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RESUMO

Altos niveis de galactose circulantes e cerebrais sdo encontrados em portadores
da galactosemia classica ndo tratada, cujos pacientes comumente desenvolvem
problemas cognitivos e motores ao longo da vida. Entretanto pouco se conhece a
respeito dos mecanismos da disfuncéo celular e molecular responsaveis por estes
sintomas. Assim, 0 objetivo do presente trabalho foi de investigar o efeito da
injecdo intracerebroventricular de galactose sobre a memoria (aversiva e de
reconhecimento de objetos) e a coordenacdo motora em ratos Wistar. Além disso,
a atividade, o imunoconteddo e a expressdo génica da acetilcolinesterase no
hipocampo e cortex cerebral foram também avaliados. No cerebelo, foram
medidos parametros histolégicos (contagem de células e imunohistoquimica) e
bioguimicos (imunocontetdo de caspase-3 ativa e BDNF, atividade e
imunoconteudo da acetilcolinesterase, niveis de glutationa e sulfidrilas, bem como
o indice de dano ao DNA). Ratos Wistar receberam uma injecéo
intracerebroventricular de galactose (4 mM) ou salina (controles) sendo esses
submetidos as tarefas comportamentais e/ou decapitados em diferentes tempos (1
h, 3 h ou 24 h), logo apdés, o hipocampo, cortex cerebral e cerebelo foram
dissecados. Os resultados mostraram que a galactose prejudicou a memoria
aversiva e de reconhecimento de objetos, quando injetada antes do treinamento,
bem como alterou a atividade e a expressdo génica da acetilcolinesterase em
hipocampo. Em relacdo ao comportamento motor e aos parametros histolégicos e
bioquimicos realizados no cerebelo, a administracdo intracerebroventricular de
galactose prejudicou a coordenacdo motora e reduziu o numero de células e a
imunomarcacdo de neurdnios e astrocitos. A galactose, também aumentou o
imunocontetdo de caspase-3 ativa, a atividade da acetilcolinesterase e o indice de
dano ao DNA, bem como diminuiu o imunoconteudo de BDNF e
acetilcolinesterase e os niveis de glutationa e sulfidrilas no cerebelo. Tomados em
conjunto, nossos resultados mostram que a administracdo intracerebroventricular
de galactose prejudicou a memoria e a coordenacdo motora. Além disso, o modelo
experimental utilizado mostrou diversas alteracdes a nivel celular e molecular, os
guais podem contribuir pelo menos em parte com o entendimento da fisiopatologia
da galactosemia classica.

Palavras-chave: galactosemia classica; memoria; coordenacdo motora,;
acetilcolinesterase; apoptose
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ABSTRACT

Non-treated patients with classical galactosemia present high levels of galactose in
the bloodstream and brain. Patients usually develop cognitive and motor
impairments during life. However, little is known about the cellular and molecular
mechanisms responsible for these symptoms. Thus, the aim of this study was to
investigate the effect of intracerebroventricular galactose injection on memory
(aversive and object recognition) and motor coordination in Wistar rats.
Acetylcholinesterase activity, immunocontent and gene expression were
investigated in hippocampus and cerebral cortex. In the cerebellum, we performed
histological (cell counting and immunohistochemistry) and biochemical (active
caspase-3 immunocontent, BDNF, acetylcholinesterase  activity and
immunocontent, glutathione and sulfhydryl levels, as well as DNA damage index)
parameters. Wistar rats received a single intracerebroventricular injection of
galactose (4 mM) or saline (control). The animals performed behavioral tasks
and/or were decapitated at different times (1 h, 3 h or 24 h) after injection. The
hippocampus, cerebral cortex and cerebellum were dissected. The results showed
that injecting galactose before training provokes impairment on aversive and object
recognition memories, as well as altered the activity and gene expression of
acetylcholinesterase in hippocampus. Regarding to the histological and
biochemical parameters measured in the cerebellum, intracerebroventricular
galactose injection impaired motor coordination, reduced the number of cells and
immunostaining of neurons and astrocytes. In the cerebellum, galactose also
increased active capase-3 immunocontent, acetylcholinesterase activity and DNA
damage index, as well as decreased BDNF and acetylcholinesterase
immunocontent, and glutathione and sulfhydryl levels. Altogether, our results show
that intracerebroventricular injection of galactose impaired memory and motor
coordination. Moreover, the experimental model used showed several alterations
at cellular and molecular levels. These findings may contribute at least in part with
the understanding of the physiopathology in classical galactosemia.

Key words: classical galactosemia; memory; motor coordination;
acetylcholinesterase; apoptosis
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1. INTRODUCAO

1.1. Erros inatos do metabolismo

Os erros inatos do metabolismo (EIM) foram definidos por Garrod em 1908 a
partir de quatro doencas (albinismo, cistinuria, alcaptonuria e pentosuria). Os EIM
sdo doencas genéticas, caracterizadas pela falta ou sintese andmala de uma
determinada proteina, geralmente uma enzima ou um transportador (Olsen et al.,
2015; Scriver, 2008). Essa interrupcdo metabdlica pode levar ao acumulo de
metabdlitos toxicos e/ou falta de produtos essenciais (Mak et al., 2013; Olsen et
al.,, 2015). A sintomatologia desenvolvida pode variar de leve a severa,
dependendo do EIM em questédo e do tecido afetado (Nasser et al., 2009). Tem
sido mostrado que doencas que afetam o neurodesenvolvimento podem acarretar
alteracdes comportamentais, cognitivas e/ou fisicas. Neste contexto, um estudo
realizado na China, que incluiu 285 pacientes com desordens de desenvolvimento
do sistema nervoso central, mostrou que 36% das desordens estavam associadas
a algum EIM (Guo et al., 2011).

Atualmente a literatura reconhece mais de 1000 diferentes tipos de EIM.
Quando analisados individualmente, os EIM sao considerados doencas raras,
porém guando analisados em conjunto a incidéncia pode chegar a 1:800 nascidos
vivos (Mak et al., 2013). E importante destacar que os EIM podem acometer
qualquer grupo étnico (Mak et al., 2013), porém a frequéncia de determinado EIM

pode variar em determinadas populagdes, especialmente devido ao fato de que



um quinto dos casais da populacdo mundial é formado por matriménios
consanguineos (Hamamy, 2012).

Os EIM séo classificados de acordo com a area metabolica afetada, assim
sdo encontrados EIM dos: carboidratos, aminoacidos, acidos orgéanicos, lipideos,
glicoproteinas entre outros (Scriver, 2001). Quanto aos EIM dos carboidratos, os
mais comuns sdo os de armazenamento de glicogénio, do metabolismo da

galactose (GAL) e do metabolismo da frutose (Mayatepek et al., 2010).

1.2. Metabolismo da galactose

A GAL é um monossacarideo, obtido principalmente através do leite e seus
derivados. A clivagem da lactose ocorre por acdo enzimatica da lactase nas
microvilosidades intestinais da porcao do jejuno, onde também ocorre a absorcao
dos monossacarideos resultantes, glicose e GAL (Devaraj et al., 2013; Fridovich-
Keil and Walter, 2008). A GAL é entdo transportada pelos eritrécitos até o figado
através da veia porta hepética, neste tecido a GAL é convertida em glicose
(Dashty, 2013) (Figura 1).

A rota metabdlica de conversdo da GAL em glicose € também conhecida
como via de Leloir, esta via é conservada evolutivamente desde bactérias até
humanos. Trés enzimas distintas compdem esta rota, no primeiro passo a a-D-
GAL é fosforilada pela galactoquinase (GALK, EC 2.7.1.6), formando galactose-1-
P, posteriormente, a enzima galactose-1-P uridiltransferase (GALT, EC 2.7.7.12),
catalisa a reacao entre galactose-1-P e UDP-glicose, neste processo uma UMP é

transferida da UDP-glicose para galactose-1-P resultando na producéo de glicose-
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1-P e UDP-galactose. No ultimo passo, a enzima UDP-galactose 4’ epimerase
(GALE, EC 5.1.3.2) interconverte UDP-galactose em UDP-glicose (Dashty, 2013;

Fridovich-Keil and Walter, 2008; Slepak et al., 2005), como mostrado na Figura 2.

S—————————————————-"

Galactose metabolism
(Liver)

Galactose (sc)
ATP Galactokinase, Mg?* ADP

GallP o)
UDPG ======p GallP uridylyltransferase mmesy»  UDPGal
UDPG s EIMCT25C s UDPGal
G1P 3¢c) ==———> Glycogen

DHAP (3C) I Phosphoglucomutase

G6P o)

Figura 1 — Metabolismo hepatico da galactose, GallP: galactose
1-P; G1P: glicose 1-P; G6P: glicose 6-P; DHAP: diidroxiacetona-P;
3C: 3 carbonos; 6C: 6 Carbonos. Adaptado de Dashty (2013)

A diminuicdo ou auséncia da atividade de uma das trés enzimas
mencionadas acima bloqueia a rota da GAL causando trés doencas distintas,
conhecidas como galactosemias. O acumulo de GAL e/ou metabdlitos gerados,
inicia um quadro de toxidade celular que pode se estabelecer em diferentes
tecidos, incluindo o cérebro (Lai et al., 2009; Slepak et al., 2005). A galactosemia
classica, € a forma mais severa dentre as galactosemias, € causada pela

deficiéncia da enzima GALT (Fridovich-Keil and Walter, 2008).



Breast milk/standard milk formula
(lactose)

}

——p (Galactonic Acid
(1) Galactokinase

(GALK)
(2) %ﬁ'ase UDPG (3) Epimerase
UDPGal (GALE)

Glucose-1-P

Glucose-6-P

Figura 2 — Rota metabdlica da galactose, o “X” em vermelho indica o
bloqueio enzimatico caracteristico da galactosemia classica,
circulado em verde os substratos acumulados devido ao boqueio
enzimdtico. GALK: galactokinase;  GALT: galactose 1-P
uridiltransferase; GALE: UDP-galactose 4’ epimerase; Gal 1-P:
galactose 1-P; UDPG: UDP- glicose; UDPGal: UDP-galactose.
Adaptado de Dios et al., (2009).

1.3. Galactosemia classica (GC)

A GC também conhecida como galactosemia tipo | foi descrita em 1956 por
Isselbacher e colaboradores (1956). A frequéncia baseada em numeros absolutos
de nascidos vivos com GC varia consideravelmente de uma populagéo para outra
(Walter and Fridovich-Keil, 2014). Mundialmente a GC € apontada como 0
segundo EIM mais recorrente. Um estudo realizado no Canada mostrou que a GC
e a fenilcetondria juntas, perfazem um quarto dos EIM (Applegarth et al., 2000). A
Africa do Sul possui a maior incidéncia de GC, 1:14.400 (Henderson et al., 2002).

Um projeto piloto realizado no estado de S&o Paulo mostrou que a frequéncia de



GC esta em torno de 1:19.984 neste local (Camelo Junior et al., 2011). Em
algumas populac¢des dos Estados Unidos e Canada a incidéncia gira em torno de
1:35.000 (Fridovich-Keil and Walter, 2008). Por outro lado, a GC parece ser mais
rara em populacdes asiaticas, com incidéncia de 1:100.000 (Padilla et al., 2003).

A GC é uma desordem de origem genética autossébmica recessiva, ligada
ao gene que codifica a enzima GALT, sendo este localizado no brago curto do
cromossomo 9 na banda 13, este gene € dividido em 11 exons. Os exons 6, 9 e
parte do 10 possuem uma sequéncia de aminoacidos altamente conservada,
desde bactérias até humanos (Leslie et al., 1992; Shih et al., 1984).

Atualmente mais de 200 mutacdes foram identificadas no gene que codifica
a GALT, estas acarretam em diminuicdo ou perda da sua atividade (Calderon et
al., 2007; Fridovich-Keil and Walter, 2008). As mutacbes Q188R e K285N
perfazem 70% dos casos de GC em popula¢cdes caucasianas americanas e a
mutacdo S135L afeta 62% de portadores afrodescendentes americanos (Elsas
and Lai, 1998). Na mutacao Q188R a glutamina da posi¢cdo 188 é substituida por
arginina (Reichardt et al., 1991), enquanto na mutacdo K285N, a lisina da posicéo
285 é trocada por uma glutamina (Greber-Platzer et al., 1997), no caso da
mutacdo S135L, a serina da posi¢cdo 135 é substituida por uma leucina (Lai et al.,

1996).

