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RESUMO

Mucopolissacaridose do tipo I (MPS 1) é uma doenca de acumulo
lisossomal que leva a neurodegeneracao e déficits neuroldgicos, entre outras
consequéncias patoldgicas e clinicas. A auséncia de estudos sobre parametros
neurocomportamentais do modelo murino de MPS | capazes de avaliar sua
funcdo cognitiva motivou a realizacao deste trabalho. O primeiro nosso objetivo
foi analisar parametros cognitivos que possam ser utilizados na avaliacdo de
diferentes terapias e seus efeitos sobre o SNC. Durante a exploracdo do
campo aberto, camundongos MPS | (Idua™) adultos mostraram locomocéo e
ansiedade normais, mas reduzido nimero de rearings. Camundongos Idua™
tiveram uma performance normal no reconhecimento de objeto novo e
mostraram memoria de curta duracao de esquiva inibitéria normal. Entretanto a
memoria de longa duracdo de esquiva inibitéria estava prejudicada. O déficit
observado na esquiva inibitéria ndo pode ser atribuido a reducéo na reatividade
ao choque. Os resultados indicam que camundongos Idua”™ apresentam um
déficit na memoria de longa duragdo para treinamento aversivo e
comportamento exploratorio. O segundo objetivo foi avaliar biomarcadores de
estresse oxidativo neste modelo animal. NOs avaliamos atividade enziméatica
antioxidante, dano a proteinas e peroxidacao lipidica no telencéfalo, cerebelo,
coracao, pulméo, diafragma, figado, rim, e baco. De oito 6rgédos analisados,
sete tiveram alteracdo em no minimo um parametro. Os resultados indicam que

camundongos Idua’ podem estar sofrendo estresse oxidativo.



ABSTRACT

Mucopolysaccharidosis type | (MPS 1) is a lysosomal storage disease
that leads to neurodegeneration and neurological deficits, among other
pathological and clinical consequences. The absence of behavioral parameters
from the MPS | mouse model motivated the accomplishment of this work. Our
first objective was to analyze behavioral parameters that might be used to
essay the effect of different therapies on the CNS. During exploration of an
open field, adult MPS | (Idua™) mice showed normal locomotion and anxiety,
but reduced number of rearings. Idua’” mice performed normally in a novel
object recognition memory task and showed normal short-term retention of
inhibitory avoidance training. By contrast, long-term retention of inhibitory
avoidance was impaired. The deficit in inhibitory avoidance memory could not
be attributed to reduced footshock reactivity. The results indicate that Idua™
mice present deficits in long-term memory for aversive training and reduced
exploratory behavior. The second aim was to evaluate oxidative biomarkers on
this mice model. We evaluated antioxidant enzymatic activity, protein damage
and lipid peroxidation on forebrain, cerebellum, heart, lung, diaphragm, liver,
kidney and spleen. From eight analyzed organs, seven had alteration on at
least one parameter. The results indicate that Idua” mice can be under

oxidative stress.



INTRODUCAO

As Doencas de Acumulo Lisossomal (LSD) sédo causadas por defeitos na
atividade de proteinas lisossomais, resultando no acumulo de metabdlitos ndo
degradados dentro do lisossomo. Esse acumulo causa alteracdes nas células,

nos tecidos e nos 6rgaos (NEUFELD & MUENZER, 2001).

Os lisossomos contém cerca de 50 a 60 hidrolases (JOURNET et al.,
2002) e, no minimo, sete proteinas transmembranas (ESKELINEN et al., 2003).
Teoricamente, mutacbes em qualquer gene codificante dessas proteinas
podem causar LSD. At¢é o momento, sdo conhecidas mais de 40 LSD

envolvendo defeitos em hidrolases.

As LSD sdo normalmente monogénicas e podem existir no fendtipo
classificado como infantil, juvenil ou adulto. O fenétipo mais grave, o infantil,
apresenta dano ao Sistema Nervoso Central (SNC) nos primeiros anos de vida
e morte na primeira década. O fenétipo adulto tem seus sinais mais brandos,
havendo pouco ou nenhum dano ao SNC e as lesdes periféricas sdo as
principais modificacdes - aumento do figado e baco (hepatoesplenomegalia),
anormalidades esqueléticas e danos ao coragédo e ao rim. O fenotipo juvenil
apresenta alteragcfes intermediarias entre o infantil e o adulto (FUTERMAN &

VAN MEER, 2004).

Uma questéo importante a ser respondida sobre as LSD € quanto as rotas
bioquimicas e celulares que causam a fisiopatologia da doenca. O acumulo de

metabalitos leva a disfuncdes na célula: o compartimento lisossomal cresce em
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tamanho e numero na tentativa de armazenar o aumento progressivo da
concentracdo dos metabdlitos. Contudo, a interpretagcdo dessa disfuncéo
celular ndo explicaria toda a complexidade da doenca (JEYAKUMAR et al.,
2005). O acumulo de substratos no lisossomo é a causa priméria do dano,
entretanto, devido a extensa sintomatologia observada, supfe-se que haja

rotas de danos secundarios e/ou terciarios (FUTERMAN & VAN MEER, 2004).

As LSD séo classificadas de acordo com o substrato acumulado. As
mucopolissacaridoses (MPS) acumulam glicosaminoglicanos (GAGS),
antigamente denominados mucopolissacarideos. Os glicosaminoglicanos séo
polissacarideos lineares de cadeia longa. Existem quatro tipos de GAGs:
dermatan sulfato, heparan sulfato, keratan sulfato e condroitin sulfato; sendo
que todos podem ser acumulados nas MPS. Esses polissacarideos integram
macromoléculas da matriz extracelular, dos fluidos articulares e do tecido
conjuntivo do corpo humano, podendo também constituir a superficie celular
(BERNFIELD et al., 1999; 10ZZ0O, 2001). Entre as funcBes normais dessas
moléculas, estdo a sinalizacdo na juncdo neuromuscular (WALLACE, 1989;
HOCH, 1999), a formacdo da cartlagem e da juncdo neuromuscular
(ARIKAWA-HIRASAWA et al., 2001; ARIKAWA-HIRASAWA & YAMADA,
2001), a manutencao da retina (SERTIE et al.,, 2000) e da integridade do

glomérulo (GROFFEN et al., 1999).

Existem seis diferentes MPS classificadas numericamente como |, II, I,
IV, VI e VIl. Sdo causadas pelo déficit de onze enzimas necessarias para a
degradacdo sequencial dos GAGs. Essas enzimas incluem exoglicosidades,

sulfatases e uma transferase (FUTERMAN & VAN MEER, 2004).
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O fendtipo dos pacientes afetados e o tipo de GAG acumulado variam
dependendo da enzima afetada e de sua atividade residual. Em geral, todos os
portadores da doenca apresentam um quadro progressivo com envolvimento
de mdltiplos orgdos e alteragfes faciais. As MPS sdo doengas autossémicas

recessivas, com excecdo da MPS Il, que é ligada ao cromossomo X.

A MPS | é causada pela deficiéncia da enzima a-L-iduronidase,
necessaria para a quebra de dermatan sulfato e heparan sulfato. Essa enzima
€ uma exoglicosidade, hidrolisando residuos de acido a-L-idurénico na porgéao
terminal de heparan e keratan sulfato. Esse € o primeiro passo na rota normal

de degradacao dos GAGs mencionados acima.

O heparan sulfato esta presente no cérebro, no tecido conjuntivo, no
cOrtex O6sseo, na placa de crescimento 6sseo, no coragdo, nos cabelos, no
figado e no rim. O dermatan sulfato € encontrado no cortex e na placa de
crescimento 0sseo. Esses dois polissacarideos estdo presentes em
praticamente todos os tecidos do corpo humano. Dessa forma, a MPS |

apresenta um numero grande de tecidos afetados.

A deficiéncia de a-L-iduronidase pode resultar num espectro amplo da
doenca, havendo trés subtipos: Hurler, o fenétipo infantil; Scheie, o fenétipo
adulto, e um intermediario, Hurler-Scheie. Outros fendétipos que nao se
enquadram nos trés subtipos podem ocorrer. O diagnéstico da MPS | é
confirmado por um nivel baixo ou indetectavel da enzima nos leucécitos ou nos

fibroblastos da pele e por uma concentracdo alta de fragmentos de GAGs na

urina.
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Os pacientes com sindrome de Hurler sdo normais ao nascimento,
desenvolvendo os sintomas da patologia mais tarde. O diagnéstico da doenca
€ geralmente feito entre seis e 24 meses e as anormalidades incluem atraso no
crescimento, problemas cardiacos, alteracdes faciais e esqueléticas, perda de
visdo e audicdo, aumento de excrecdo de GAGs na urina, problemas
articulares, organomegalias e comprometimento do SNC com retardo mental
grave (NEUFELD & MUENZER, 2001). A morte dos pacientes ocorre entre oito

e 10 anos devido a problemas cardiacos e/ou respiratorios.

