to show an increase in escape latency for the target platform
location and a reduction in the percentage of time spent in the right quadrant, supporting
the role of HDAC in the learning and memory dysfunction. We showed that SAHA
treatment reversed the impaired learning and memory of mice caused by the injection of
APi1-42 in MWM. The pharmacological inhibition of the HDAC enzyme, thus favoring
the histone acetylation, has been shown to prevent the development of spatial memory
impairment in APi-42 -treated mice. Thus, our data presents the evidence that SAHA

may prevent cognitive deficits in an experimental model of AD.

Conclusion

In conclusion, it can be concluded that SAHA, through the inhibition of the
HDAC enzyme, avoided the behavioral and neurobiological deficits induced by the ABi-

42 peptide and suggest that these neuroprotective effects probably involve the
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hyperacetylation of the HAT enzymes and the positive regulation of BDNF, mRNA of
BDNF and the cAMP/PKA/CREB pathway in the brain of mice. Suggesting that
epigenetic modulation through HDAC inhibitors may provide a novel therapeutic

approach for the treatment of AD.
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Legends

Fig. 1. Overview of protocol of experimental procedures in a time-course curve.

Fig. 2. Overview of protocol of experimental procedures.

Fig.3. Effect of APB1-42 (400 pmol; 3ul/site; i.c.v.) on the enzimatic activity of HDAC (A
and B), HAT H3 (C and D), HAT H4 (E and F) in the hippocampus (A, C and E) and
prefrontal cortex (B, D and F) of mice in groups tested 6h, 1 day, 3 days, 7 days and 21
days after APi42 injection. Values are mean = S.E.M. (n=6). *P<0.05, **P<0.01,

***pP<0.001 compared with the sham group (One-way ANOVA, Tukey post hoc test).

Fig.4. Effect of APi42 (400 pmol; 3ul/site; i.c.v.) on the levels of BDNF (A and B),
Relative mMRNA expression (C and D), in the hippocampus (A and C) and prefrontal
cortex (B and D) of mice in groups tested 6h, 1 day, 3 days, 7 days and 21 days after
AP142 injection. Values are mean + S.E.M. (n=6). *P<0.05, **P<0.01, ***P<0.001

compared with the sham group (One-way ANOVA, Tukey post hoc test).

Fig.5. Effect of APi42 (400 pmol; 3ul/site; i.c.v.) on the levels of CREB (A and B),
cAMP (C and D), PKA (E and F) in the hippocampus (A, C and E) and prefrontal
cortex (B, D and F) of mice in groups tested 6h, 1 day, 3 days, 7 days and 21 days after
AP142 injection. Values are mean + S.E.M. (n=6). *P<0.05, **P<0.01, ***P<0.001

compared with the sham group (One-way ANOVA, Tukey post hoc test).

Fig.6. Effect of AP142 (400 pmol; 3ul/site; i.c.v.) on recognition in the time in correct

quadrant (A), latency to target plataform location (B) in MWM test in mice in groups
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tested 6h, 1 day, 3 days, 7 days and 21 days after APi-42 injection. Values are mean +
S.E.M. (n=6). *P<0.05, **P<0.01, ***P<0.001 compared with the sham group (Two-

way ANOVA, Bonferroni post hoc test).

Fig.7. Effect of SAHA (25mg/kg, i.p.) and injection of ABi-42 (400pmol/mice, i.c.v.) on
HDAC activity (A: hippocampus; B: prefrontal cortex) HAT H3 activity (C:
hippocampus; D: prefrontal cortex) and HAT H4 activity (E: hippcocampus; F:
prefrontal cortex). Values are mean + S.E.M. (n=6 per group). *** P<0.05 when
compared vehicle/ABi-42 with vehicle/Sham. * P<0.05 when compared SAHA/Sham
with Vehicle/Sham. # P<0.05 when compared SAHA/APB1.42 with vehicle/AB1-s2 (two-

way ANOVA and Bonferroni multiple comparison test).