1.3.1. Sinais e sintomas

Os sinais e sintomas caracteristicos da GC podem ser divididos em agudos
e cronicos. As principais complicacdes agudas descritas sao: vomitos, diarreia,

problemas renais, catarata, hepatomegalia e sepse. Caso a patologia ndo seja
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diagnosticada rapidamente e/ou o tratamento ndo seja imediatamente iniciado o
paciente pode vir a 6bito nos primeiros dias de vida (Fridovich-Keil and Walter,
2008; Waggoner et al., 1990). Entretanto, mesmo com o tratamento recomendado,
grande parte dos pacientes desenvolvem em estégios iniciais da vida, problemas
cognitivos, dificuldades na fala, alteragbes motoras e falha precoce ovariana
(Fridovich-Keil et al., 2011; Jumbo-Lucioni et al., 2013; Kaufman et al., 1995;
Potter et al., 2013; Waggoner et al., 1990).

A deficiéncia na atividade da GALT leva ao acumulo tecidual de GAL,
galactose-1P e galactitol, a GAL é encontrada em maior concentragcdo acumulada
por ser o primeiro metabdlito da rota (Fridovich-Keil and Walter, 2008; Schulpis et
al., 2005). As concentracOes cerebrais de GAL e galactose-1P em pacientes nao
tratados podem atingir concentragdes na faixa de milimolar (Berry, 2011), podendo
variar de acordo com a mutacao e dieta (Fridovich-Keil and Walter, 2008). Mesmo
com uma dieta restrita de GAL, foi demonstrado que individuos adultos portadores
da GC ou ndo, com cerca de 70 Kg produzem diariamente uma média de dois
gramas de GAL (Berry et al., 1995). Acredita-se que a producdo endogena de
GAL inicia ainda durante a vida intrauterina, pois elevados niveis de galactitol e
galactose-1P foram encontrados em corddo umbilical, eritrécitos e liquido
amniotico de recém-nascidos com GC (Berry, 2011).

Andlises de ressonancia magnética e tomografia computadorizada em
portadores da doenca, com sintomas neurologicos em estagio avancado da
doenca, apontam para anormalidades na substancia branca cerebral (Fridovich-
Keil and Walter, 2008), aumento ventricular e atrofia cerebelar e cortical (Kaufman

et al., 1995). Reducéo da densidade Ossea e atraso de crescimento sao outras
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consequéncias que podem ser desencadeadas em longo prazo (Fridovich-Keil and

Walter, 2008).

1.3.2. Mecanismos de toxicidade

Diferentes mecanismos de toxidade sao apontados como mecanismos
fisiopatolégicos da GC (Lai et al., 2009). A galactose-1P é acumulada somente na
GC. Este metabdlito tem sido fortemente associado com a sintomatologia da GC
(Fridovich-Keil and Walter, 2008; Gitzelmann, 1995; Schulpis et al., 2005). Esta
hipotese é reforcada ja que na galactosemia do tipo I, onde ndo h& o acumulo de
galactose-1P a sintomatologia é branda, ndo sendo observada mortalidade
(Fridovich-Keil and Walter, 2008).

Por outro lado, o acumulo de galactitol pode alterar o metabolismo do
inositol, desencadeando uma série de desordens a nivel celular (Berry, 2011).
Vale ressaltar que na galactosemia do tipo Il, em que o galactitol € o principal
metabolito acumulado, ndo h&d a manifestacdo dos sintomas cerebrais e em
apenas alguns casos ocorre o desenvolvimento de edema cerebral. Nesse
contexto, tem sido usado um modelo nocaute para GALT com o objetivo de
investigar a sintomatologia da GC. No entanto esse modelo ndo é muito aceito na
literatura, pois parece nao reproduzir a sintomatologia da GC, devido a baixa
expressdo de aldolase redutase, resultando em baixa producdo de galactitol
nestes animais (Leslie et al., 1996).

Pacientes com GC apresentam aumento de marcadores de estresse
oxidativo e reduzida capacidade antioxidante total no sangue. Os eritrécitos de

pacientes apresentam baixa concentracdo de proteinas totais e reducdo nas
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atividades das enzimas Na',K'-ATPase e Mg®“ATPase (Schulpis et al., 2006,
2005). Em fibroblastos de pacientes, a GAL causa perturbacdes na homeostase
do célcio e aumenta os niveis de estresse reticular (Slepak et al., 2007). A
glicosilacdo anormal de proteinas e alteracdo na expressdo de diversos genes
também foram encontrados em leucécitos de pacientes com GC (Coman et al.,
2010). Corroborando com esses dados, Coss e colaboradores (2014) mostrou
efeitos similares em fibroblastos tratados com GAL, sugerindo que as alteracdes

sejam similares em diferentes tipos celulares e teciduais.

1.3.3. Diagnd@stico e tratamento

O diagndstico da GC é dado a partir de programas de triagem neonatal ou
pela observacédo clinica da sintomatologia (Fridovich-Keil and Walter, 2008). No
Brasil apenas no estado de Santa Catarina e no Distrito Federal o teste da GC é
disponibilizado gratuitamente, devido a politicas publicas locais, uma vez que a
triagem da GC ndo esta inclusa na triagem neonatal obrigatéria do Programa
Nacional de Triagem Neonatal, conhecido popularmente como “Teste do Pezinho”
(Camelo Junior et al., 2011). Porém o teste da GC pode ser requerido em diversos
centros meédicos do pais. Vale ressaltar que a sintomatologia crbénica é
normalmente mais severa quando os pacientes sdo diagnosticados tardiamente
(Elsea and Lucas, 2002; Jumbo-Lucioni et al., 2012).

Os parametros mais utilizados no diagnostico da GC sao: niveis de
galactose-1P em eritrocitos, niveis sanguineos de GAL, atividade da GALT em

eritrocitos e/ou identificacdo da mutacdo nos dois alelos que codificam a enzima

8



GALT. Além disso, testes moleculares tém sido aplicados para a validacdo da
mutacéo (Fridovich-Keil and Walter, 2008).

O tratamento usual € a restricdo de GAL da dieta. A remocao total é
inviavel, uma vez que diversos alimentos contem residuos de GAL. Nesse
contexto, diferentes formulas de leite livre de GAL foram criadas para substituir o
leite materno (Bosch, 2011; Jumbo-Lucioni et al., 2012). No entanto, a restricdo

dietética ndo € suficiente para prevenir os sintomas neurolégios que se

desenvolvem ao longo da vida (Bosch, 2011; Fridovich-Keil and Walter, 2008).

1.3.4. Modelos experimentais de galactosemia classica

O uso de camundongos geneticamente modificados € uma importante
ferramenta, na obtencdo de informacdes para a compreensdo de doencas
metabolicas. Porém em alguns modelos o fenétipo desenvolvido pelos animais
nao mimetizam plenamente a patologia humana (Elsea and Lucas, 2002). Um
exemplo € o modelo experimental de GC desenvolvido por Leslie e colaboradores
(1996). Nesse modelo, os animais apresentam atividade hepatica da GALT quase
nula, resultando em acumulo de GAL, galactose 1-P e galactitol. Porém esses
animais nao apresentam complicacdes neurolégicas e ovarianas, mesmo quando
expostos a uma dieta rica em GAL (Ning et al., 2001, 2000).

Recentemente um modelo experimental nocaute da enzima GALT em
Drosophila melanogaster foi desenvolvido (Kushner et al., 2010). Nesse modelo os
animais desenvolvem alteracbes muito semelhantes as dos pacientes, como

estresse oxidativo (Jumbo-Lucioni et al., 2013) e problemas motores (Ryan et al.,
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2012). No entanto, também sdo observadas alteracbes de estresse oxidativo
semelhantes ao modelo nocaute quando Drosophila melanogaster selvagem é
exposta a GAL (Jumbo-Lucioni et al., 2013), o que faz da GAL um importante
agente na investigacao da fisiopatologia da GC. Um estudo mostrou que a GAL
causa uma diminuicdo da atividade da Na*,K*-ATPase e alteracdo de marcadores
de estresse oxidativo em cérebro de ratos in vitro (Tsakiris et al., 2005).

Além disso, a administracdo de GAL tem sido usada como um modelo
experimental para investigar os mecanismos envolvidos no envelhecimento, desde
que foi mostrado que esse acUcar pode acelerar esse processo em ratos (Li et al.,
2014) e camundongos (Parameshwaran et al., 2010). Esse modelo tem explicado
varios mecanismos de toxicidade promovidos pela GAL, porém é necessario ter
cautela quando extrapolar estes resultados para a GC, uma vez que os estudos
ndo se preocuparam em medir concentracdes cerebrais de GAL. E também
importante mencionar que este modelo torna a barreira cérebro sangue mais
permeavel (Liu et al., 2015).

E importante salientar que mesmo ap6s mais de 50 anos da descoberta da
GC, os mecanismos pelos quais a GAL e/ou seus metabolitos promovem
toxicidade a nivel celular ainda ndo estdo bem estabelecidos (Lai et al., 2009).
Além disso, ndo ha estudos na literatura mostrando os efeitos agudos da
administragdo de GAL no cérebro. Desse modo é muito importante o
desenvolvimento de novos modelos experimentais que auxiliem na investigacéao e
no entendimento dos mecanismos de toxicidade da GAL na GC, para que no
futuro terapias adjuvantes possam ser adotadas junto ao tratamento convencional

dessa doenca.
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1.4. Memboéria

A literatura classifica a memodria em dois subtipos (declarativa e nao
declarativa), o primeiro € conhecido como memoéria declarativa, que é a colecao
de lembrancas conscientes. A memoaria declarativa pode ser descrita-verbalmente,
por outro lado, a memodria ndo declarativa é composta por lembrancas néo
conscientes, como: reflexos, habitos e o simples condicionamento de tarefas do
dia-a-dia (Izquierdo et al., 2002; Squire, 1992). Basicamente, existem trés etapas
para o estabelecimento de uma memdéria: a aquisi¢do, (proporcionada por toda e
qualquer nova experiéncia), a consolidacdo (que € o0 processamento da
informacéo) e a evocacao (definida pelo uso da informacéo adquirida) (Izquierdo

and Medina, 1997).

E importante salientar que a memoria pode ser armazenada por curto
periodo (poucas horas), conhecido como memdéria de curta duracdo, ou por longos
periodos (de dias até anos), conhecido como memoria de longa duragdo. A
primeira envolve potenciacdo sindptica de longa duracdo, a qual é causada por
modificacdes em proteinas locais, como fosforilagdo, por exemplo. Por outro lado,
a memoria de longa duracdo envolve modificacdes a nivel sinaptico e nuclear,
como expressao génica e sintese proteica. Ambas as modificacdes, de curta ou
longa duracao, sdo conhecidas como plasticidade sinaptica (lzquierdo et al., 2002;
McGaugh, 2000). Assim, biologicamente a memoria é vista como uma seérie de

modificacdes a nivel molecular e celular (Giovannini et al., 2015).
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O hipocampo tem sido apontado como uma estrutura crucial no
processamento da memoria, desde a aquisicdo até a evocacgdo (lzquierdo and
Medina, 1997; Squire, 1992), como vem sendo mostrado em testes
comportamentais que avaliam a memdéria ndo-aversiva (Antunes and Biala, 2012)
e aversiva (Colettis et al., 2014) realizados em modelos animais. Prejuizos na
memoéria também podem estar relacionados a danos no cértex cerebral (Deiana et
al.,, 2011). Em humanos convencionalmente s&o aplicados testes de escrita e fala
para avaliar a memoria, entretendo animais ndo possuem tais habilidades, o que
faz do uso de testes alternativos uma importante ferramenta para avaliar a
memoria (Antunes and Biala, 2012). No presente trabalho avaliamos o efeito da
administracdo intracerebroventricular da GAL sobre a memoéria de longa duracéo

na tarefa de reconhecimento de objetos e esquiva inibitoria.

1.5. Acetilcolinesterase

A acetilcolinesterase (AChE) esta ancorada no exterior das membranas
celulares e finaliza a transmissao colinérgica, a partir da clivagem de acetilcolina
em colina e acido acético (Pohanka, 2011). Estudos mostraram que o sistema
colinérgico hipocampal desempenha um papel crucial nos processos de memoria
e aprendizado, participando ativamente nos mecanismos de plasticidade sinaptica
(Drever et al., 2011; Kukolja et al., 2009) em todas as etapas da memoria, desde a
formacdo até a evocacao (Giovannini et al., 2015; lzquierdo and Medina, 1997).

Nesse contexto, a AChE tem recebido atengc&o em diversos estudos devido a sua
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funcéo reguladora da transmisséao colinérgica (Colettis et al., 2014; Mushtaq et al.,

2014; Scherer et al., 2014).