A forma mais branda da MPS |, a sindrome de Scheie, apresenta
opacificagdo da cérnea, problemas articulares e valvulopatias. A inteligéncia e
estatura sao normais. O diagnéstico da doenca € geralmente feito entre 10 e 20

anos de idade, sendo normal a expectativa de vida.

A sindrome de Hurler-Scheie apresenta um fenétipo intermediario com
envolvimento de multiplos 6rgdos, disostose mdltipla e pouca ou nenhuma
disfuncéo intelectual. O diagnéstico é normalmente feito entre trés e oito anos.

Geralmente, os pacientes sobrevivem até a idade adulta.

A a-L-iduronidase, assim como outras hidrolases afetadas nas LSD, é
direcionada do complexo de Golgi para o lisossomo através da marcagcao com
residuos de manose-6-fosfato. Esses residuos sao reconhecidos por
receptores de manose-6-fosfato e internalizados no lisossomo (MYEROWITZ &
NEUFELD, 1981). Como esses receptores também se encontram na
membrana plasmatica, hidrolases marcadas podem “escapar’ de células
produtoras dessas enzimas e serem internalizadas por células que néo

apresentam hidrolases funcionais, permitindo que células deficientes recebam
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as enzimas e diminuam o acumulo lisossomal. Esse € o principio utilizado nas

terapias de reposi¢cao enzimatica e génica para tratamento das LSD.

As terapéuticas aprovadas para MPS | sdo a terapia de reposigcéo
enzimatica e o transplante de medula Ossea. Na terapia de reposicdo
enzimatica, existe a possibilidade de utilizar enzimas modificadas com melhor
captacdo pelas células, maior atividade e/ou melhor estabilidade para
maximizar sua eficacia. A principal vantagem do transplante de medula 6ssea é

a producdo da enzima pelas células do Sistema Imunolégico transplantado.

Nas LSD, a correcdo do dano ao SNC € o maior desafio e continua sem
solugdo. Nao existe tratamento eficaz para a lesdo cerebral em pacientes
portadores de LSD (JEYAKUMAR et al., 2005); e, infelizmente, a maioria
dessas doencas afeta 0 SNC (WRAITH, 2004). As hidrolases ndo atravessam a
barreira hematoencefélica. Dessa forma, as terapias de reposi¢cdo enzimatica e
génica ndao atingem o SNC, exceto em caso de administracdo direta. No
transplante de medula éssea, a enzima chega ao SNC através de macréfagos
que cruzam a barreira hematoencefalica (NEUMANN, 2006). Entretanto,
problemas como a incompatibilidade doador-receptor dificultam o uso rotineiro

dessa terapia.

Na MPS I, é desconhecida a etiologia da neurodegeneracdo. Nos
modelos de MPS |, foram observadas alteracbes morfolégicas neuronais
(DEKABAN & CONSTANTOPOULOQS, 1977; WALKLEY et al., 1988). Contudo,
sua influéncia na patologia ndo foi estabelecida. O acumulo cerebral de
gangliosideo GM2 e gangliosideo GM3 (GM2 e GMS3, respectivamente) esta

associado a neuropatologia de diversas doencas, alterando o reconhecimento
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celular na sinaptogénese e promovendo a apoptose celular (WALKLEY et al.,
1991). Na MPS I, o acumulo desses gangliosideos € um marcador do processo
neurodegenerativo (CONSTANTOPOULOS et al., 1980;
CONSTANTOPOULOS et al.,, 1985; RUSSELL et al., 1998), aumentando

guantitativamente conforme a progresséo e a gravidade da doenca.

Nas LSD, a morte neuronal geralmente ocorre nos estagios finais e ndo
explica per se o comprometimento do SNC. Nos estagios iniciais da doenca, a
morte das células de Purkinje do cerebelo constitui uma excecdo
(JEYAKUMAR et al., 2005) e foi observada nas doencas de Niemann-Pick do
tipo C (NPC) (WALKLEY, 2004), de Sandhoff (WADA et al., 2000) de Gaucher

e MPS | (RUSSELL et al., 1998) E. Neufeld (comunicacéo pessoal).

Os glicosaminoglicanos influenciam a formacgéo de placas senis e estédo
envolvidos na patogénese da doenca de Alzheimer (BAHR & BENDISKE, 2002;
VAN HORSSEN et al., 2003). Em um estudo post mortem, GINSBERG et al.
(1999) avaliaram a existéncia de placas senis em pacientes portadores de MPS
I. Embora os achados tenham sido negativos, verificou-se um aumento na
concentracéo do peptideo beta-amiléide soluvel no citosol dos neurénios. Esse
peptideo € considerado central na etiologia da doenca de Alzheimer, existindo

a possibilidade de ser uma rota secundaria de dano cerebral na MPS |.

O desequilibrio na homeostase do célcio estd associado a
neuropatologia de algumas LSD, como a doenca de Gaucher, a doenca de
Sandhoff (PELLED et al., 2003) e a mucolipidose do tipo IV (LAPLANTE et al.,

2002). Possivelmente, a auséncia de equilibrio do calcio no SNC seja um dos
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fatores contribuintes para a neuropatologia das MPS. Contudo, até o presente

momento, nenhum estudo foi realizado enfocando essa instabilidade na MPS I.

Consideravel atencdo tem sido dada a inflamagdo no SNC e ao seu
papel na neurodegeneracdo nas LSD. O processo inflamatério cerebral ja foi
encontrado em diferentes LSD: nas gangliodisoses GM3 (WADA et al., 2000;
MYEROWITZ et al., 2002; JEYAKUMAR et al., 2003) e GM2 (JEYAKUMAR et
al., 2003), na doenca de NPC (BAUDRY et al., 2003), na doenca de Krabe

(PEDCHENKO & LEVINE, 1999) e nas MPS do tipo | e Ill (OHMI et al., 2003).

O processo inflamatério € mediado pelas células do Sistema
Imunoldgico. Essas células apresentam um sistema lisossomal bem
desenvolvido, estando frequentemente afetadas nas LSD (AULA et al., 1975;
BRUCK et al., 1991; KIESEIER et al., 1997). JEYAKUMAR et al. (2005)
propuseram ser a liberagdo de radicais livres e citocinas decorrente da
disfuncdo das células da microglia uma das causas do dano cerebral presente
nessas doengas. Tratamentos com antioxidantes abrandaram a sintomatologia
de algumas LSD (BASCUNAN-CASTILLO et al., 2004), sugerindo uma

influéncia do desequilibrio oxidativo nessas patologias.

O estudo das LSD obteve um grande avanco devido ao uso de modelos
animais (NEUFELD & MUENZER, 2001). No nosso estudo, utilizou-se o
modelo de OHMI et al. (2003), que inativaram o gene da a-L-iduronidase (Idua)
pela insercdo do gene de resisténcia a canamicina. Os animais homozigotos
para a disrup¢ao do gene (animais ldua™) n&do possuem atividade alguma da

referida enzima, tornando-os 0 modelo murino da sindrome de Hurler. Esses
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camundongos apresentam fendtipo similar ao do modelo desenvolvido por

CLARKE et al. (1997).

O modelo murino da MPS | desenvolvido por CLARKE et al. (1997) exibe
fendtipo normal ao nascimento e aparecimento gradual das alteracbes
caracteristicas da patologia. Com quatro semanas de vida, os machos
knockout (animais Idua™) podem ser diferenciados dos controles pelas
alteracdes faciais e vertebrais. Modificagdes histoldégicas na tibia sé&o
observadas com seis semanas de idade e, com oito semanas, 0S animais
mostram patas alteradas. As alteracOes faciais progridem lentamente, exibindo
fenétipo bem distinguivel as 16 semanas de idade. Animais jovens locomovem-
se normalmente, entretanto, os animais knockout sdo praticamente incapazes
de locomover-se as 40 semanas. Na idade de 57 semanas, observa-se a
disostose multipla, fenotipo similar ao dos pacientes portadores da sindrome de

Hurler.