Fig.8. Effect of SAHA (25mg/kg, i.p.) and injection of ABi-s2 (400pmol/mice, i.c.v.) on
BDNF levels (A: hippocampus; B: prefrontal cortex) and relative mRNA expression
(C: hippocampus; D: prefrontal cortex). Values are mean + S.E.M. (n=6 per group). ***
P<0.05 when compared vehicle/ABi-42 with vehicle/Sham. * P<0.05 when compared
SAHA/Sham with Vehicle/Sham. # P<0.05 when compared SAHA/AB142 with

vehicle/AB1-42 (two-way ANOVA and Bonferroni multiple comparison test).

Fig.9. Effect of SAHA (25mg/kg, i.p.) and injection of ABi-s2 (400pmol/mice, i.c.v.) on
CREB levels (A: hippocampus; B: prefrontal cortex) CAMP levels (C: hippocampus;
D: prefrontal cortex) and PKA levels (E: hippcocampus; F: prefrontal cortex). Values
are mean + S.E.M. (n=6 per group). *** P<0.05 when compared vehicle/ABi-s2 with

vehicle/Sham. * P<0.05 when compared SAHA/Sham with Vehicle/Sham. # P<0.05
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when compared SAHA/AB142 with vehicle/AB142 (two-way ANOVA and Bonferroni

multiple comparison test).

Fig.10. Effect of SAHA (25mg/kg, i.p.) and injection of ABi.42 (400pmol/mice, i.c.v.)
on time in correct quadrant (A), latency to target platform location (B), in MWM test in
mice. Values are mean + S.E.M. (n=6 per group). *** P<0.05 when compared
vehicle/AB142 with vehicle/Sham. # P<0.05 when compared SAHA/AB142 with

vehicle/AP1-42 (two-way ANOVA and Bonferroni multiple comparison test).
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Figure 7
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Figure 9
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Table 1. r values resulting from Pearson’s correlation test for neurochemical factors

and behavioral parameters

Time in correct Latency to target
quadrant (%) plataform
location (s)
HDAC activity HP=0.17 HP=0.10
PFC=-0.64* PFC=0.82*
HAT (H3) activity HP=0.77* HP=-0.79*
PFC=0.69* PFC=-0,81*
HAT (H4) activity HP=0.61* HP=-0.78*
PFC= 0.55* PFC=-0.91*
BDNF levels PFC=0.45 PFC=-0.80*
HP=0.56* HP=-0.88*
BDNF RNAmM HP=0.43 HP=-0.90*
PFC=10.37 PFC=-0.65*
CREB HP=0.58* HP=-0.81*
PFC=0.63* PFC=-0.74*
AMPc HP=0.62* HP=-0.69*
PFC=0.82* PFC=-0.66*
PKA HP=0.52* HP=-0.59*
PFC=0.61* PFC=-0.64*

*denoted p<0.05.
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PARTE 111

2. CONCLUSAO

O presente estudo demonstrou que o tratamento com o inibidor de HDAC

SAHA durante 21 dias atuou como neuroprotetor em um modelo da DA. Neste sentido,

o tratamento com SAHA foi eficaz em atenuar as seguintes déficits resultantes da

exposi¢ao dos camundongos a AP1-42:

O comprometimento da memdria no teste comportamental Labirinto Aquatico
de Morris;

O aumento da atividade da enzima HDAC no cortex pré-frontal e no hipocampo;
Diminuicdo na atividade enzimatica das HATs (H3 e H4) no cortex pré-frontal e
no hipocampo;

Reducéo dos niveis de BDNF no cortex prée-frontal e hipocampo;

Diminuicdo nos niveis do mRNA de BDNF no cortex pré-frontal e hipocampo;
Regulacéo negativa da via cCAMP/ PKA/ CREB

Em concluséo, os dados demonstram o efeito neuroprotetor do SAHA em um

modelo de DA, fornecendo uma nova terapéutica para o tratamento da DA.
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