Estudos tém correlacionado o funcionamento do sistema colinérgico com
apoptose, proliferacdo celular e diferenciagédo neuronal (Resende and Adhikari,
2009), desde que disfuncdes nesse sistema possam desempenhar importantes
papeis na patologia de diferentes disfun¢cdes motoras (Quik et al., 2014). Sabe-se
também que a acetilcolina contribui para a producao do fator neurotréfico derivado
do encéfalo (BDNF) que é responsavel pela sobrevivéncia e proliferacdo celular
(Resende and Adhikari, 2009). O uso de inibidores da AChE desacelera o
processo neurodegenerativo e aumenta a producdo de BDNF na doenca de

Alzheimer, a qual apresenta hipofuncéo colinérgica (Bendix et al., 2014).

1.6. Fator neurotro6fico derivado do encéfalo

O BDNF é umas das trés neurotrofinas do SNC. Além disso, o BDNF é
distribuido e tem acdo na periferia (He et al., 2013). A producéo deste fator no
SNC é regulada pela atividade neuronal (Zafra et al., 1992). O BDNF quando
maduro liga-se aos receptores de TrkB na superficie neuronal, levando a
diferentes respostas de sinalizacdo celular como: regulacdo do desenvolvimento e
plasticidade neuronal, potenciagcdo de longa duracdo e atuando como um fator

antiapoptotico (Chen et al., 2008; He et al., 2013; Lu, 2003).
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Diversos estudos tém demostrado que em doencas neurodegenerativas 0s
niveis reduzidos de BDNF desempenham um importante papel na sintomatologia
desenvolvida (Zuccato and Cattaneo, 2009). Em doencas que afetam o sistema
motor, baixos niveis de BDNF sdo encontrados nas estruturas responsaveis pela
coordenacao do movimento como o cerebelo (He et al., 2013). No cerebelo é bem
conhecido o papel do BDNF no desenvolvimento e posicionamento dos neurdnios

granulares e das células de Purkinje (Schwartz et al., 1997).

1.7. Coordenacdo motora e cerebelo

O controle da coordenacdo motora em condi¢cdes fisioldgicas envolve uma
série de circuitos cerebrais e periféricos (Quik et al., 2014) e ainda pouco se
conhece sobre a circuitaria necessaria para a correta coordenacdo do movimento
(Apps and Garwicz, 2005). Nesse contexto, o cerebelo parece uma estrutura
central, contribuindo no sincronismo e aquisicdo sensorial, além de participar na
predicdo de consequéncia sensorial em resposta a acdo (Apps and Garwicz, 2005;
Manto et al., 2012). Vale ressaltar que o cerebelo recentemente tem sido apontado
estar envolvido em diversas fungdes cognitivas superiores (Ramnani, 2006).
Lesdes cerebelares podem provocar problemas de equilibrio e postura, desordem
nos movimentos dos membros e também desordens cognitivas (Manto et al.,

2012).

No cortex cerebelar as células distribuem-se em trés camadas: molecular,

granular e Purkinje (Ramnani, 2006). Anatomicamente, o cerebelo é formado por
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trés regides distintas: arquicerebelo, espinocerebelo e cerebrocerebelo. A funcao
da primeira é a regulacdo do equilibrio e movimentos dos olhos, a segunda
controla o movimento do corpo e membros, enquanto a ultima é responséavel pelo

planejamento dos movimentos (Kandel et al., 2013).

Diversos testes estdo disponiveis para avaliar a coordenacdo motora em
roedores, sendo que cada teste avalia diferentes aspectos (Brooks and Dunnett,
2009). O teste da trave “beam walking” permite a avaliagdo da coordenacao
motora fina e equilibrio. Diferentes condicdes podem provocar alteracbes na
habilidade motora de roedores tais como: injuria cerebral, manipulacdo genética
ou farmacoldgica (Brooks and Dunnett, 2009; Luong et al., 2011; Wu and Gorantla,
2014). No presente trabalho optamos utilizar o teste da trave, devido a sua
sensibilidade em avaliar coordenacdo motora fina, a qual € prejudicada na

patologia da GC.

1.8. Radicais livres e estresse oxidativo

Radical livre é qualguer atomo ou molécula com um ou mais elétrons
desemparelhados. As espécies reativas mais comuns em sistemas biologicos sao
as derivadas do metabolismo do oxigénio e sdo produzidas durante o
metabolismo. Vale lembrar que os radicais livres podem ter efeitos benéficos ou
deletérios em sistemas biolégicos como sinalizacdo celular e danos a

biomoléculas respectivamente (Halliwell, 2011, 2006; Valko et al., 2007).
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Estresse oxidativo é definido por um desequilibrio entre a producdo de
radicais livres e a eliminacdo destes pelas defesas antioxidantes, tendendo a um
estado pro oxidativo, tal situagdo pode danificar diferentes biomoléculas a ponto
de provocar perda da funcdo celular. As biomoléculas mais susceptiveis ao
ataque dos radicais livres séo: proteinas, DNA e lipideos (Halliwell, 2012; Valko et

al., 2007).

As defesas antioxidantes séo divididas em enzimaticas e ndo enzimaticas
(Halliwell, 2011). A superodxido dismutase, catalase e a glutationa peroxidade sao
as enzimas mais estudadas e a principal frente de defesa enzimatica contra os
radicais livres (Halliwell, 2012). Entre as defesas ndo enziméticas o tripeptideo
glutationa (GSH) se destaca devido ao seu papel de manter a homeostase redox e
reparar proteinas. Tem sido mostrado que baixos niveis cerebrais de GSH estao
associados com o processo de envelhecimento e doencas neurodegenerativas
(Aoyama and Nakaki, 2015). Além disso, reduzidos niveis de GSH também estao
associados com o processo de morte celular por apoptose (Circu and Aw, 2012;
Franco and Cidlowski, 2009) e danos cerebelares que podem levar a atrofia e
problemas motores (Doss et al., 2015; Franco et al., 2006; Ristoff and Larsson,

2007).

1.9. Morte celular

Necrose e apoptose sdo 0s principais processos de morte celular

(Nikoletopoulou et al.,, 2013). Ambos podem fazer parte de processos

16



neurodegenerativos em fase aguda e/ou crénica (Gorman, 2008; Heimfarth et al.,
2013). A necrose, também conhecida por morte celular ndo programada,
comumente ocorre em situacdes de baixo nivel energético e pode desencadear
um processo inflamatoério (Hongmei, 2012; Nikoletopoulou et al., 2013). Enquanto
isso, a apoptose € conhecida como morte celular programada e ocorre com gasto
energético. Esse processo preserva a populacdo celular vizinha por néo
desencadear processo inflamatério. No entanto, a apoptose é também um
processo fisiolégico que pode ocorrer em todos os estagios da vida de um
organismo em ordem de manter as populacdes teciduais em homeostase. Por

outro lado, a sinalizagdo apoptoética exacerbada pode provocar injuria tecidual

(Elmore, 2007; Hongmei, 2012; Nikoletopoulou et al., 2013).

A apoptose pode ser ativada por mecanismos de sinalizagdo celular
internos (intrinseca) ou externos (extrinseca). O processo de apoptose
normalmente envolve proteinas caspases, porém pode ocorrer também sem o
envolvimento destas. A caspase-3 € uma proteina que ocupa uma poSiGao
central, onde convergem cascatas apoptoticas de origem intrinsecas e extrinsecas
(Hongmei, 2012). Diversos fatores podem controlar o processo apoptético,
incluindo o BDNF. Nesse contexto, tem sido mostrado que baixos niveis de BDNF
estdo associados a morte celular (He etal., 2013). Um estudo mostrou que
estresse oxidativo, disfuncdo mitocondrial, inflamacdo e apoptose estdo

envolvidos a fisiopatologia de diferentes EIM (Olsen et al., 2015).
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2. OBJETIVOS

2.1. Objetivo geral

A fim de melhor compreender as alteracfes cerebrais que levam ao déficit
cognitivo e a baixa coordenacdo motora na patologia da GC, o objetivo geral do
presente estudo foi investigar a nivel comportamental, celular e molecular o efeito

da administracao intracerebroventricular de GAL em ratos Wistar.

2.2. Objetivos especificos

Os objetivos especificos encontram-se subdivididos, os quais serdo apresentados

na forma de artigos cientificos, como segue:

» Capitulo |
e Investigar o efeito da administracéo intracerebroventricular de
GAL sobre a memoria aversiva;
e Investigar o efeito da administragdo intracerebroventricular de
GAL sobre a memoria de reconhecimento de objetos;
e Investigar o efeito da administrac&o intracerebroventricular de
GAL sobre AChE (atividade, imunoconteudo e expressao génica)

em hipocampo e cortex cerebral de ratos.
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Capitulo Il

Avaliar a coordenacdo motora de ratos, ap0s a administracao

intracerebroventricular de GAL;

e Realizar contagem de células em cerebelo de ratos, apds a
administracao intracerebroventricular de GAL;

e Investigar o efeito da administracdo intracerebroventricular de
GAL sobre a imunofluorescéncia de neurdnios e astrocitos em
cerebelo de ratos;

e Avaliar alguns parametros bioquimicos tais como: niveis de GSH,

dano a proteinas e DNA, marcadores de apoptose e AChE

(atividade e imunocontetdo), em cerebelo de ratos submetidos a

injecdo intracerebroventricular de GAL.
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3. METODOLOGIA E RESULTADOS

Os procedimentos experimentais e resultados serdo apresentados na forma
de artigos cientificos, todas as informacdes referentes ao desenho experimental

estdo contidas nos capitulos | e Il.

3.1. Modelo Experimental

Ratos Wistar de 60 dias de idade foram anestesiados com
ketamina/xilazina: 75 mg/kg e 10 mg/kg respectivamente. Esses animais foram a
cirurgia estereotaxica com o implante canula, dois dias apdés a cirurgia, uma
agulha (0,9 mm) foi inserida no interior da canula, permitindo a injecédo de 5 uL de
GAL (4 mM) ou salina diretamente no terceiro ventriculo destes animais. As
coordenadas relativas do ventriculo, (AP, -0.9 mm; L, -1.5 mm; DV, -2.6 mm)
utilizando o Bregma como ponto de partida, foram baseadas no atlas de Paxinos
and Watson (1986). Pacientes nado tratados podem acumular concentracdes de
GAL na faixa de millimolar no cérebro (Berry, 2011). A concentragdo de GAL foi
escolhida baseada em estudos prévios de Tsakiris e colaboradores (2002, 2005).
Os animais foram decapitados 1 h, 3 h ou 24 h apos a administracdo das

substancias.
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Abstract

Tissue accumulation of galactose is a hallmark in classical galactosemia. Cognitive
deficit is a symptom of this disease which is poorly understood. The aim of this
study was to investigate the effects of intracerebroventricular administration of
galactose on memory (inhibitory avoidance and novel object recognition tasks) of
adult rats. We also investigated the effects of galactose on acetylcholinesterase
(AChE) activity, immunocontent and gene expression in hippocampus and cerebral
cortex. Wistar rats received a single injection of galactose (4 mM) or saline
(control). For behavioral parameters, galactose was injected 1 h or 24 h previously
to the testing. For biochemical assessment, animals were decapitated 1 h, 3 h or
24 h after galactose or saline injection; hippocampus and cerebral cortex were
dissected. Results showed that galactose impairs the memory formation process in
aversive memory (inhibitory avoidance task) and recognition memory (novel object
recognition task) in rats. The activity of AChE was increased, whereas the gene
expression of this enzyme was decreased in hippocampus, but not in cerebral
cortex. These findings suggest that these changes in AChE may, at least in part, to
lead to memory impairment caused by galactose. Taken together, our results can

help understand the etiopathology of classical galactosemia.

Key words: classical galactosemia; memory; acetylcholinesterase activity, gene

expression.
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1. Introduction

Classical galactosemia (OMIM #230400) is a genetic disorder caused by
recessive mutations in the gene encoding the enzyme galactose—1-phosphate
uridylyltransferase (GALT, EC 2.7.7.12) and about 200 mutations were found in
humans (Calderon et al., 2007; Fridovich-Keil and Walter, 2008). These mutations
decrease or null the GALT activity leading to the accumulation of galactose (GAL),
galactose-1-P and galactitol (Berry, 2011; Mahmood et al., 2012; McCorvie and
Timson, 2011), metabolites believed to cause cellular toxicity in brain and other
tissues (Fridovich-Keil and Walter, 2008; Fridovich-Keil, 2006; Ridel et al., 2005).
GAL is the first metabolite in the pathway (Fridovich-Keil and Walter, 2008) and is
found in high concentration in liver and brain of untreated patients (Berry, 2011).

The first signs of the disease appear in the first weeks of life and include
diarrhea, vomiting, hepatomegaly, jaundice, septicemia and kidney malfunction;
untreated newborns might die within the firsts days of life (Fridovich-Keil and
Walter, 2008; Holton, 1996; Waggoner et al., 1990). The main treatment is dietary
restriction of GAL, nevertheless symptoms like impaired cognitive and motor
function are commonly found (Fridovich-Keil and Walter, 2008; Fridovich-Keil et al.,
2011; Jumbo-Lucioni et al., 2013; Kaufman et al., 1995; Potter et al., 2013).
However, Berry and colleagues (1995) have shown that even patients following a
GAL restrict diet might present increased GAL circulating levels due to
endogenous production, a finding possibly associated to brain damage.