No SNC dos animais Idua’, ha aumento gradual da concentracdo de
GM2 e GM3. Ocorre também morte progressiva das células de Purkinje, com
deplecao total na idade de 40 semanas. Durante toda a vida desses animais,

observa-se aumento da excrecao de GAGs.

Os animais knockout atingem a idade adulta e sua sobrevida ultrapassa
as 85 semanas. Essa diferenca em relagcdo aos pacientes com sindrome de
Hurler, cuja morte ocorre na infancia, pode ser devida a diversidades entre
espécies com relacdo ao acumulo dos GAGs, aos efeitos secundarios desses

acumulos ou a necessidade temporal para manifestacdo dos sintomas.
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OBJETIVOS

A inexisténcia de estudos sobre parametros neurocomportamentais do
modelo murino de MPS | capazes de avaliar sua fungdo cognitiva motivou a
realizacédo deste trabalho. O nosso objetivo foi analisar parametros cognitivos
que possam ser utilizados na avaliacdo de diferentes terapias e seus efeitos

sobre o SNC.

Evidéncias do envolvimento de processo inflamatorio e estresse
oxidativo levaram-nos a avaliar diferentes biomarcadores de estresse oxidativo
no SNC, corac¢éo, pulméo, diafragma, figado, rim e baco do modelo murino de

MPS I.
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Mucopolysaccharidosis type I (MPS I) is a lysosomal storage disease that leads to
neurodegeneration and neurological deficits, among other pathological and clinical
consequences. The aim of the present study was to evaluate neurobehavioral parameters
in a genetic mouse model of mucopolysaccharidosis type I (MPS I). During exploration of an
open field, adult MPS I (Idua™") mice showed normal locomotion and anxiety but reduced
number of rearings. Idua™~ mice performed normally in a novel object recognition memory
task and showed normal short-term retention of inhibitory avoidance training. By contrast,
long-term retention of inhibitory avoidance was impaired in Idua™~ mice. The deficit in
inhibitory avoidance memory could not be attributed to reduced footshock reactivity. The
results indicate that Idua™ mice present deficits in long-term memory for aversive training
and reduced exploratory behavior.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Mucopolysaccharidosis type I (MPS I) is a heritable lysosomal
storage disease resulting from a deficiency of alpha-L-idur-
onidase, the enzyme required for degradation of glycosami-
noglycans (GAGs) dermatan sulfate and heparin sulfate. In
affected children, mutations in the IDUA gene lead to GAG
accumulation in lysosomes, tissue pathology, and severe
clinical features including growth delay, altered facial fea-
tures, skeletal abnormalities, hepatosplenomegaly, and cen-

tral nervous system (CNS) deficits (Scriver, 2001). Neu
rodegeneration, severe mental retardation and death in
childhood are seen in the most severe phenotype of MPS I,
Hurler syndrome, which results from homozygosity for some
mutations in the IDUA gene (Scott et al., 1995; Scriver, 2001).
The availability of a genetic mouse model of MPS I (Idua™")
makes it possible to investigate the neurological deficits
associated with MPS I (Clarke et al., 1997; Ohmi et al., 2003;
Hartung et al., 2004). A previous study has suggested that
Idua™~ mice show impaired memory assessed in an open field
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habituation paradigm (Hartung et al., 2004). In addition,
cognitive deficits have been observed in mouse models of
other types of lysosomal storage disease. For instance, MPS VII
show impaired spatial memory (Chang et al., 1993; Frisella et
al., 2001). However, a detailed behavioral analysis of Idua™~
mice has not been previously reported. In the present study,
we investigated open field behavior, memory for aversive
training, and recognition memory in Idua™" mice. Develop-
mental and metabolic features of Idua”~ mice have been
described elsewhere (Hartung et al., 2004).

2. Results
2.1. Open field behavior

Results for open field behavior are shown in Fig. 1. There were
no significant differences between groups in the latency to
start locomotion (P = 0.93; Fig. 1A), number of crossings
performed (P = 0.24; Fig. 1B), or defecation (P = 0.43; Fig. 1D)
indicating that Idua”~ mice showed no alterations in locomo-
tion or anxiety. However, Idua™~ mice showed a significantly
lower number of rearings, which indicates reduced explorato-
ry behavior, compared to control animals (P < 0.05; Fig. 1C).

2.2. Novel object recognition

In the recognition memory task, there was no difference
between groups in the total time spent exploring both objects
during the training trial, indicating that both groups showed
similar locomotion and motivation during task acquisition.
Mean =+ SE total exploration time (s) was 14.00 + 3.12 s in control
mice and 13.10 + 1.98 s in Idua™~ animals (P = 0.81). In addition,
there was no significant difference between groups in explor-
atory preference in the training trial (P = 0.71) (Fig. 2A). There
were no significant differences between groups in short (P =0.55;
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Fig. 2B)- or long-term (P = 0.66; Fig. 2C) memory retention of the
object recognition task. Both groups showed significant prefer-
ence towards the novel object during both the short- and long-
term retention test trials (both Ps < 0.01 in the short-term
retention test trial and both Ps <0.05 in the long-term retention
test trial). These findings indicate that Idua”~ mice showed no
alterations in novel object recognition memory.

2.3. Inhibitory avoidance

Results for inhibitory avoidance are shown in Fig. 3. There
were no significant differences between groups in training
trial performances (P = 0.75; mean + SE overall training trial
step-down latencies was 9.04 + 4.01 s). There was no
significant difference between groups in short-term inhibitory
avoidance retention (P = 0.96) (Fig. 3A). However, Idua™~ mice
showed impaired long-term retention when compared to the
control group (P < 0.01) (Fig. 3B). These results indicate that
Idua™" mice showed impaired long-term memory for inhibi-
tory avoidance training.

2.4. Footshock reactivity

There was no significant difference between groups in
reactivity to the footshock assessed by flinch (Fig. 4A) and
jump (Fig. 4B) thresholds (Ps = 1.00 and 0.11 for flinch and jump
thresholds respectively), indicating that Idua™" mice showed
no alterations in nociception.

3. Discussion

The main result of the present study is that Idua™" mice, a
mouse model of MPS I, showed impaired long-term memory of
inhibitory avoidance, a type of single-trial aversively motiva-
ted conditioning, whereas no alterations were observed in
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Fig. 1 - Open field behavior in Idua™~ and control mice. Animals were left to freely explore the arena for 5 min. Data are
mean = SE (A) latency to startlocomotion (s), (B) number of crossings, (C) number of rearings, and (D) number of fecal pellets. N=9

animals in the control group and 11 animals in the Idua™

~ group. *Significant difference from the control group (P < 0.05).
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Fig. 2 - Novel object recognition memory in Idua™~ and
control mice. Memory retention was tested at 1.5 h
(short-term memory retention) or 24 h (long-term memory
retention) after training. Data are median (interquartile
ranges) exploratory preferences during the (A) training, (B)
short-term retention test, or (C) long-term retention test
trials. Exploratory preference was defined as % time
exploring object A2 during training or % time exploring the
novel objects B and C during short- and long-term retention
test trials). N =9 animals in the control group and 11 animals
in the Idua™" group. There was no significant difference
between groups.

short-term inhibitory avoidance retention or novel object
recognition memory. In addition, Idua”~ animals showed
normal locomotion and anxiety but reduced exploratory
behavior assessed during exploration of an open field. Because
Idua™~ mice showed normal short-term retention of inhibitory
avoidance and no alterations in footshock reactivity, the
deficit in long-term inhibitory avoidance memory could not
be attributed to alterations in nociception or other sensori-
motor functions.

The clinical manifestations of MPS I include a range of
neurological deficits. Severe mental retardation, neurodegen-

eration, and death in childhood are observed in Hurler
syndrome, the most severe form of MPS I (Scott et al., 1995).
Other types of MPS (for instance, MPS IIIB) are also associated
with severe CNS dysfunction and neurodegeneration (Scott et
al., 1995; Scriver, 2001). Idua™~ mice provide a mouse model of
MPSIthat makesit possible to characterize functional deficitsin
different rodent models of neurological function and evaluate
the potential protective effects of experimental therapeutic
approaches against the neurological deficits associated with
MPS I (Clarke et al., 1997; Ohmi et al., 2003; Hartung et al., 2004).

A previous study (Hartung et al, 2004) has described
several abnormalities in Idua™~ mice, including higher levels
of urinary GAG and GAG lysosomal storage, increased body
weight, and craniofacial abnormalities. The only measure of
neurological function investigated in that study was habitu-
ation, a type of nonaversive, nonassociative memory (Vianna
et al.,, 2000), in which Idua”~ mice showed impaired perfor-
mance when compared to controls. In contrast, our findings
indicate that Idua™”~ mice showed impaired memory for
aversively motivated training, whereas memory for a non-
aversive task was normal. The mechanisms underlying the
differential ability of Idua™”~ mice to learn memories for
different types of tasks remain to be determined. Formation
of long-term memory for aversively motivated memory tasks
such as inhibitory avoidance is importantly influenced by the
release of hormones and neurotransmitters associated with
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Fig. 3 - Memory for inhibitory avoidance training in Idua™~
and control mice. Memory retention was tested at (A)

1.5 h (short-term memory retention) or (B) 24 h (long-term
memory retention) after training. Data are median
(interquartile ranges) retention test latencies to step-down.
N = 8 animals per group. **Significant difference from the
control group (P < 0.01).
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Fig. 4 - Footshock reactivity in Idua™~ and control mice. Data
are means = SE (A) flinch and (B) jump thresholds (mA). N =7
animals per group. There was no significant difference
between groups.

exposure to emotional events, and the basolateral amygdala
is a critical brain area mediating these modulatory influences
on long-term memory consolidation (for a review, see
McGaugh (2000)). Thus, it is possible that alterations in
hormonal responses to stressful events and/or changes in
amygdala function are involved in the selective impairment
of long-term aversive memory in Idua”~ mice observed in the
present study. Memory function has also been investigated in
other mouse models of lysosomal storage diseases. Thus,
MPS VII mice show impaired spatial memory assessed either
in the Morris water maze (Chang et al., 1993; Frisella et al,,
2001) or in a reward learning protocol (Brooks et al., 2002). In a
mouse model of Niemann-Pick type C disease, knockout
animals showed reduced exploratory behavior and impair-
ments of spatial memory and habituation (Voikar et al., 2002).
Evaluating memory function in a mouse model of metachro-
matic leukodystrophy (MLD), Consiglio et al. (2001) observed
that MLD mice showed impaired memory in a radial arm
maze task and a nonsignificant reduction in performance in
inhibitory avoidance and active avoidance tasks. Our finding
that Idua”~ mice show impaired long-term inhibitory avoid-
ance memory indicates that aversively motivated mouse
models of learning and memory can be used for the
characterization of neurological deficits associated with
those diseases as well as for the evaluation of the effects of
potential novel therapeutics.

Further research is necessary to investigate the neuro-
chemical and neuropathological alterations mediating the
selective dysfunction of long-term aversive memory in Idua™~
mice observed in the present study. Although both short- and
long-term memory for inhibitory avoidance depend on the

functional integrity of the dorsal hippocampus (Izquierdo and
Medina, 1997; McGaugh, 2000; Roesler et al., 2003; Quevedo et
al., 2004), formation of these types of memory is mediated by
different neurochemical mechanisms. For instance, consoli-
dation of long- but not short-term memory for inhibitory
avoidance is disrupted by intrahippocampal administration
of a protein synthesis inhibitor (Quevedo et al., 2004).
Previous studies have indicated that the cognitive deficits
associated with mouse models of heritable lysosomal storage
diseases are at least partially mediated by dysfunction of
hippocampal neurons. Thus, MLD mice show selective
degeneration of pyramidal cells in the dorsal hippocampus,
and in vivo gene therapy using lentiviral vectors protects
against both the degeneration of hippocampal neurons and
memory deficits in that model (Consiglio et al., 2001). An
inflammatory component associated with microglia activa-
tion in cortical areas is also likely to mediate cognitive
deficits in the Idua™~ MPS I mouse model (Ohmi et al., 2003).
Further studies aiming at examine alterations in synaptic
transmission and cellular signaling pathways at the hippo-
campus and other brain areas in animal models as well as
patients are necessary to increase our understanding of the
mechanisms underlying cognitive deficits associated with
lysosomal storage diseases.

In summary, our results show a specific impairment of
aversively motivated memory and reduced exploratory be-
havior in Idua™”~ mice, a genetic model of MPS I. Future studies
could use aversive memory tasks to evaluate the potential
protective effect of experimental therapeutic approaches
against cognitive deficits in mouse models of MPS.

4. Experimental procedures

4.1. Animals

Eighteen adult male C57-BL6 Idua™~ mice (153-208 days of age
and mean body weight of 26.68 g at the date of first
experiment) were used as experimental subjects. It has been
previously shown that Idua™~ mice with 5 months of age show
lysosomal storage in a number of tissues, increased urinary
GAG levels, craniofacial abnormalities, increased body weight,
and impaired habituation (Hartung et al., 2004). Sixteen adult
male wild-type C57-BL6 inbred mice (155-202 days of age and
mean body weight of 23.04 g at the date of first experiment)
were used as controls. Idua”~ mice produced by targeted
disruption of the murine IDUA gene (Clarke et al., 1997; Ohmi
et al,, 2003; Hartung et al., 2004) were derived from animals
kindly provided by Dr. Elizabeth Neufeld (University of
California, Los Angeles, CA). Homozygous mutants were
identified at the 21st day of life by polymerase chain reaction
(Clarke et al.,, 1997; Hartung et al., 2004). Animals were
maintained on a 12-h light/dark cycle with food and water
available ad libitum. Brothers and sisters were bred, and the
colony was maintained by mating of heterozygotes. Experi-
ments were conducted in homozygotes KO (-/-) and normal
homozygotes (+/+) were used as controls. Behavioral proce-
dures were conducted between 9:00 and 17:30. All experimen-
tal procedures were in accordance with the NIH Guide for Care
and Use of Laboratory Animals (NIH publication No. 85-23
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revised 1996) and the procedures of the Brazilian College of
Laboratory Animals (COBEA).

4.2. Behavioral testing

The same animals (9 control and 11 Idua™~ mice) were used in
three different behavioral tests. They were submitted first to
open field exploration (Roesler et al., 1999b), followed by a
novel object recognition task (Rosa et al., 2003) carried out in
the same open field arena 1 day later. Finally, animals were
trained and tested in a single-trial step-down inhibitory
avoidance task (Roesler et al., 1999b) 1 week after the end of
the recognition memory test. Four animals (1 control mouse
and 3 Idua™~ mice) were removed from the inhibitory
avoidance experiment because animals failed to step down
from the platform within 60 s during the training trial. Another
group of mice (7 control and 7 Idua™~ mice) were subsequently
used for a footshock reactivity test.

4.2.1. Open field behavior

Open field exploration was carried out as previously described
(Roesler et al., 1999b). The open field was a 50 x 25-cm arena,
surrounded by 50-cm high walls, made of brown plywood with
a frontal glass wall. The floor of the arena was divided into 12
equal squares by black lines. Mice were put in the apparatus,
placed on its left rear quadrant, and left to freely explore the
arena for 5 min. Crossings of the black lines, rearings
performed, latency to start locomotion, and the number of
fecal pellets were counted. The number of crossings and
rearings was used respectively as measures of locomotor
activity and exploratory behavior, whereas the latency to start
locomotion and the number of fecal pellets were used as
measures of anxiety (Roesler et al., 1999b; Fernandez-Teruel et
al., 2002; Henderson et al., 2004; Singer et al., 2005).

4.2.2. Novel object recognition

The object recognition task is a nonspatial, nonaversive
memory test which has been shown to be a useful experi-
mental tool for assessing changes in brain function in mouse
genetic models (Tang et al., 1999; Rampon et al., 2000). The
novel object recognition task was performed as previously
described (Rosa et al., 2003). Training in the object recognition
task took place in the same arena used for the open field, thus
the open field exploration trial was used as a habituation trial
for the recognition memory task. Twenty-four hours after
arena exploration, training was conducted by placing individ-
ual mice for 5 min into the arena, in which two identical
objects (objects A; and A,; Duplo Lego toys) were positioned in
two adjacent corners, 10 cm from the walls. In a short-term
memory retention test given 1.5 h after training, the mice
explored the open field for 5 min in the presence of one
familiar (A) and one novel (B) object. All objects presented
similar textures, colors, and sizes, but distinctive shapes. The
exploratory preference was defined as percentage of the total
exploration time that the animal spent investigating object A2
(in the training trial) or the novel object (in short- and long-
term retention test trials). Differences in exploratory prefer-
ences between training and retention test trials were used as
memory retention scores. Between trials the objects were
washed with 10% ethanol solution. In a long-term memory

retention test given 24 h after training, the same mice
explored the field for 5 min in the presence of familiar object
A and a novel object C. Recognition memory was evaluated as
for the short-term memory test. Exploration was defined as
sniffing or touching the object with the nose and/or forepaws.