As the exact mechanism behind the pathology of classical galactosemia

remains obscure (Jumbo-Lucioni et al., 2013), an experimental murine model of
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this condition has been described where GAL levels are similar to those found in
the plasma of patients with classical galactosemia. However this has been
considered a poor model in reproducing the common complications found in the
suckling period, like the behavioral dysfunction (Leslie et al. 1996 ; Ridel et al.,
2005). Moreover, GAL was found to promote oxidative stress and a decrease of life
span in the drosophila GALT knockout model (Jumbo-Lucioni et al., 2013).

The cholinergic system plays a key role in the modulation of learning and
memory in mammals (Kukolja et al., 2009) and has also been associated with
inflammation processes (Pavlov et al, 2009; Scherer et al, 2014).
Acetylcholinesterase (AChE), the enzyme responsible for the termination of
cholinergic transmission, is attached to the outside of the plasmatic membrane
(Pohanka, 2011) and its hydrolytic activity may be altered by oxidative stress (Melo
et al., 2003).

In the present study, we investigated the effects of an
intracerebroventricular administration of GAL on the memory of inhibitory
avoidance and novel object recognition tasks, as well as on the activity, the
immunocontent and gene expression of AChE in the hippocampus and the
cerebral cortex of Wistar rats. These cerebral structures were chosen because of
their roles in memory modulation (Izquierdo and Medina, 1997) and their
involvement in chemical models of inborn errors of metabolism using wild-type rats
(Ferreira et al., 2011; Schweinberger et al., 2014; Stefanello et al., 2011; Streck et

al., 2002; Vuaden et al., 2016; Wyse et al., 1995).

2. Material and methods
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2.1. Animals and ethics approval

Sixty-days-old male Wistar rats were used; all animals were obtained from
the Central Animal House of Biochemistry Department of Universidade Federal do
Rio Grande do Sul (UFRGS). Rats were kept on a 12:12 h light-dark cycle in an
air-conditioned room under constant temperature (22+1°C), with free access to
water and 20% (w/w) protein commercial chow. All animal procedures were
performed in accordance with the National Institute of Health Guide for the Care
and Use of Laboratory Animals (NIH publication number 80-23 revised 1996) and
the Brazilian Society for Neuroscience and Behavior recommendations for animal
care. The research project was previously approved by the Ethics Committee of

the University under the protocol number 27786.

2.2. Stereotaxic surgery and cannula placement

Rats were anesthetized with ketamine and xylazine (75 and 10 mg/kg i.p.,
respectively) and placed in a rodent stereotaxic apparatus. Under stereotaxic
guidance, a 27- gauge stainless cannula (0.9 mm o.d.) with an inner needle guide
was inserted unilaterally into the right ventricle (coordinates relative from bregma:
AP, -0.9 mm; L, -1.5 mm; DV, -2.6 mm) (Paxinos et al., 1985). The cannula was
fixed to the skull with dental cement. Two days after surgery, a 30-gauge needle
was inserted into the guide cannula in order to inject 5 pL of D-galactose (4 mM)

diluted in saline or vehicle (saline) into the right ventricle, over a 5 min interval.
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The tip of the infusion needle protruded 1.0 mm beyond the guide cannula towards
the right cerebral ventricle. Animals were randomly divided into two groups: group
1 (vehicle treated), rats that received intracerebroventricular saline and group 2
(GAL treated), rats that received intracerebroventricular GAL solution (Bavaresco
et al., 2008). Since untreated patients accumulate millimolar concentration of GAL
in the brain (Berry, 2011), we have chosen to adjust the GAL concentration based
on previous reports of Tsakiris and colleagues (2002, 2005). For biochemical
assays, animals were decapitated 1 h, 3 h or 24 h after drug administration, the
brain was removed and cerebral structures (hippocampus and cerebral cortex)

were dissected out.

2.3. Behavioral procedures

All behavioral procedures were performed between 10 a.m. to 3 p.m. in a
controlled light and sound room, by a researcher blind to the animal’s experimental
condition. For the assessment of cognitive parameters (step-down inhibitory
avoidance and novel object recognition) GAL was injected 1 h before the training
session, in order to evaluate the process of memory acquisition. The test session
was performed 24 h after the training to assess long-term memory (Bavaresco et

al., 2008).

2.3. 1. Step-down inhibitory avoidance
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Animals were subjected to training and test sessions in a step-down
inhibitory avoidance task with an interval of 24 h between the sessions. The task
was performed in an automatically operated, brightly illuminated box. The left
extreme of the grid was covered by a 7.0-cm-wide, 2.5- cm-high formic platform. In
the training session, animals were placed on the platform and their latencies to
step down, placing their four paws on the grid (42.0 x 25.0 cm grid of parallel 0.1-
cm caliber stainless steel bars spaced 1.0 cm apart), was measured. In the test
session, no foot shock was delivered and step-down latency (with a ceiling of 180s)
was used as a measure of memory retention as described by Wyse and colleagues

(2004).

2.3.2. Novel object recognition

One day before the training session, all animals were habituated to walk
freely in the empty arena for 10 min. The arena used was a black wooden box
(50x50%x50 cm). In the training session, two identical objects were placed
equidistant from the sidewalls. In this chamber, each animal performed a trial of 10
min. After each trial, the apparatus was cleaned to alleviate olfactory cues. In the
second trial, the test session, one of the objects was substituted by a different. An
experimenter registered the time of object exploration, i.e., touching it with paws or
exploring it by olfaction with direct contact of the snout (Plamondon et al., 2006).
The object discrimination index was calculated in the test session, as follows: the
difference in exploration time divided by the total time spent exploring the two

objects {[(B-A)/(A+B)] where B is the new object and A is the familiar object}. This
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task was performed according to Pereira and colleagues (2008) and Rojas and

colleagues (2013).

2.4. Biochemical analyses

2.4.1. AChE activity assay

Hippocampus and cerebral cortex were homogenized in ten volumes (1:10;
w/v) of 0.1 mM potassium phosphate buffer, pH 7.5 and centrifuged for 10 min at
1.000 g. Hydrolysis rates were measured at acetylcholine concentration of 0.8 mM
in 300 pL assay solution with 30 mM phosphate buffer, pH 7.5, and 1.0 mM 5,5'-
dithiobis-(2- nitrobenzoic acid) (DTNB) at 25°C. Supernatant from homogenized
tissue was added to the reaction mixture and pre incubated for 3 min. The
hydrolysis was monitored by formation of the thiolate dianion of DTNB at 412 nm
for 2—3 min (intervals of 30 s) (Ellman et al., 1961), with modifications (Delwing et

al., 2003; Scherer et al., 2010). All samples were run in triplicate.

2.4.2. AChE Western blot

Hippocampus and cerebral cortex were homogenized in lysis solution (2 mM
EDTA, 50 mM Tris-HCI, pH 6.8, plus 4% SDS) and a part of samples was taken for
protein determination. The remainder was mixed (v/v) in laemmli buffer (40%
glycerol, 5% mercaptoethanol, 50 mM Tris—HCI, pH 6.8) and then boiled for 3 min.

In this analysis, samples were loaded (30 pg of protein/lane) in 10%
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polyacrylamide SDS-PAGE. The proteins were then transferred (Trans-blot SD
semidry transfer cell; Bio-Rad) to nitrocellulose membranes, for 1 h at 15 V in
transfer buffer (48 mM Trizma, 39 mM glycine, 20% methanol and 0.25% SDS).
The membrane was washed during 10 min in Tris buffer saline (TBS; 500 mM
NaCl, 20 mM Trizma, pH 7.5). The block of the membrane was performed with
TBS plus 5% bovine serum albumin (BSA), for 2 h. Afterwards the membrane was
washed twice during 5 min in (T-TBS; TBS plus 0.05% Tween- 20). Subsequently it
was incubated overnight at 4°C in a blocking solution plus AChE antibody
polyclonal anti-rabbit IgG (1:1000; Santa Cruz Biotechnology). Then the
membrane was washed twice for 5 min with T-TBS and incubated for 2 h in
antibody solution containing peroxidase-conjugated anti-rabbit IgG (1:2000; Santa
Cruz Biotechnology). In the next step, the membrane was washed twice again for 5
min with T-TBS and twice for 5 min with TBS. The membrane was developed using
chemiluminescent ECL kit (Immobilon Western Chemiluminescent HRP Substrate,
Millipore) and detected by ImageQuant LAS 4000 (GE Healthcare Life Sciences).
This technique was performed as described by Scherer and colleagues (2014).

The Western blot analyses were performed twice.

2.4.3. Gene expression of AChE by quantitative real time RT-PCR

The analysis of AChE expression was performed as described by Scherer
and colleagues (2014) by quantitative real time reverse transcription polymerase
chain reaction (RT-PCR) using SYBR Green | (Molecular Probes) as the

fluorescent detector. Gene sequences of AChE and the housekeeping gene
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Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were acquired from

databases (www.ncbi.nlm.nih.gov and www.ensembl.org) and used for primers’

design with free software available from www.idtdna.com Table 1. Samples from

hippocampus or cortex were dissected, immediately frozen in liquid nitrogen and
stored at -80°C for posterior use. mMRNA was extracted using TRIzol® reagent (Life
Technologies) in accordance with the manufacturer instructions. cDNA synthesis
was carried out with M-MLV Reverse transcriptase (SIGMA) from 2 pg of total
RNA. 2 pL of diluted cDNA (1:20) was used as template for PCR reactions with
Platinum® Taq Polymerase (Life Technologies) in a final volume of 20 pL. The
thermal cycling profile for all genes was an initial denaturation step at 94°C for 10
min followed by 40 cycles of 15 s at 94°C, 15 s at 60°C, 15 s at 72°C for data
acquisition. Reaction specificity and absence of primer-dimer formation was
evaluated using melting curve analysis at the end of each run. Finally, we
confirmed the presence of a single amplicon of the specified size by agarose gel
electrophoresis. All reactions were carried out in a StepOnePlus® real-time PCR
system (Applied Biosystems). Samples relative ratios were calculated by the
comparative CT method (AACT method) (Livak and Schmittgen, 2001), normalized
by the housekeeping gene (GAPDH) and calibrated by the average of the ACT of

the group. Reaction efficiencies of both genes (AChE and GAPDH) were similar.

2.4.4. Protein determination
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The amount of protein in samples was estimated by the method described
by Bradford (1976). For this procedure, a standard curve of purified albumin was

performed.

2.5. Statistical analysis

Differences between test and training latency on inhibitory avoidance task
were assessed by individual (two tailed) Mann-Whitney U tests. Descriptive
statistics data were expressed as median (interval interquartile). Data from novel
object recognition and biochemical tests were evaluated using Student’s t test and
results were presented as mean +S.E.M. or mean +S.D respectively. For all tests
p<0.05 was assumed as statistically significant. All analyses were performed with

the software Statistical Package for the Social Sciences (SPSS; v.20).

3. Results

3.1. GAL impairs long-term memory formation

Firstly, we evaluated the effect of GAL on long-term aversive memory. In the
training session (acquisition) 1 h after GAL infusion no differences in latency were

observed between control and treated animals (U = 40.50; p>0.05). In the test
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session (retrieval) 24 h after the training the group which received GAL infusion

exhibited a lower latency in comparison to the control group (U = 13.00; p<0.01)
(Fig. 1).

The novel object recognition test was applied to access the effect of GAL on
recognition memory. GAL was injected 1 h before training session, in which no
differences where observed in the time exploring the object or in the recognition
index (p>0.05). The time exploring the novel object increased within the control
group [t(24) = 2.983; p<0.01], but it remained unchanged in treated animals [t(30)
= 0.9892; p>0.05] (Fig. 2A). The group treated with GAL also exhibited a reduced

discrimination index [t(27) = 2.243; p<0.05] (Fig. 2B).

3.2. GAL alters AChE activity and gene expression

GAL increased the activity of AChE at 1 h [t(10) = 2.592; p<0.05] and 3 h
[t(10) = 4.201; p<0.01], but 24 h after administration this enzyme activity returned
to normal levels in the hippocampus [t(12) = 0.3932; p>0.05] (Fig 3A). In cerebral
cortex, GAL did not alter AChE activity in none of times tested (p>0.05) (Fig 3B).