4.2.3. Inhibitory avoidance

Inhibitory avoidance in rodents is a widely used animal model
of aversively motivated learning and memory (for reviews, see
Izquierdo and Medina, 1997; McGaugh 2000). The step-down
inhibitory avoidance apparatus and procedures were de-
scribed in a previous study (Roesler et al., 1999b). The
inhibitory avoidance training box was a 50 x 25 x 25-cm
acrylic box whose floor consisted of parallel stainless steel
bars (1 mm diameter) spaced 1 cm apart. A 10-cm? wide, 2-cm
high platform was placed on the center of the floor. Animals
were placed on the platform, and their latency to step-down
on the grid with all four paws was recorded with an automated
device. In the training trial, immediately after stepping down
on the grid, animals were given a 0.4 mA, 2.0 s footshock. In
retention test sessions, carried out 1.5 h (short-term memory
retention) and 24 h (long-term memory retention) after
training, no footshocks were given and a ceiling of 180 s was
imposed in the step-down latency. The differences between
retention test and training trial step-down latencies were used
as memory retention scores.

4.2.4. Footshock reactivity

A control experiment evaluating the animals’ reactivity to the
footshock was carried out in the same apparatus used for
inhibitory avoidance as described in previous studies (Roesler
et al., 1999a, 2000). Briefly, the platform was removed, and
each animal was placed on the grid and allowed a 1-min
habituation period prior to the start of a series of footshocks
(0.5 s) delivered at 10-s intervals. Shock intensities ranged
from 0.1 to 0.8 mA in 0.1-mA increments. The adjustments in
shock intensity were made in accordance to each animal’s
response. Shock intensity was raised by 1 U when no response
occurred and lowered by 1 U when a response was made. A
“flinch” response was defined as withdrawal of one paw from
the grid floor, and a “jump” response was defined as a rapid
withdrawal of three or four paws. Two measurements of the
“flinch” threshold were made, and then two measures of the
“jump” threshold were made. For each animal, the mean of
the two scores for the flinch and jump thresholds was
considered.

4.3. Statistics

Data for inhibitory avoidance retention test latencies and
exploratory preferences in the object recognition task are
shown as median (interquartile ranges). Using nonparametric
statistics is preferred for the analysis of data for memory tasks
such as inhibitory avoidance because a ceiling is imposed in
retention test trials (Roesler et al., 1999a,b, 2000, 2003; Rosa et
al., 2003; Quevedo et al., 2004). Comparisons between groups
were performed using Mann-Whitney U tests, two-tailed.
Comparisons between trials within the same group were done
using Wilcoxon tests. Data for open field behavior, inhibitory
avoidance training trial latencies, and nociceptive thresholds
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are shown as mean = SE (Roesler et al., 1999b, 2000).
Comparisons between groups were performed using unpaired
Student t tests. In all comparisons, P values of less than 0.05
were considered to indicate statistical significance.
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Abstract Mucopolysaccharidosis type I is a lysosomal
storage disease with alterations in several organs. Little is
known about the pathways that lead to the pathology. Evi-
dences point oxidative stress on lysosomal storage diseases
and mucopolysaccharidosis type I. The aim of the present
study was to evaluate oxidative biomarkers on mucopoly-
saccharidosis type I mice model. We evaluated antioxidant
enzymatic activity, protein damage and lipid peroxidation
in the forebrain, cerebellum, heart, lung, diaphragm, liver,
kidney and spleen. Superoxide dismutase activity was
increased on cerebellum, lung, diaphragm, liver and kidney
of mucopolysaccharidosis type I mice. Catalase activity was
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increased on cerebellum, spleen and lung. There was no
alteration on glutathione peroxidase activity on any of the
analyzed organs. Mucopolysaccharidosis type 1 mice
showed increased carbonyl groups on cerebellum, heart and
spleen. There was a decrease of thiobarbituric acid-reactive
substances on the cerebellum of mucopolysaccharidosis
type I mice. The results indicate a oxidative imbalance in
this model. As lysosomes are very susceptible to oxidative
damage, leading inclusive to cellular death, and lysosomal
storage diseases present several alterations on this organ-
elles, this finding can help to elucidate the cellular damage
pathways on mucopolysaccharidosis type 1.
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Abbreviations

CAT Catalase

DNPH Dinitrophenylhydrazine

GAG Glycosaminoglycans

GPx Glutathione peroxidase

GSH Glutathione

IDUA o-L-iduronidase

LSD Lysosomal storage diseases

MDA Malondialdehyde

MPS Mucopolysaccharidosis

NADPH Nicotinamide adenine dinucleotide
phosphate diaphorase

RNS Reactive nitrogen species

ROS Reactive oxygen species

SOD Superoxide dismutase

TBARS Thiobarbituric acid-reactive substances

TCA Trichloroacetic acid
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Introduction

Lysosomal storage diseases (LSD) are a group of inherited
metabolic disorders that share a common pathophysiology,
in which a deficiency of enzymes catalyzing the stepwise
degradation of macromolecular substrate causes their
gradual lysosomal accumulation. This accumulation even-
tually results in cell, tissue and organ dysfunctions.
Mucopolysaccharidosis are LSD, the type I (MPS I) is
caused by deficiency of the enzyme «-L-iduronidase
(IDUA), i.e., the lysosomal protein necessary to start the
breakdown of the glycosaminoglycans (GAGs) heparan
sulfate and dermatan sulfate. Total loss of IDUA function
results in the worst phenotype, Hurler syndrome. There is
an involvement of multiple organs, some symptoms are
growth delay, hepatosplenomegaly, coarse facial features,
excessive urinary GAGs, skeletal abnormalities and neu-
rodegeneration (Neufeld and Muenzer 1995).

The lysosomes in LSD increase in size and number in an
attempt to retain the growing concentration of undegraded
material. This is well characterized as the primary cause of
the disease; however, the delineation of the biochemical
and cellular pathways that cause the pathology remains the
most intrigant question on these disorders (Futerman and
van Meer 2004). One explanation is that the lysosomal
stability is compromised, leading to the release of hydro-
lases and accumulated metabolites in the citosol. It is well
known that lysosomal destabilization can lead to apoptosis
and necrosis.

Lysosomes are very susceptible to oxidative stress (for a
review, see Terman et al. 2006), reactive species damage
the lisosomes endangering their permeability. Free radicals
and other reactive species are involved in human diseases,
being related in over 100 of them (Halliwell and Gutteridge
1999), and these reactive molecules are formed during
normal aerobic metabolism in cells; however, uncontrolled
production of free radicals results in damage to biomole-
cules, leading to altered function and disease (Evans and
Halliwell 1999). In LSD this imbalance might be even
more important due to the lysosomal overload. Despite
many studies relating oxidative damage to several disor-
ders, researches in LSD, especially MPS, lag seriously
behind. This mouse model of MPS I was generated by
Neufeld and colleagues through disruption of the Idua gene
by insertion in exon 6 of the neomycin resistance gene in
the opposite orientation. Through repeated back-crossing,
the mutant gene was inserted on C57BL/6 inbred back-
ground (Ohmi et al. 2003). We have previously described a
specific impairment of aversively motivated memory on
these mice (Reolon et al. 2006); this memory task could be
used to evaluate the potential protective effect of experi-
mental therapeutic approaches against cognitive deficits in
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mouse models of MPS 1. The aim of this study was to
evaluate oxidative stress biomarkers in the mice model of
MPS 1. To our knowledge, this is the first study evaluating
oxidative biomarkers in MPS I mice.

Methods
Animals

Five adult male C57BL/6 knockout mice for the Idua gene
(Idua™"") with 192 to 221 days of age were used as
experimental subjects. Five adult male C57BL/6 homozy-
gous and heterozygous mice for the Idua gene with 192 to
221 days of age were used as controls. Heterozygotes are
asymptomatic and are commonly used as controls. Idua™'"~
mice were produced by target disruption of the murine Idua
gene (Ohmi et al. 2003). The heterozygote animals pre-
cursors of the colony were kindly provided by Dr.
Elizabeth Neufeld (University of California, Los Angeles,
CA, USA). Homozygous mutants were identified on the
21st day of life by polymerase chain reaction. Animals
were maintained on a 12-h light/dark cycle with food and
water available ad libitum. Brothers and sisters were bred
and the colony was maintained by mating heterozygotes.
Animals were sacrificed by decapitation, and organs were
quickly removed and stored for later analyses. The total
lack of IDUA activity makes the knockout mice a MPS I
Hurler model.