GAL did not alter the immunocontent of AChE in hippocampus or cerebral
cortex (data not shown), but this compound decreased AChE mRNA expression in
the hippocampus at 3 h after injection [t(10) = 4.005; p<0.01] (Fig. 4A), but not its
immunocontent [t(11) = 0.5681; p>0.05] (Fig. 4B). In cerebral cortex, the

expression of this enzyme was not changed (p>0.05).
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4. Discussion

In the present study we showed the effects of intracerebroventricular GAL
injection on aversive and novel object recognition memories. We observed that the
injection of GAL 1 h before training session (acquisition phase) impairs memory in
both tested tasks, confirming that the experimental model used is capable of
reproducing memory dysfunction, which is commonly found in galactosemic
patients (Fridovich-Keil and Walter, 2008; Ridel et al., 2005).

The cholinergic system can modulate cognition, emotion and brain electrical
activity (Graef et al., 2011). Cholinergic transmission is essential because it takes
part in the process of memory formation and consolidation even after long time
periods (Giovannini et al., 2015; Izquierdo and Medina, 1997). AChE participates in
the end of cholinergic transmission breaking down acetylcholine in choline and
acetic acid (Pohanka, 2011). Based on this, we also tested the effect of GAL on
AChE. Our results showed an increase in AChE activity in hippocampus at 1 h and
3 h after GAL injection. The immunocontent remained unaltered 3 h after the
injection, whereas the gene expression was decreased, suggesting a homeostatic
recovery of AChE activity observed 24 h after GAL injection. However, alternative
splicing may occur under stress conditions leading to the production of readthrough
AChE, which is barely expressed in physiological conditions (Meshorer and Soreq,
2006; Meshorer et al., 2002). In this study, we have investigated the synaptic
AChE mRNA. Future investigations are necessary to evaluate the readthrough
AChE expression in models of GAL toxicity. These changes in AChE suggest that

GAL may impair the cholinergic system in hippocampus, which could lead to deficit
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in memory formation (Mushtaq et al., 2014). In cerebral cortex, we did not observe
changes on AChE activity. More studies are necessary to understand the effect of
GAL on AChE in different cerebral structures.

It has been shown that AChE activity is increased in some diseases that
affect the brain, including Alzheimer disease (Mushtaq et al., 2014) which seems to
be associated with memory deficits. Similar results were found applying the aging
model, which uses chronic GAL exposure (Lu et al., 2010). Other in vitro studies
demonstrate that GAL did not alter AChE activity in rat brain homogenates
(Marinou et al., 2005; Tsakiris and Schulpis, 2000), but these authors suggest
these results may be due to cellular context loss in homogenates.

It is crucial to understand the mechanisms behind the neuropathology of
classical galactosemia to develop more efficient therapeutic strategies. The current
treatment is based on GAL restrict diet, which does not prevent the neurological
symptoms of classical galactosemia (Calcar et al., 2014; Ridel et al., 2005). In
agreement with our results, changes in the cholinergic system have been
described in an aging model that utilizes a load of GAL (Lu et al., 2010), but in this
study the concentrations of GAL are unknown in tissues. Considering that little is
known about the effects of GAL in the central nervous system, our study seems to
be relevant since GAL levels were similar to those found in brain of patients

affected by classical galactosemia.

5. Conclusions
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In  summary, the present study demonstrated that a single
intracerebroventricular GAL injection impaired aversive and recognition memory in
adult rats. Activity and gene expression of AChE were altered, which may be
associated with the memory impairment caused by GAL. We believe that these
findings may help understand the physiopathology behind the neurological
symptoms of classical galactosemia and open a new approach to study the

disease.
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Legend to Figures

Fig. 1 Effect of intracerebroventricular administration of galactose, injected 1 h
before training session, on step-down inhibitory avoidance. Data are median
(interquartile range) for 10-11 animals in each group. *p< 0.01 Different from the

control group (Mann—-Whitney).

Fig. 2 Effect of intracerebroventricular administration of galactose, injected 1 h
before training session, on novel object recognition. Time spent in each object (A)
and discrimination index (B) in the test session. Note A is the old object and B is
the novel object, and the discrimination index was calculated by the formula [(B-
A)/(A+B)]. Data are expressed as mean = S.E.M. for 13-16 animals in each group.

* p< 0.05; **p< 0.01 Different from the control group (Student’s t test).

Fig. 3 Effect of intracerebroventricular injection of galactose on activity of
acetylcholinesterase in hippocampus (A) and cerebral cortex (B) of rats at different
times after injection. Data are expressed as mean + S.D. for 6-7 animals in each

group. * p< 0.05; **p< 0.01 Different from the control group (Student’s t test).

Fig. 4 Effect of intracerebroventricular injection of galactose on gene expression
(A) and immunocontent (B) of acetylcholinesterase in hippocampus at 3 h after
injection. Data are expressed as mean = S.D. for 6-7 animals in each group. **p<

0.01 Different from the control group (Student’s t test).
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Figures and Table

Tab.1

Table 1 - RT-PCR primers sequence of AChE and GAPDH

Gene N° GenBank (MRNA) N° Ensembl (gene) Primer sequence Amplicon
size
AChE NM_172009 ENSRNOG00000050841 Foward CTGGGTTTGAGGGTACCGAG 114 bp
Reverse TGAGGACAGGTGTGGGAGAA
GAPDH NM_017008 ENSRNOG00000018630 Foward GGTGATGCTGGTGCTGAGTA 272 bp
Reverse ACTGTGGTCATGAGCCCTTC
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Abstract

Classical galactosemia is an inborn error of carbohydrate metabolism in which
patients accumulate high concentration of galactose in the brain. The most
common treatment is a galactose restricted diet. However, even treated patients
develop several complications. One of the most common symptoms is motor
coordination impairment, including affected gait, balance and speech as well as
tremor and ataxia. In the present study, we investigated the effects of
intracerebroventricular galactose administration on motor coordination, as well as
on histological and biochemical parameters in cerebellum of adult rats. Wistar rats
received 5 pL of galactose (4 mM) or saline by intracerebroventricular injection.
The animals performed the beam walking test at 1 h and 24 h after galactose
administration. Histological and biochemical parameters were performed 24 h after
the injections. The results showed motor coordination impairment at 24 h after
galactose injection. Galactose also decreased the number of cells in the molecular
and granular layers of the cerebellum. The immunohistochemistry results suggest
that the cell types lost by galactose are neurons and astrocytes in the
spinocerebellum and neurons in the cerebrocerebellum. Galactose increased
active caspase-3 immunocontent and acetylcholinesterase activity, decreased
glutathione levels, BDNF and acetylcholinesterase immunocontent, as well as
caused protein and DNA damage. Our results suggest that galactose induces
histological and biochemical changes in cerebellum, which can be associated with

motor coordination impairment.
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Introduction

Classical galactosemia is caused by different recessive mutations in the gene
encoding of galactose 1-P uridil transferase [1, 2], which leads to tissue
accumulation of metabolites, mainly galactose (GAL) [2, 3]. The main treatment is
a GAL restrict diet [4]. However, often treated patients, develop disturbances of
coordination throughout their life [5—8]. Moreover, the etiology of the disease is still
poorly understood [9, 10]. Patients with classical galactosemia present alteration in
markers of oxidative stress and in activities of Na*,K*-ATPase and Mg*“"ATPase in
blood [11, 12]. The treatment of patients fibroblasts with GAL alters calcium
homeostasis and causes reticular stress [13]. In this context, classical
galactosemia seems to be a multi-system disorder with a wide range of altered

gene expression [14].

The cerebellum plays a key role on coordination and fine movements as
well as on motor learning. Cerebellar damage may lead to impairment in fine
movement, balance, posture and motor learning [15, 16]. The role of the
cerebellum has been shown to be beyond of the motor coordination, extending to
cognitive function [17, 18]. In this perspective, cerebellar damage is supposed to
trigger the coordination and speech complications of classical galactosemia [8],

since coordination dysfunction affects around 70% of the galactosemic
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population [7, 8]. Cerebellar atrophy is observed in patients with classical
galactosemia [19, 20], also, a case of autopsy study reported several brain
alterations, including cerebellar Purkinje cell loss, spared granular layer and gliosis

[21].

Acute and/or chronic neurodegeneration involves cell death, primarily
neuronal loss; the loss of cells is provoked by apoptosis and/or necrosis [22, 23].
The type of cell death selected depends on the stimulus and the cellular context
and is a result of self-propagating signals [24]. Two distinct pathways initiate
apoptosis: caspase-dependent or caspase-independent pathway [25]. In the active
form, several caspases proteins lead to cell apoptosis. In this context, caspase-3
plays a central role in the intrinsic and extrinsic apoptosis caspase dependent
routes [25-27] and is responsible for most of the observed changes during
apoptosis, such as the enhancement of mitochondrial membrane permeability [28].

Brain-derived neurotrofic factor (BDNF) is a member of the neurotrophic
family of growth factors, BDNF is widespread in the central nervous system and in
the periphery [29]. The mature BDNF binds mainly to TrkB receptors, and plays an
important role in cell survival processes [29, 30]. In addition, BDNF can directly
protect injured neurons from apoptosis by inhibiting the activation of caspases [31].
In line with that, reduced levels of BDNF are found in neurodegenerative diseases
that affect motor structures [29].

The BDNF synthesis is stimulated by neuronal activity [32]. It has been
shown that in the hippocampus BDNF production is directly influenced by

acetylcholine levels [33]. In this context, several studies have shown that
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acetylcholinesterase (AChE) inhibition increases BDNF levels by prolonging
acetylcholine action on its receptors [34, 35]. The crosstalk between the cholinergic
system and BDNF production suggests an important role of the cholinergic system
in cell survival [36].

Glutathione (GSH) is an endogenously synthetized antioxidant, well known
for repairing thiol groups of oxidized proteins and by acting as free radical
scavenger [37, 38]. GSH depletion is involved in the apoptotic processes in both
intrinsic and/or extrinsic pathways [39, 40]. Also, the depletion of GSH content can
cause damage to biomolecules such as proteins and DNA, which contributes to the
spread of apoptotic pathways [41].

Although, it is known that cerebellar atrophy is one of the main findings in
classical galactosemia, and that this may be related to motor disorders found in
patients with this disease. In the present study we aimed to investigate the effects
of intracerebroventricular GAL injection on motor coordination in Wistar rats, and
its relationship with neurons and astrocyte loss. Biochemical parameters related
with cell death, such as active caspase-3 immunocontent, BDNF levels, AChE
activity/immunocontent, GSH levels, sulfhydryl levels and DNA damage, were also

evaluated in cerebellum of rats.

Material and methods

Animals and ethic statements

Sixty-day-old male Wistar rats were obtained from Central Animal House of the

Department of Biochemistry of the Universidade Federal do Rio Grande do Sul
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(UFRGS), Porto Alegre, Brazil. The animals were randomly divided into two
groups: (1) Control (saline-injected) and (2) Galactose (GAL-injected). The rats
were kept on a 12 h light/12 h dark cycle at a constant temperature (22+1°C), with
free access to water and commercial protein chow. Animal care followed the Guide
for Care and Use of Laboratory Animals (NIH publication number 80-23 revised
1996) and the recommendations for animal care of the Brazilian Society for
Neuroscience and Behavior. The project was approved by the local ethics

committee (No. 27786).

Stereotaxic surgery and cannula placement

The animals were anesthetized with ketamine and xylazine (75 and 15 mg/kg i.p.,
respectively). Based on stereotaxic measures, a 27 gauge 0.9 mm diameter
cannula was positioned and fixed in the rat ventricle as detailed described by
Delwing and colleagues [42]. The used coordinates (AP: =0.9 mm; L: -1.5 mm;

DV: -2.6 mm) were based on the atlas of Paxinos and Watson [43].

Galactose administration and tissue preparation

Each animal received a single intracerebroventricular injection (5 pL; 1 pl/min) of
GAL (4 mM) or saline 48 h after the surgery. The solutions were delivered using a
30 gauge needle with 1.0 mm protuberant tip connected by polystyrene tube to a
Hamilton microsyringe. The dosage of GAL was chosen on previous reports of

Tsakiris and colleagues [44, 45]. Our study is an attempt to mimic conditions of
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untreated galactosemic patients, which used to accumulate millimolar

concentration of GAL in the central nervous system [46].

The rats were killed 24 h after the injections. The cerebellum was dissected
out on an ice-cooled dish, subsequently frozen at -80°C until the biochemical

parameters determination.

Beam walking task

The behavioral procedure was performed between 10 a.m. to 1 p.m. The same
investigator performed all experimental sessions, in a controlled light and sound
room. To access locomotor deficits, we modified the protocol described by Lotan
and colleagues [47]. One day prior GAL injection, the rats were trained (three trials)
to traverse a narrow wooden beam (width; 2.5 cm, length; 100 cm). The beam was
elevated 50 cm above the floor by two acrylic boxes. The animals were placed on
one side, with a safe place (a black box) on the other side, encouraging the
animals to walk on the beam. In the test session, the number of hindpaw slips were

counted (three trials) at 1 h and 24 h after GAL infusion.

Histological assessment

After behavioral analysis, the animals were deeply anesthetized with sodium
thiopental (50 mg/kg; i.p.) and transcardially perfused through the left ventricle
using a peristaltic pump (Control Company, Sdo Paulo, Brazil) with saline solution
followed by 4% paraformaldehyde (PFA; Sigma-Aldrich) in 0.1 M phosphate buffer
saline (PBS) pH 7.4 at room temperature. The brains were post-fixed in PFA

53



overnight and kept in 30% sucrose in PBS for 3 days and then frozen. Cerebellar
coronal section (30 um) were mounted on gelatinized glass slides and stained with
hematoxylin and eosin. The slices containing the spinocerebellum and
cerebrocerebellum were prepared based on the atlas of Paxinos and Watson [43].
The slides were visualized with a microscope (Nikon TE300; Nikon, Osaka, Japan)
coupled to a CCD camera (Quantix 512-Roper Scientific Inc., Princeton
Instruments, Princeton, NJ). Images were acquired in BiolP software (Anderson
Eng, Delaware, USA). Ten fields of 14400 pm? each in the granular and molecular
layers per animal were delineated in the software ImageJ, and the cells were

manually counted by an experimenter blinded to the experimental groups.

Cerebellar immunofluorescence

Coronal sections (30 pm) of five animals in each group, containing the
spinocerebellum and cerebrocerebellum areas were obtained using a cryostat
(Leica, Germany). The slices were prepared based on the plates 60 to 62 of the
Paxinos and Watson [43] atlas. The slices were then labeled with the following
antibodies: anti-glial fibrillary acidic protein-astrocyte marker (GFAP; 1:3000,
Sigma-Aldrich), anti-NeuN (neuronal marker; 1:3000, Millipore). The secondary
antibodies were rabbit Ig or mouse Ig Alexa Fluor 488 or 555. The sections were
washed in PBS and blocked for 30 min with 3% bovine albumin serum (BSA,;
Sigma-Aldrich) in PBS with 0.3% Triton-X 100 at room temperature. The sections

were then incubated overnight with primary antibody at 4°C in PBS, 0.3% Triton X-
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100 and 3% BSA. On the following day, the sections were washed in PBS and
incubated with the fluorescent antibodies for 2 h at room temperature in a dark
chamber, washed in PBS, mounted and cover slipped with anti-fading mounting
acidic mount media (DPX). The slides were visualized with a microscope (Nikon
TE300; Nikon, Osaka, Japan) coupled to a CCD camera (Quantix 512-Roper
Scientific Inc., Princeton Instruments, Princeton, NJ). Images were acquired in

BiolP software (Anderson Eng, Delaware, USA).

Oxidative stress parameters

The cerebellum was homogenized in 10 volumes (1:10; w/v) of 20 mM sodium
phosphate buffer, plus 140 mM KCI pH 7.4 and centrifuged at 750 g, the

supernatants were saved and used to determine the oxidative stress parameters.

Reduced glutathione levels (GSH) GSH levels were estimated based on the
method described by Browne and Armstrong [48]. Deproteinized samples were
mixed to 100 mM sodium phosphate buffer plus 5 mM EDTA. In a dark room, the
fluorescent compound (O-phthaldialdehyde 1 mg/ml diluted in methanol) was
added to the media containing the samples. After 15 min the fluorescence was
measured with 420 nm emission and 350 nm excitation. A standard curve was

performed using purified GSH. All samples were run in triplicate.

Sulfhydryl content 5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB) is reduced by
sulfhydryl groups. The product of this reaction is the TNB, which is a yellow
compound. Briefly, 15 yL of sample were added to 275 pL of phosphate buffer
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saline pH 7.4 containing 1 mM EDTA. The reaction was started by the addition of
10 yL of 10 mM DTNB and incubated for 30 min at room temperature in a dark
room. The sulfhydryl content is inversely correlated to oxidative damage to the
protein. Results were reported as nmol of TNB per milligram of protein.
Absorbance was measured at 412 nm. One blank probe was performed for each

sample, whose values were discounted [37]. All samples were run in triplicate.

Single cell gel electrophoresis (comet assay) DNA damage was assessed by
alkaline comet assay, as described by Singh and colleagues [49], following general
recommendation for comet assay [50, 51]. Cerebellar homogenized samples were
suspended in agarose and spread onto a glass microscope slide pre-coated with
agarose. Agarose was allowed to set at 4°C for 5 min. Subsequently, the slides
were incubated in ice-cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris,
pH 10.0, and 1% triton X-100 with 10% DMSO) to clean cell proteins, leaving DNA
as ‘nucleoids’. Afterwards, the slides were placed on a horizontal electrophoresis
system, covered with fresh solution (300 mM NaOH plus 1 mM EDTA, pH > 13) for
20 min at 4°C to allow DNA unwinding and express of alkali-labilesites. The
electrophoresis was run for 20 min (25 V; 315 mA; 0.9 V/cm). The slides were then
neutralized, washed in bidistilled water and stained with silver staining protocol.
After drying at room temperature overnight, gels were analyzed in optical
microscope. One hundred cells (50 cells from each of the two replicate slides) were
evaluated. Cells were visually scored according to the tail length, receiving scores

from O (no migration) to 4 (maximal migration) according to tail intensity. Although,
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the damage index for cells ranged from 0O (all cells with no migration) to 400 (all
cells with maximal migration), all slides were analyzed under blind conditions by

two investigators. Mean values of the scores were presented.

Brain-derived neurotrophic factor (BDNF) immunocontent

The mature BDNF protein was estimated using the E-Max ELISA kit (Promega).
The assay was performed according to the manufacturer's recommendations and

how described by Scherer and colleagues [52].

Western blot analysis

The cerebellum was homogenized in lysis solution (2 mM EDTA, 50 mM Tris-HCI,
pH 6.8, plus 4% SDS) the proteins in the samples were then determine,
subsequently mixed (v/v) in laemmli buffer (40% glycerol, 5% mercaptoethanol, 50
mM Tris—HCI, pH 6.8) and then boiled for 3 min. For the assay, samples were
loaded (30 pg of protein/lane) in 10% polyacrylamide SDS-PAGE. The proteins
were transferred (Trans-blot SD semidry transfer cell; Bio-Rad) to nitrocellulose
membranes, for 1 h at 15 V in a transfer buffer (48 mM Trizma, 39 mM glycine,
20% methanol and 0.25% SDS). In the next step, the membrane was washed
during 10 min in Tris buffer saline (TBS; 500 mM NacCl, 20 mM Trizma, pH 7.5).
The membranes were blocked with TBS plus 5% bovine serum albumin (BSA), for
2 h. Afterwards, the membrane was washed twice during 5 min in T-TBS; TBS plus
0.05% Tween-20. Subsequently, they were incubated overnight at 4°C in a

blocking solution plus the following anti-bodies: rabbit anti-AChE (1:1000; Santa
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Cruz Biotechnology); rabbit anti-GFAP (1:2000; Alpha Diagnostic International)
rabbit anti-capase-3 (1:1000; Sygma); rabbit anti-B-actin (1:1000; Sygma). Then
the membranes were washed twice for 5 min with T-TBS and incubated for 2 h in
antibody solution containing peroxidase-conjugated anti-rabbit IgG (1:2000; Santa
Cruz Biotechnology). In the last step, the membranes were washed twice again for
5 min with T-TBS and twice for 5 min with TBS. They were developed using
chemiluminescent ECL kit (Immobilon Western Chemiluminescent HRP Substrate,

Millipore) and detected by ImageQuant LAS 4000 (GE Healthcare Life Sciences).

AChE activity assay

The cerebellum was homogenized in ten volumes (1:10; w/v) of 0.1 mM potassium
phosphate buffer, pH 7.5 and centrifuged for 10 min at 1.000 g. Hydrolysis rates
were measured at acetylthiocholine concentration of 0.8 mM in 300 pL assay
solution with 30 mM phosphate buffer, pH 7.5, and 1.0 mM 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB) at 25°C. Supernatant from homogenized tissue was
added to the reaction mixture and pre incubated for 3 min. The hydrolysis was
monitored by formation of the thiolate dianion of DTNB at 412 nm for 2-3 min
(intervals of 30 s) (Ellman et al., 1961), with modifications [52, 54]. All samples

were run in triplicate.

Protein determination

The protein amount in the samples was estimated by the method described by
Lowry and colleagues [55] for all techniques, with exception of the AChE activity
where the Bradford [56] method was used.
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Statistical analyses

All data were evaluated by Student’s t test. Behavioral data were presented as
mean =S.E.M.; histological and biochemical data were presented as mean =S.D.
For all tests p<0.05 was assumed as statistically significant. All analyses were
performed with the software Statistical Package for the Social Sciences (SPSS;

v.20).

Results

First, we investigated the effect of GAL administration on motor coordination
assessed by beam walking test. The results showed that GAL does not cause
changes in motor coordination 1 h [t(21) = 0.2642; p>0.05] after injection. However,
rats that received GAL showed significant motor deficit 24 h [t(21) = 2.461; p<0.05]

after GAL administration (Fig. 1).

Considering the results of motor coordination at 24 h after GAL injection, we
decided to evaluate histological and biochemical parameters in cerebellum of rats
at 24 h after GAL injection. The number of cells was counted in the molecular and
granular layers of the spinocerebellum and cerebrocerebellum 24 h after GAL
injection. Fig. 2A and B show that GAL reduced the number of the cells in the
molecular [t(10) = 2.328; p<0.05] and granular [t(10) = 2.770; p<0.05] layers of the
spinocerebellum. However, the number of cells were decreased only in the

molecular [t(10) = 2.923; p<0.05] layer of the cerebrocerebellum (Fig. 2C and D).
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Subsequently, we performed immunofluorescence analysis of the
spinocerebellum and cerebrocerebellum 24 h after GAL injection, in order to verify
which cell type was loss. The slices were co-labeled for immunofluorescence with
neuron-specific nuclear antigen (NeuN) and antibody against Glial Fibrillary Acid
Protein (GFAP) and analyzed using a fluorescence microscopy. We observed a
reduction in GFAP and NeuN-immunostaining in the granular layer of
spinocerebellum as compared with control (Fig. 3). In the granular layer of the
cerebrocerebellum, GAL injection decreased only NeuN-immunostaining with
unaltered GFAP-immunostaining, suggesting neuronal loss in this cerebellar area
(Fig. 4). We also verified the GFAP immunocontent in the whole cerebellum using
the western blot technique, and the result showed no alteration in the GFAP

immunocontent (data not shown).

In order to verify the type of cell death induced by injection of GAL, we
carried out immunoblotting assay against active caspase-3, and measured BDNF
levels, since caspase-3 is a central protein in caspase dependent apoptosis and
BDNF is an important antiapoptotic factor. GAL increased the immunocontent of
active caspase-3 [t(10) = 2.834; p<0.01] and decreased BDNF levels [t(10) =
2.990; p<0.05] at 24 h after GAL injection. These results are compatible with down-

regulated survival mechanisms observed in the cerebellum of treated animals.

AChE is found up-regulated in several brain diseases. It controls the end of
cholinergic transmition, and its activity and/or immunocontent is upregulated during

and after apoptosis. Fig. 6A shows that GAL injection increased AChE activity
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[t(12) = 3.590; p<0.01] and decreased its immunocontent [t(12) = 2.340; p<0.05] in

cerebellum of rats (Fig. 6B).

GSH depletion can facilitate or directly induce cell apoptosis, and also plays
and important role repairing protein damage. In this context, we found that GAL
decreased GSH levels [t(12) = 2.304; p<0.05] in the cerebellum of GAL-treated-
rats (Fig. 7A). Furthermore, the results of sulfhydryl content showed that GAL
decreases the thiol content [t(12) = 3.347; p<0.01], suggesting protein damage
(Fig. 7B). Also, we assessed DNA damage by alkaline comet assay, and Fig. 7C
shows DNA damage [t(10) = 45.81; p<0.001] in the rat cerebellum after GAL

injection.

Discussion

In the present study, we investigated the influence of a single
intracerebroventricular injection of GAL on motor coordination, as well as
histological and biochemical parameters in the cerebellum of Wistar rats. We found
that GAL decreased motor coordination 24 h after injection. In the spinocerebellum,
GAL provoked cell loss in the molecular and granular layers, in which neuronal and
astroglial cell loss was observed. In the cerebrocerebellum, GAL decreased the
cell number in the molecular layer, and immunofluorescence analyses indicated
neuronal loss. Thus, the elucidation of the biochemical alterations of GAL-induced
neurotoxicity provides new evidences to the neurotoxic mechanisms of this
metabolite. In this context, GAL injection provoked enhancement of active

caspase-3 immunocontent, decreased BDNF levels, increased AChE activity,
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decreased AChE immunocontent, depletion of GSH and sulfhydryl and increased

DNA damage.