All experimental procedures were in accordance with
the NIH Guide for Care and Use of Laboratory Animals
(NIH publication No. 85-2 3 revised 1996) and the pro-
cedures of the Brazilian College of Laboratory Animals
and were approved by the institutional research ethics and
animal care committee.

Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity was assayed by
measuring the inhibition of adrenaline auto-oxidation, as
previously described (Bannister and Calabrese 1987).

Catalase Activity

Catalase (CAT) activity was assayed by measuring the rate
of decrease of H,O, absorbance at 240 nm (Aebi 1984).

Glutathione Peroxidase Activity
Measuring glutathione peroxidase (GPx) activity was

assayed measuring nicotinamide adenine dinucleotide
phosphate diaphorase (NADPH) oxidation at 340 nm in the



Cell Mol Neurobiol (2009) 29:443-448

445

presence of reduced glutathione, tert-Butyl hydroperoxide,
and glutathione reductase (Flohé and Giinzler 1984).

Protein Damage

The oxidative damage to proteins was assessed by the
determination of carbonyl groups based on the reaction with
dinitrophenylhydrazine (DNPH), as previously described
(Levine et al. 1990). Briefly, proteins were precipitated by
the addition of 20% trichloroacetic acid (TCA) and redis-
solved in DNPH and the absorbance read at 370 nm.

Lipid Peroxidation

As an index of lipid peroxidation, the formation of thio-
barbituric acid-reactive substances (TBARS) during an
acid-heating reaction has been used (Draper and Hadley
1990). Briefly, the samples were mixed with 1 ml of TCA
10% and 1 ml of thiobarbituric acid 0.67%, then heated in
a boiling water bath for 15 min. TBARS were determined
by the absorbance at 535 nm. All the results were nor-
malized by the protein content (Lowry et al. 1951).

Statistical Analysis

All data were presented as means =+ standard error of the
mean (SEM). Comparisons between control and MPS mice
were performed with independent samples Student z-tests.
Differences between the groups were rated significant at
P < 0.05.

Results

SOD is considered a key antioxidant defense, dismutating
superoxide anion-free radical into hydrogen peroxide, thus
protecting the cells from its damage. Results for SOD
activity are shown in Fig. 1. There were no statistically
significant differences between knockout and control mice
in the forebrain, heart and spleen. Knockout mice showed
increased SODs activity in the lung, liver and kidney
(P < 0.05), cerebellum and diaphragm (P < 0.01).
Hydrogen peroxide also represents a risk for cells, two
enzymatic defenses convert it into water and ground state
oxygen, catalase and GPx. Results for catalase activity are
shown in Fig. 2. No statistically significant differences
were found between knockout and control mice in the
forebrain, heart, diaphragm, liver and kidney. Knockout
mice showed increased catalase activity in the cerebellum,
spleen (P < 0.05), and in the lung (P < 0.01). There was
no significant difference between knockout and control

mice in GPx activity in any of the analyzed organs (data
not shown).

The carbonyl assay measures the formation of carbonyl
groups on proteins, these groups being formed after reac-
tive species attacked the protein backbone. Results for
carbonyl assay are shown in Fig. 3. No statistically sig-
nificant differences were found between knockout and
control mice in the forebrain, lung, diaphragm, liver and
kidney. Knockout mice showed a high increase on carbonyl
groups in the cerebellum, heart and spleen (P < 0.01).

TBARS assay measures the formation of malondialde-
hydes (MDA), which are products of lipid peroxidation.
Results for TBARS assay are shown in Fig. 4. There was
no significant difference between knockout and control
mice in the forebrain, heart, lung, diaphragm, liver, kidney
and spleen. Knockout mice showed a decrease of thiobar-
bituric acid-reactive substances in the cerebellum
(P < 0.05).

Discussion

Considerable evidence points toward the participation of
reactive oxygen species (ROS), reactive nitrogen species
(RNS) and free radicals in human diseases. Disturbing cell
homeostasis produces oxidative stress through several
mechanisms (Halliwell and Gutteridge 1999). The intra-
lysosomal GAGs accumulation, directly or not, may have
an influence on oxidative imbalance. Cells exposed to
oxidative stress enhance the antioxidant defenses in an
attempt to reestablish homeostasis. Our results showed an
increase on SOD activity in the cerebellum, lung, dia-
phragm, liver and kidney; CAT activity was increased on
the cerebellum, lung and spleen. We found abnormal
damage to proteins on the heart, spleen and cerebellum.
The TBARS level was decreased on the cerebellum. It is
possible that the enzymatic defense is unable to prevent the
protein damage through enhanced production of reactive
species on the heart, spleen and cerebellum while this
compensation could be occurring on the other tissues. The
cerebellum, where two enzymatic defenses were enhanced,
could not prevent protein damage; however, it diminished
basal lipid damage.

In different neurodegenerations, an inflammatory pro-
cess on the central nervous system is believed to be
involved in the neuronal death. Pathological activation of
microglia might trigger the release of neurotoxic sub-
stances, such as ROS and RNS. On LSD, microglia have
also been suggested as having an involvement in the
pathology of MPS I and MPS IIIB (Ohmi et al. 2003), GM1
gangliosidosis (Jeyakumar et al. 2003), metachromatic
leukodistrophy (Hess et al. 1996), Niemann-Pieck type C
(German et al. 2002) and krabe disease (Wu et al. 2000).
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Fig. 1 Superoxide dismutase
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On GM1 gangliosidosis (Jeyakumar et al. 2003), a footprint
of nitric oxide was found on macrophages, an indication
that these cells could be causing oxidative damage. The
authors suggest that microglial activation enhances damage
through inflammation and/or through ROS/RNS released.
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There was a ninefold increase in MDA levels, and a
diminished glutathione (GSH, an important antioxidant) on
the brain of Sandhoff mice (Jeyakumar et al. 2004). The
use of anti-inflammatory and antioxidant drugs delays loss
of motor coordination and ameliorate other parameters in
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Fig. 4 Malondialdehyde
(MDA) concentration on
different organs of normal and
knockout mice. Data are
expressed as mean £+ SEM.
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the mouse model of Sandhoff (Jeyakumar et al. 2004) and
Niemann-Pick C diseases (Bascuiian-Castillo et al. 2004).

MPS I and MPS IIIB mice models have been shown to
have activated microglia with large storage vacuoles on the
forebrain (Ohmi et al. 2003). Both diseases showed
increased microglia gene expression of cytochrome b558
that is part of the NADPH oxidase complex, which is
responsible for the oxidative burst of phagocytes (Klegeris
and McGeer 1994). In MPS IIIB mice, an increased
expression of components of the phagocyte NADPH oxi-
dase was observed in the brain and cerebellum (Villani
et al. 2007).

MPS T patients showed increased blood CAT activity
and a transient decrease in SOD activity after enzyme
replacement therapy. TBARS and GSH levels were
increased when compared to reference levels (Pereira et al.
2008). The authors suggest that as erythrocytes can absorb
hydrogen peroxide from other cells (Halliwell and Gut-
teridge 1999) the alterations observed might be caused by
increased production of hydrogen peroxide from different
tissues.

Our results showed no alteration on any parameter on
the forebrain. At first look this might seem in discordance
with a previous work that showed activated microglia on
the forebrain of MPS I mice (Ohmi et al. 2003). However,
as a neurodegenerative disease, time is a crucial factor on a
cross-sectional study. We analyzed 6-7 months males.
Ohmi et al. (2003) observed that the number of activated
microglia cells increased at 6 months and evolved with
time, being more significant at 9 months. Thus, analyses of
older mice will probably show forebrain alteration. Studies
of different time sections will reveal the progression of this
damage. It is important to acknowledge that there are dif-
ferent oxidative stress biomarkers, not used on this work.
Our results show no alteration on the forebrain, but that
does not exclude the possibility that there is a damage
occurring which could be shown if other parameters were
measured.

Cerebelum Heart

i

Lung Diaphragm Liver

Kidney Spleen

The heart, spleen and cerebellum presented a high for-
mation of carbonyl groups. It is known that this can cause
an autoimmune response through misidentification of those
damaged proteins as exogenous ones (Halliwell and Gut-
teridge 1999), which in turn might trigger and/or enhance
inflammation.