The beam walking test allows to investigate fine motor coordination and
balance in rodents, motor deficit may be induced by brain injury or by genetic
and/or pharmacological manipulation [57, 58]. The cerebellum has a fundamental
role in the timing and sensory acquisition [59]. Within this perspective, cerebellar
damage may be responsible for several motor disturbances such as: ataxia,
speech and tremor [59, 60]. Corroborating with findings our results show that the
intracerebroventricular GAL injection provokes motor impairments in rats, which

may be associated with the phenotype developed in classical galactosemia.

Cerebellar histological parameters were evaluated, in an attempt to better
understand the consequences of intracerebroventricular GAL administration on
cellular level. We counted the number of cells in the molecular and granular layers
of the spinocerebellum and cerebrocerebellum. Results showed loss of cells in the
molecular and granular layers of the spinocerebellum, as well as cell loss in the
molecular layer of the cerebrocerebellum. It is important to remain that the
spinocerebellum processes the sensory motor inputs; while the cerebrocerebellum
receives input from the motor cortex and is also involved in high cognitive functions

[61].

The immunofluorescence was performed to investigate the spatial influence
of the GAL injection on neurons and astrocytes in the spinocerebellum and

cerebrocerebellum. Results showed neuronal loss in the granular layers of the
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spinocerebellum and cerebrocerebellum, as well as astroglial loss in the
spinocerebellum. These results corroborate with the findings of Crome [21], who
described spared granular layer in the cerebellum of a patient, and with the results
of diffuse cerebellar atrophy in classical galactosemia patients [19, 62]. Neuronal
circuits are important to execute function such as motor [63]. Astrocytes are
essential to neuronal survive and synaptic activity. Thus, astrocyte damage may
lead to pathologies [64], considering that astrocyte depletion seems to be
correlated with neuronal loss [65]. The results of histology and
immunohistochemistry suggest that the behavioral change observed is due to cell
loss in key cerebellar areas responsible for movement coordination. Our results
indicate that the spinocerebellum was more vulnerable to GAL toxicity since

astrocyte and neurons were loss in this area.

Apoptosis may be involved in neurodegenerative process, and a wide range
of internal and/or external stimuli trigger this cell death process. Caspase
dependent is the most common and well kwon apoptosis type [25]. Caspase-3 has
a central role in propagate intrinsic and extrinsic apoptotic signals [25].
Neurotrophins may protect neuronal cells from injury, BDNF plays a key role by
inhibiting caspases activation [31]. BDNF depletion in motor structures like the
cerebellum has been linked with several motor diseases, due to loss of neuronal
survival and/or function [29]. Results showed increased cleaved caspase-3 and
reduced BDNF levels, which is suggesting that the neuronal and astroglial losses

provoked by GAL injection are at least in part due to apoptosis pathway.
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Impairment in the cerebellar cholinergic system has been implicated in
several motor diseases, due the involvement of the cholinergic system in
movement control [66]. Acetylcholine plays a key role in cell survival, and it has
been associated with neurodegenerative diseases [34, 36]. An important finding
that gives support is that cells with increased AChE activity can easily switch to an
apoptotic state by caspases cleavage [67]. Another important fact of its
involvement with cellular death processes is that AChE inhibitors in pathological
state slow down neurodegeneration by increasing BDNF levels [35]. In the present
study, we found increase in AChE activity and decrease of its immunocontent in
cerebellum. We cannot precisely establish the mechanisms that GAL provoked
these alterations; the decreased immunocontent may be an attempt to restore the
normal AChE activity. Although, our results support that the alterations on AChE

activity may be involved in the apoptotic process elicited by GAL.

GSH is a well-known abundant non-enzymatic endogenous antioxidant, and
its depletion is linked with apoptosis and damage to biomolecules [38, 40, 68].
Results showed GSH depletion in the rat cerebellum after intracerebroventricular
GAL injection, and this data corroborate that GAL injection leads to apoptosis in
the cerebellum. Studies showed that low levels of GSH, which may be caused by
genetic disorders or increased levels of free radicals, seem to be related to
cerebellar lesions that may contribute to motor deficits [16, 69, 70]. Results also
showed that GAL injection provoked protein and DNA damage in the rat
cerebellum, probably by GSH depletion. Such damages may contribute to cell fate

decision for apoptosis observed in the present report [41].
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Patients with classical galactosemia usually develop coordination-related
impairments [2, 7, 8], ataxia and tremor are the most frequent observed
complications [7]. GAL is found accumulated at millimolar concentrations in the
brain of patients [46, 71]. The aging model applied in mice and rats that utilizes
chronic GAL administration has been showed several brain alterations provoked by
GAL [72, 73]. In this model, the authors described motor impairment, suggesting to
be due to cellular and biochemical alterations in the cerebellum [73]. Considering
that in our study the concentration of GAL was similar to those found in brain of
classical galactosemia patients, our findings are adding another piece to the puzzle

of GAL neurotoxicity in classical galactosemia.

In summary, in the present study, we showed that GAL provokes
coordination impairment and cell loss in key cerebellar regions responsible for
movement tuning. We also demonstrated that, at least part, the cell loss is
mediated by apoptosis, which may be deeply influenced by the diminished BDNF
and GSH levels, increased AChE activity and damage to biomolecules. Our
findings reinforce the importance of GAL restriction as treatment, and may
contribute to the understanding of the neurotoxicity mechanisms behind the

neuropathology of classical galactosemia.
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Legend of figures

Fig. 1 Effect of intracerebroventricular injection of galactose on motor coordination.
Beam walking test was performed 1 h and 24 h after galactose injection. Data are
expressed as mean = S.E.M. for 10-13 animals in each group. *p< 0.05; Different

from the control group (Student’s t test).

Fig. 2 Effect of intracerebroventricular injection of galactose on the number of cells
in the molecular and granular layers of the spinocerebellum (A and B) and
cerebebrocerebellum (C and D) 24 h after galactose injection. The cell number was
estimated by manually cell counting in 10 fields (14400 pm?) per animal in each
layer. Data are expressed as mean = S.D. for 6 animals in each group. *p< 0.05.
Different from the control group (Student’s t test). Representative images of 6
animals. ML = molecular layer; GL = granular layer. Bar scale = 50 pum

(magnification: 20x).
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Fig. 3 Effect of intracerebroventricular injection of galactose on
immunohistochemistry for GFAP, NeuN and merged in the spinocerebellum of rats
24 h after galactose injection. The panel shows decreased NeuN and GFAP
staining, indicating neuronal and astroglial cell loss in the spinocerebellum 24 h
after galactose injection. Representative images of 5 animals. ML = molecular
layer; GL = granular layer. Bar scale = 30 um (magnification: 40x); 50 um

(magnification: 20x).

Fig. 4 Effect of intracerebroventricular injection of galactose on
immunohistochemistry for GFAP, NeuN and merged in the cerebrocerebellum of
rats 24 h after galactose injection. The panel shows decreased NeuN staining,
indicating neuronal cell loss in the cerebrocerebellum 24 h after galactose injection.
Representative images of 5 animals. ML = molecular layer; GL = granular layer.

Bar scale = 30 pm (magnification: 40x); 50 um (magnification: 20x).

Fig. 5 Effect of intracerebroventricular injection of galactose on active capaspase-3
immunocontent (A) and BDNF immunocontent (B) in the cerebellum of rats 24 h
after galactose injection. Data are expressed as mean + S.D. for 6-7 animals in

each group. *p< 0.05; **p< 0.01; Different from the control group (Student’s t test).

Fig. 6 Effect of intracerebroventricular injection of galactose on
acetylcholinesterase activity (A) and acetylcholinesterase immunocontent (B) in the
cerebellum of rats 24 h after galactose injection. Data are expressed as mean *
S.D. for 6 animals in each group. *p< 0.05; **p< 0.01; Different from the control

group (Student’s t test).
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Fig. 7 Effect of intracerebroventricular injection of galactose on glutathione levels
(A), sulfhydryl levels (B) and DNA damage (C) in the cerebellum of rats 24 h after
galactose injection. Data are expressed as mean £ S.D. for 6-7 animals in each
group. *p< 0.05; **p< 0.01; ***p< 0.001; Different from the control group (Student’s

t test).

Figures

Fig. 1.
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4. DISCUSSAO

A GC é uma doenca hereditaria de origem recessiva, a sintomatologia
desenvolvida nesta condicdo € multipla, afetando varios tecidos (Fridovich-Keil
and Walter, 2008). Com relacdo aos sintomas neuroldgicos, problemas cognitivos
e motores sdo comumente desenvolvidos ao longo da vida dos pacientes, mesmo
estes sendo submetidos a uma dieta restrita de GAL (Fridovich-Keil and Walter,
2008; Ridel et al., 2005). Porém, até o momento, as bases moleculares e celulares
que desencadeiam a sintomatologia neuroldégica ainda ndo estdo bem
estabelecidas (Jumbo-Lucioni et al., 2012).

Além de ser acumulada no cérebro, a GAL pode ser produzida
endogenamente e quando presente em altas concentracfes pode desempenhar
um importante papel neurotéxico na GC (Berry, 2011; Lai et al., 2009). Além disso,
estudos com modelos experimentais de envelhecimento em ratos (Banji et al.,
2013) ou camundongos (Cui et al., 2006), demostraram que a administracdo
cronica de altas concentracbes de GAL € neurotoxica. Nesse contexto, no
presente trabalho, padronizamos um modelo experimental, que € baseado na
infusdo de GAL diretamente no terceiro ventriculo de ratos Wistar através de
injecdo intracerebroventricular.

Nosso objetivo, primeiramente, foi investigar a influéncia da injecéo
intracerebroventricular de GAL sobre a memoria aversiva e de reconhecimento de
objetos. Alem disso, investigamos a atividade, o imunoconteudo e a expressao
génica da AChE em hipocampo e cOrtex cerebral dos animais submetidos a esse

modelo. Os resultados encontrados mostraram que a administracao
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intracerebroventricular de GAL em ratos adultos prejudicou a fase de aquisicdo da
mem©aria aversiva e da memoria de reconhecimento de objetos. Nossos resultados
mostraram também um aumento na atividade da AChE em 1 h e 3 h, bem como
uma diminuicdo na sua expressdo génica no hipocampo de ratos, 3 h apos a
administracao intracerebroventricular de GAL.

O hipocampo e o cortex cerebral possuem uma importancia fundamental
nas diferentes etapas da formacdo da memoria (Izquierdo and Medina, 1997;
Squire, 1992). O sistema colinérgico desempenha diversas funcdes fisioldgicas no
SNC, tais como controle da inflamacé&o (Pavlov et al., 2009; Scherer et al., 2014) e
sobrevivéncia celular (Resende and Adhikari, 2009). O sistema colinérgico
também desempenha um papel fundamental na formacao, consolidacao e uso da
memoéria (Drever et al., 2011; Kukolja et al., 2009). Nesse contexto, a acdo
catalitica da AChE sobre a acetilcolina, desempenha uma importante funcéo
reguladora sobre a acao da acetilcolina em seus receptores (Pohanka, 2011).

Sabe-se que lesbes e alteracdes quimicas hipocampais podem provocar
déficits de memoéria e aprendizado (Kim et al., 2002). Além disso, é bem
estabelecido que o aumento da atividade da AChE esta envolvido, pelo menos em
parte, nos déficits cognitivos de muitas doencas neurodegenerativas (Mushtaq et
al., 2014) Nesse contexto, o uso de inibidores da enzima AChE tem sido utilizados
como importantes ferramentas no tratamento de doengas como Alzheimer, desde
gue essas substancias sado capazes de retardar a neurodegeneracéo, levando a
um melhor progndstico frente aos prejuizos de memoria. Por isso, acredita-se que
o sistema colinérgico desempenha um importante papel na sobrevivéncia celular

(Akaike et al., 2010; Araujo et al., 2011; Resende and Adhikari, 2009).
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Em resumo, os resultados encontrados no primeiro capitulo deste estudo
sugerem que a injegéo intracerebroventricular de GAL aumenta a atividade da
AChE, o que pode estar contribuindo, pelo menos em parte, com os déficits
cognitivos encontrados nas tarefas de memodria realizadas. Esses achados estédo
de acordo com os resultados encontrados nos modelos de injecéo cronica de GAL
gque mostram um aumento da atividade da AChE em diferentes estruturas
cerebrais como hipocampo e coértex cerebral, desencadeando o déficit de memdéria
(Kumar et al., 2010; Lu et al., 2010). Acreditamos que 0s resultados encontrados
sao relevantes, uma vez que, na primeira parte deste estudo mostramos que a
administragao intracerebroventricular de GAL, a uma concentragdo cerebral
encontrada na patologia da GC, pode alterar a atividade e expressdo génica da
AChE em hipocampo de ratos e assim promover déficit de memoéria, o qual
comumente acomete 0s pacientes.

Na segunda parte do presente estudo, buscamos avaliar o efeito da injecao
intracerebroventricular de GAL sobre a coordenag¢do motora, bem como investigar
alguns parametros bioquimicos e histologicos no cerebelo, devido ao papel central
do cerebelo na coordenacdo do movimento (Apps and Garwicz, 2005). NOs
encontramos um prejuizo na coordenagdo motora, bem como uma diminui¢cdo do
namero de células no espinocerebelo e cerebrocerebelo em ratos 24 h apos a
administragéo intracerebroventricular de GAL. Além disso, verificamos uma
diminuicdo da imunofluorescéncia de NeuN e GFAP no espinocerebelo e de NeuN
no cerebrocerebelo desses animais. A perda celular observada no cerebelo,
especialmente a neuronal pode ter um grande impacto sobre a coordenacdo

motora (He et al., 2013). A fim de melhor compreender os mecanismos pelo qual a
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GAL levou a perda neuronal cerebelar, no presente estudo também investigamos
pardmetros bioquimicos de morte celular. Vinte e quatro horas apds a
administracdo de GAL observamos: aumento do imunoconteddo de caspase-3
ativa, diminuicdo dos niveis de BDNF, aumento da atividade da AChE e
diminuicdo do imunoconteddo desta enzima, diminuicdo dos niveis de GSH e
sulfidrilas (dano proteico) e aumento dos niveis de dano ao DNA.

O cerebelo é uma estrutura central envolvida na coordenagdo motora.
Recentes estudos tém mostrado que sua funcdo se estende aos processos
cognitivos (Apps and Garwicz, 2005; Manto et al., 2012; Ramnani, 2006). Assim,
lesbes cerebelares podem provocar déficits motores como: problemas de
equilibrio, postura e desordem e movimento dos membros (Manto et al., 2012). E
importante salientar que na patologia da GC, atrofias cerebelares comumente sao
encontradas (Kaufman et al., 1995; Nelson et al., 1992). O primeiro grande estudo
com pacientes de Waggoner e colaboradores (1990) mostrou que cerca de 20%
dos pacientes sdo afetados por problemas motores, porém, este estudo foi
baseado com a aplicacdo de questionarios entre médicos. Atualmente, estudos
sistematicos mostram que o numero de pacientes com problemas motores atinge

em media 70% dos pacientes com GC (Potter et al., 2013; Rubio-Agusti et al.,

2013).

O teste da trave € uma tarefa que permite avaliar a coordenagcdo motora
fina e equilibrio em roedores. A disfuncdo motora pode ser induzida nestes
animais farmacologicamente, geneticamente e/ou por injuria cerebral (Brooks and

Dunnett, 2009; Luong et al.,, 2011; Wu and Gorantla, 2014). O resultado
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comportamental encontrado no teste da trave mostra que a injecdo
intracerebroventricular de GAL provocou alteragdes motoras nos animais, o qual é

compativel com o fenétipo desenvolvido por pacientes.

A seguir, n6s avaliamos alguns parametros histolégicos no cerebelo de
ratos submetidos a injecao intracerebroventricular de GAL. A contagem manual de
células em laminas cerebelares marcadas com hematoxilina/eosina (H&E)
mostrou que a GAL promoveu uma diminuicdo no numero de células na camada
molecular e granular da regido espinocerebelar. Na regido do cerebrocerebelo a
GAL reduziu o nimero de células na camada molecular. Vale ressaltar que o
espinocerebelo é responséavel pelos movimentos do corpo e membros enquanto o

cerebrocerebelo pelo planejamento dos movimentos (Kandel et al., 2013).

Também avaliamos o efeito da GAL sobre a populacédo neuronal e astroglial
no espinocerebelo e cerebrocerebelo através da imunohistoquimica. Os resultados
mostraram que a GAL provocou perda neuronal na camada granular do
espinocerebelo e cerebebrocerelo, bem como perda de astrécitos no
espinocerebelo. Os nossos resultados corroboram com estudos anteriores, que
mostram um espalhamento da camada granular em um caso de autépsia Crome
(1962) e suportam os achados de atrofia cerebelar comumente encontrada em

pacientes (Kaufman et al., 1995; Nelson et al., 1992).

Circuitos neuronais sdo recrutados para realizar funcdes cerebrais, tais
como funcdo motora (Yuste, 2015). Os astrécitos sdo essenciais para a

sobrevivéncia neuronal, principalmente por “alimentar” a populacdo neuronal,
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dessa forma o dano astroglial pode desencadear patologias (Gundersen et al.,
2015), uma vez que a morte de astrécitos € correlacionada com a perda neuronal
(Schreiner et al., 2015). Assim, o0s resultados encontrados nas analises
histolégicas e imunohistoquimicas podem sugerir, que o0 problema motor
encontrado é devido a morte celular em regides cerebelares responsaveis pela
coordenacdo do movimento. Os processos neurodegenerativos ocorrem ao longo
de anos antes da morte do paciente, tornando dificil a elucidacdo dos mecanismos

moleculares em casos de autopsia (Gorman, 2008).

O uso de modelos animais tem se mostrado uma importante ferramenta na
elucidagdo dos mecanismos moleculares de diversas doengas (Delwing et al.,
2003; Rodrigues et al., 2014; Wyse et al., 1995). Nesse contexto, nés
prosseguimos o estudo avaliando alguns importantes marcadores bioquimicos
para a funcao cerebral, afim de melhor compreender os eventos moleculares que
desencadearam o prejuizo motor e a morte celular apés a injecdo

intracerebroventricular de GAL.

A morte celular pode ser ativada pelo processo de necrose ou apoptose. A
apoptose pode ser ativada por diferentes vias de sinalizagdo, sendo estas
intrinsecas ou extrinsecas, podendo ou ndo ser mediada por proteinas caspases.
A apoptose mediada por caspase € a mais recorrente e a mais bem estudada. As
caspases sao sintetizadas como proteinas inativas e quando clivadas tornam-se
ativas, acarretando na ativagdo sequencial de outras caspases (Hongmei, 2012;
Nikoletopoulou et al., 2013). A caspase-3 é uma proteina central que desempenha

um papel fundamental nas cascatas apoptoticas caspase dependente (Hongmei,
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2012). Os resultados mostraram um aumento significativo no imunocontetdo de
caspase-3 ativa, sugerindo que a perda celular observada no cerebelo, apos
infusao intracerebroventricular de GAL, pode ser provocada por apoptose mediada

por caspase.

O BDNF € uma importante neurotrofina envolvida na sobrevivéncia
neuronal, participando ativamente de mecanismos de plasticidade sinaptica, sendo
que a producdo desta neurotrofina é diretamente estimulada pela atividade
neuronal (He et al., 2013; Zafra et al., 1992). As neurotrofinas protegem células
neuronais da morte, o BDNF atua evitando a ativacdo de proteinas caspases (Kim
and Zhao, 2005). Os niveis reduzidos de BDNF encontrados ap6s a administracédo

de GAL podem explicar a perda neuronal observada no espinocerebelo e

cerebrocerebelo.

Além dos mecanismos de memdria citados anteriormente, o sistema
colinérgico desempenha outras fungdes no SNC tais como: sobrevivéncia celular,
plasticidade sindptica entre outras (Resende and Adhikari, 2009). Assim, a enzima
AChE tem sido muito estudada, devido seu papel finalizador da transmissao
colinérgica (Pohanka, 2011). O aumento na atividade desta enzima implica na
hipofuncéo colinérgica e estd associada com doencas neurodegenerativas e déficit
de memodria (Ferreira et al., 2011; Mushtaq et al., 2014). Nesse contexto, tem sido
mostrado que o uso de inibidores da AChE aumenta os niveis de BDNF e
desacelera o processo neurodegenerativo pela promocdo da sobrevivéncia
neuronal (Bendix et al., 2014). O aumento da atividade da AChE, em nossos

achados, pode estar correlacionado com a diminuicdo do BDNF encontrado. Nos
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encontramos uma diminui¢do no imunoconteddo da AChE, mas ndo sabemos ao
certo as causas deste efeito, porém acreditamos que seja uma estratégia do

tecido para reestabelecer a atividade enzimatica.

A GSH é um tripeptideo sintetizado endogenamente e a sua deplecdo esta
associada com apoptose e dano a biomoléculas (Aoyama and Nakaki, 2015; Circu
and Aw, 2012; Halliwell, 2011). Nossos resultados mostraram que a injecao
intracerebroventricular de GAL diminuiu os niveis de GSH em cerebelo de ratos,
reforcando a hipotese que a GAL provoca apoptose, no modelo experimental
utilizado. Estudos mostram que baixos niveis de GSH podem ser causados por
desordens genéticas ou aumento na producdo de radicais livres e parecem estar
envolvidos com lesBes cerebelares que desencadeiam déficit motor (Doss et al.,
2015; Franco et al.,, 2006; Ristoff and Larsson, 2007). Além disso, a GAL
aumentou o indice de dano ao DNA e a proteinas (diminuindo os niveis de
sulfidrilas). Esses resultados, podem também explicar a morte celular observada

nas analises histoldgicas.

Pacientes com GC geralmente desenvolvem problemas de coordenacédo
motora tais como ataxia e tremor. Banji e colaboradores (2013), mostraram
similarmente aos nossos resultados, que o tratamento crénico com GAL provocou
déficit motor devido a alteragBes celulares e bioquimicas. Considerando que em
nosso estudo foi utilizada uma concentracdo de GAL normalmente encontrada no
SNC de pacientes, nossos achados contribuem para o entendimento da

neurotoxicidade da GAL na fisiopatologia da GC.
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Na segunda parte do presente estudo, mostramos que a GAL promove
prejuizo na coordenacdo motora e morte celular em regides cerebelares
responsaveis pela sincronia do movimento. Além disso, foi mostrado que a perda
celular é mediada, pelo menos em parte, por apoptose que pode ter sido
fortemente influenciada pela diminuicdo dos niveis de BDNF e GSH, bem como
pelo aumento da atividade da AChE e pelo dano a biomoléculas (DNA e
proteinas). Tais resultados podem contribuir para um melhor entendimento da

toxicidade da GAL sobre o cerebelo na GC.

Resumidamente, podemos sugerir que o modelo experimental desenvolvido
foi capaz de reproduzir caracteristicas comportamentais (memoria e coordenacao
motora) normalmente encontradas comprometidas na doenca da GC. Além disso,
mostramos alteracbes em nivel molecular e celular no hipocampo e cerebelo,
provocadas pela administragao intracerebroventricular de GAL. Esses resultados
reforcam a importancia da restricdo dietética de GAL, também adicionam
importantes informacfes a respeito do papel neurotdxico da GAL na patologia da

GC.
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5. CONCLUSOES

® A administragao intracerebroventricular de galactose em ratos:

v Prejudicou a memaria aversiva e de reconhecimento de objetos,
além disso provocou no hipocampo:
= Aumento na atividade da AChE;

* Diminuigdo do mRNA da AChE.

v Prejudicou a coordenag¢d@o motora fina, além disso, alterou
parametros histologicos e bioquimicos em cerebelo, tais como:
* Diminui¢do no nimero de células, contadas por H&E;
» Diminui¢do da imunomarcacao de astrocitos e neurdnios;
= Diminuicdo de GSH;
= Aumento no dano de DNA e proteinas;
= Aumento da caspase-3 ativa;
* Diminui¢do do BDNF;
» Aumento da atividade da AChE e diminuicéo de seu

imunoconteudo.
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6. PERSPECTIVAS

Investigar parametros de neuroinflamacéo em cerebelo e hipocampo; de
ratos submetidos a inje¢ao intracerebroventricular de GAL, tais como: TNF-
a, IL-1B8 e IL-6, bem como o imunocontetdo de IBA-1;

Investigar o efeito da administracdo intracerebroventricular de GAL sobre
parametros de metabolismo energético em cerebelo e hipocampo de ratos,
tais como: massa mitocondrial e potencial de membrana mitocondrial,
atividade das enzimas (complexo da piruvato desidrogenase, citrato sintase
e dos complexos da cadeia respiratéria, bem como os niveis de ATP);
Investigar o efeito da administracdo intracerebroventricular de GAL sobre
parametros de morte celular (anexina e Pl) em cerebelo e hipocampo de
ratos;

Investigar o efeito da administracdo intracerebroventricular de galactose

sobre a atividade, imunocontetido e expressio génica da Na*,K*-ATPase.
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