A special attention should be given to the cerebellum. It
was altered on every biomarker (except for GPx). Russell
et al. (1998) observed a progressive loss of Purkinje cells
on the cerebellum of a similar Idua "~ mice model, starting
at 4-5 months and increasing with time. The intralysoso-
mal accumulation could be damaging Purkinje cells and
other cells on cerebellum through lysosomal labilization
and/or oxidative stress. This oxidative imbalance can work
as a damage enhancer. It is not known if Purkinje cells die
through apoptosis or necrosis; if it is due to the former,
then more oxidative imbalance could be occurring. It is
possible that this loss of neurons activated microglia
through phagocytosis and therefore triggered inflammation
with posterior oxidative damage. The protein damage could
enhance even more this pathological inflammation. In the
Sandhoff model (Jeyakumar et al. 2003), the inflammation
is place specific, which might be the same for MPS I,
occurring on the cerebellum without affecting the fore-
brain. Or, another possibility is an influence on the onset of
forebrain damage. It is possible that the intralysosomal
accumulation is leading to an intrincated positive feedback
damage mechanism. It is noteworthy to say that, to our
knowledge, no studies evaluating inflammation with
microglia involvement on the cerebellum of MPS I have
been done.

In summary, in the present study, we evaluate for the
first time the alterations in oxidative biomarkers in differ-
ent tissues in a mouse MPS model. Further experiments
should examine the time course of the alterations in oxi-
dative stress across different time intervals and the possible
reversal of the alterations by enzyme replacement. The
findings suggest the possibility that antioxidants might be
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useful as adjuvant therapies to ameliorate or delay the
symptoms of MPS. Future studies analyzing the effect of
experimental therapies on oxidative biomarkers may help
to elucidate an important question: Whether oxidative
stress has a significant influence on MPS I or is a response
to the primary disease processes without influencing the
disorder progression? Our results indicate that, at least,
some attention to this matter should be given.
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DISCUSSAO

A utilizacdo de modelos animais de MPS | possibilita avaliar a eficacia de
diferentes terapias (CLARKE et al., 1997; OHMI et al., 2003). Os parametros
utilizados na avaliacdo terapéutica na MPS | sdo: o acumulo lisossomal, a
atividade da a-L-iduronidase, a concentracdo dos GAGs excretados pela urina e

as anormalidades esqueléticas.

No SNC, esses parametros sao: o acumulo lisossomal, o0 acumulo de GM2 e
GM3 e a morte neuronal no cerebelo (RUSSELL et al., 1998; DESMARIS et al.,
2004; HARTUNG et al., 2004; CHUNG et al., 2007). Os critérios acima
mencionados ndo avaliam a funcéo cognitiva. Devido ao comprometimento do
SNC, é necessaria a caracterizacdo de parametros de déficit cognitivo que
possam ser utilizados na avaliagdo terapéutica. Até o momento, somente
HARTUNG et al. (2004) avaliaram a memoria de habituacdo no campo aberto de

um modelo de MPS I.

Nosso trabalho utilizou dois paradigmas de aprendizado, a esquiva inibitoria
e o0 reconhecimento de objeto. A esquiva inibitéria € um modelo amplamente
utilizado de memodria aversiva (IZQUIERDO & MEDINA, 1997; MCGAUGH, 2000).
O reconhecimento de objeto avalia a memaria ndo aversiva, sendo um teste util
na avaliacdo de mudancas no SNC de modelos genéticos (TANG et al., 1999;
RAMPON et al., 2000). Também avaliamos o comportamento no campo aberto e

a resposta dos animais ao choque do aparelho de esquiva inibitoria.
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Os resultados da esquiva inibitéria ndo demostraram diferenca significativa
entre 0s grupos no treino ou na memdaria de curta duracdo. Contudo, a memaria
de longa duracdo estava prejudicada nos animais knockout. No teste de
reconhecimento de objeto, ndo houve diferenca entre 0s grupos no treino, na
memoria de curta e de longa duracdo. No comportamento de campo aberto, ndo
existiu diferenca significativa entre os grupos na laténcia, no nimero de crossings
e no numero de bolos fecais. Houve uma redugdo no numero de rearings nos
animais knockout. A reatividade ao choque ndo se mostrou alterada nesses

animais, nao havendo diferenga significativa entre os grupos no flinch e no jump.

O principal achado deste trabalho € o déficit apresentado pelos
camundongos Idua ” na meméria de longa duracéo de esquiva inibitéria. Todavia,

a memoria de curta duracdo néo estava afetada.

A formacdo de memorias aversivas de longa duracdo é modulada pela
liberacdo de hormoénios e neurotransmissores associados a exposi¢cdo a eventos
emocionais. A amigdala basolateral é critica na consolidacdo da memodria
aversiva de longa duracdo (MCGAUGH, 2000). E possivel que a diferenca
observada nos animais seja devido a alteracdes na liberacdo de hormdnios
associados a eventos estressantes e/ou mudancas na funcionalidade normal da

amigdala. Até o momento, ndo foram realizados estudos sobre os horménios

associados a eventos estressantes ou a fungao da amigdala na MPS |I.

As memorias de curta e de longa duracdo de esquiva inibitoria necessitam
da integridade do hipocampo dorsal, mas possuem diferentes mecanismos
neuroquimicos (IZQUIERDO & MEDINA, 1997; MCGAUGH, 2000; ROESLER et

al., 2003; QUEVEDO et al., 2004). O déficit na esquiva inibitoria pode ser devido a
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alteracéo na funcionalidade normal do hipocampo. No modelo murino da MPS |, ja
foi demonstrado o acumulo patolégico dos GAGs em neurbnios hipocampais
(DESMARIS et al., 2004; HARTUNG et al., 2004). No modelo da Leucodistrofia
Metacromatica (outra LSD) ocorre degeneracdo seletiva de neurbnios piramidais

do hipocampo dorsal (CONSIGLIO et al., 2001).

Nos animais knockout, o teste de reconhecimento de objeto ndo se mostrou
alterado. A memoria desse teste € declarativa ndo aversiva, diferindo da esquiva
inibitoria, cuja memoaria é ndo declarativa e aversiva. As diferencas entre as duas
mem©érias podem explicar os resultados distintos observados. HARTUNG et al.
(2004) encontraram déficit de memoria ndo aversiva e ndo associativa, 0 que
contrasta com 0s nossos resultados, que indicaram déficit na memaoria aversiva,
mas ndo na memdria ndo aversiva de camundongos Idua ™. A diferenca entre os

achados pode ser decorrente do tipo de teste utilizado.

Em modelos animais com dano cerebral, o teste de parametros
comportamentais precisa excluir a influéncia de disfun¢cdes no Sistema Sensorial
ou Locomotor, pois os achados poderiam ser erroneamente interpretados como
alteracdes cognitivas. Os pacientes portadores da sindrome de Hurler apresentam
alteracbes importantes no Sistema Sensorial e Locomotor (NEUFELD &
MUENZER, 2001) e o modelo murino reproduz adequadamente o amplo espectro

de alteracdes observadas nos pacientes (RUSSELL et al., 1998).

Avaliamos animais com a idade média de 25 semanas e nossos resultados
indicam que, nessa idade, as alteracbes esqueléticas ainda ndo incapacitam a
locomocédo. Considerando os problemas articulares e esqueléticos que os

pacientes portadores da sindrome de Hurler e os camundongos apresentam, essa
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€ uma questao relevante a ser observada. No campo aberto, os animais testados
mostraram a mesma locomoc¢ado do grupo controle. Esses animais apresentam
anormalidades esqueléticas que iniciam as quatro semanas de idade; com oito
semanas, ocorrem alteracdes nas patas. Na idade de 40 semanas, 0S animais
nao sdo mais capazes de se movimentarem. O quadro clinico caracteristico das
LSD, a disostose mdltipla, s6 € completamente evidenciado na 572 semana de

vida.

As articulacdes dos pacientes com MPS I-Hurler sdo gravemente afetadas,
impossibilitando a realizacdo de diversos movimentos. No modelo animal, ndo
foram avaliadas as alteracdes articulares. A reducdo do comportamento
exploratério observado no campo aberto pode ser devida a incapacidade do
animal de erguer-se e/ou se manter sobre as duas patas. Dessa forma, essa

alteracdo necessita de estudos posteriores visando determinar sua causalidade.

Na sindrome de Hurler, os pacientes apresentam alteracées importantes no
Sistema Sensorial. Os animais aprenderam normalmente a tarefa de esquiva
inibitéria e a tarefa de reconhecimento de objeto que envolvem diferentes sentidos
para o aprendizado. Esses dados indicam que, na idade média de 25 semanas, a
funcionalidade do Sistema Sensorial capacita os animais a aprenderem os testes

de reconhecimento de objeto e de esquiva inibitoria.

O déficit observado na memdria de longa duracdo de esquiva inibitéria
poderia ser devido a alteracbes no Sistema Nociceptivo. Para excluir a
interferéncia de possiveis alteracbes nociceptivas, avaliamos a resposta ao
choque, tendo os animais knockout e o grupo controle apresentado a mesma

resposta.
36



Apés o controle das variaveis relacionadas a fatores sensoriais e/ou
locomotores, podemos afirmar que o déficit observado na memoria de longa
duracdo de esquiva inibitoria ndo foi causado por alteracdes nociceptivas e/ou
sensorio-motoras. Nossos resultados mostram um déficit especifico na memoria
aversiva de longa duracéo de esquiva inibitoria. Os achados acima possibilitam ao
teste de esquiva inibitoria sua utilizacdo na avaliacdo dos efeitos de diferentes
abordagens terapéuticas sobre os déficits cognitivos no modelo murino da MPS |-
Hurler. Estudos posteriores serdo necessarios para investigar as alteracoes

responsaveis pela disfuncdo da memoria.

E importante ressaltar que foram utilizados animais com a idade média de 25
semanas, idade na qual é possivel observar danos diversos que sao parametros
utilizados na avaliacéo de diferentes terapias (RUSSELL et al., 1998). Entretanto,
o dano ao SNC, incluindo a morte celular cerebelar e a inflamacédo cerebral,
ocorre mais tardiamente nos animais knockout. O estudo de parametros
cognitivos em diferentes idades pode definir o inicio e a progressao de diferentes
danos cognitivos. Provavelmente, animais mais velhos terdo danos cognitivos

mais graves do que os apresentados pelos camundongos do presente estudo.

7z

O estresse oxidativo é o desequilibrio entre antioxidantes e pro-
oxidantes. Em doencas, isso geralmente ocorre pelo aumento na producao de
espécies reativas de oxigénio (EROs) e/ou espécies reativas de nitrogénio
(ERNSs). Existe uma forte relacdo entre a inflamacdo no SNC e o desequilibrio
oxidativo, podendo o processo inflamatorio levar ao estressse oxidativo
(HALLIWELL & GUTTERIDGE, 1999). Diferentes trabalhos encontraram
inflamac&o com participacdo da microglia no SNC dos pacientes portadores das
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LSD. Ja foi proposto que o acumulo de GAGs e/ou a morte neuronal ativariam
patologicamente a microglia, levando a liberacdo aumentada de EROsS/ERNs. A
melhora observada em modelos animais de LSD tratados com antioxidantes

indica uma possivel influéncia do estresse oxidativo nessas patologias.

Células expostas ao estresse oxidativo aumentam suas defesas
antioxidantes na tentativa de restabelecer o equilibrio. Nossos resultados
mostraram um aumento das defesas antioxidantes dos animais knockout quando
comparadas ao grupo controle. O cerebelo, o pulméo, o diafragma, o figado e o
rim apresentaram aumento na atividade da superoxido dismutase (SOD). A
atividade da catalase estava aumentada no cerebelo, no pulméo e no baco. Este
achado pode refletir a tentativa de restabelecimento da homeostase. Ao
analisarmos a formacao de grupos carbonil, biomarcador de dano a proteinas por
radicais livres, verificou-se seu aumento no cerebelo, no coracdo e no baco dos
camundongos knockout em relacdo aos animais do grupo controle. Nao foram
observadas alteracdes das defesas antioxidantes no coracdo. Dessa forma,
poder-se-ia atribuir 0 dano observado ao aumento das espécies reativas. E
possivel que, no cerebelo e no baco, o aumento verificado das defesas
antioxidantes nao consiga impedir o dano a proteinas, enquanto em outros 6rgaos

ocorra essa compensacao.

Nos camundongos knockout, o cerebelo, o coracdo e o baco apresentam
vérias alteracdes (RUSSELL et al., 1998; JORDAN et al., 2005). Os canais de
potassio sdo susceptiveis ao ataque das EROs/ERNs. No SNC e no musculo
cardiaco, os canais de potassio desempenham papel importante, podendo influir
na morte neuronal e na disfuncédo cardiaca. O baco apresenta grande infiltracao
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de macrdéfagos, existindo a possibilidade dessas células exercerem influéncia

sobre o dano proteico.

O SNC é altamente sensivel ao estresse oxidativo. Dentre as possiveis
causas da susceptibilidade cerebral ao estresse oxidativo, encontram-se o alto
consumo de oxigénio e a utilizacgdo de Ca'> Além disso, muitos
neurotransmissores sdo moléculas auto-oxidantes, podendo reagir com oxigénio e

gerar EROs.

No cerebelo, a morte das células de Purkinje pode ocorrer devido a necrose.
A morte neuronal por necrose pode aumentar 0 estresse oxidativo das regides
circunjacentes através da liberacdo de ions metalicos, pro-oxidantes e enzimas
lisossomais. Além disso, a morte neuronal, seja por necrose ou apoptose, pode
ativar a microglia através da fagocitose dos restos celulares desencadeando e/ou

aumentando o estresse oxidativo.

A forma neuronal da enzima o6xido nitrico sintetasa (NNOS) é regulada
positivamente por Ca*? / calmodulina. O desequilibrio na homeostase do Ca*?
presente em algumas LSD pode aumentar a liberacao de 6xido nitrico. No SNC, o
cerebelo possui a mais alta concentracdo de nNOS. Dessa forma, € a regido
cerebral mais susceptivel ao desequilibrio do Ca*?. Caso o desequilibrio do Ca*?

ocorra também no modelo murino da MPS |, poderia ser uma explicacdo para 0s

achados a nivel cerebelar.

VILLANI et al. (2007) avaliaram a expresséo génica da nicotinamida adenina
dinucleotideo fosfato oxidase no telencéfalo e no cerebelo de camundongos MPS

[1IB, tendo ambos apresentado aumento da sua expressao em cerca de 10 vezes.
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Foi o primeiro trabalho a estudar o processo inflamatdrio cerebelar nas MPS.
Estudos anteriores sobre as alteracdes inflamatérias das LSD enfocaram

principalmente o telencéfalo, sem, contudo, avaliar as modificagdes no cerebelo.

As proteinas podem sofrer grande dano por radicais livres sem perda da sua
funcdo. Nas enzimas, a perda da funcdo ocorre devido a modificacdo de um
aminoacido pertencente ou proximo ao sitio ativo. O dano a proteinas pode
prejudicar o funcionamento celular alterando receptores, enzimas e proteinas
estruturais. As proteinas danificadas podem ser reconhecidas pelo Sistema
Imunolégico como exdgenas, iniciando uma reac¢do autoimune. Caso iSSo ocorra
no modelo murino da MPS |, 0 estresse oxidativo poderia iniciar e/ou exacerbar a

reacao inflamatoéria no cerebelo, coracdo e baco.

A peroxidacdo lipidica apresentou alteracdo somente no cerebelo,
diminuindo a formacdo de dialdeido maldnico (MDA). O SNC possui grande
quantidade de acidos graxos poli-insaturados (lipidios de maior suscetibilidade a
peroxidacdo lipidica), sendo esperado aumento na peroxidacdo lipidica e na
formacdo de MDA. Diferentes espécies reativas atacam preferencialmente
algumas biomoléculas. Indaga-se se o aumento observado na SOD e na catalase
poderia prevenir e reduzir a peroxidacdo lipidica, embora ndo consiga evitar o

dano a proteinas.

Entre os mecanismos propostos de dano ao SNC na MPS | e em outras
LSD, encontra-se o processo inflamatorio com possivel influéncia da micréglia.
Talvez o estresse oxidativo esteja também contribuindo para a progressao da

doenca. Existe a possibilidade de outras LSD apresentarem esse desequilibrio.
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Existe extensa literatura sobre a contribuicdo da inflamacao crénica em doencas
neurodegenerativas, porém, ndo ha consenso sobre o papel da microglia. As
moléculas sintetizadas por essas células e o seu padrdo de expressao podem
mudar ao longo da evolucdo da doenca (MINGHETTI, 2005). Considera-se a
possibilidade do seu papel inicial ser benéfico, fagocitando restos celulares e
GAGs da matriz extracelular. Entretanto, a micréglia apresenta modificacbes com
a progressao da patologia. A ativacdo excessiva e 0 envelhecimento sdo dois
fatores comprovados de ativacdo patologica de fagodcitos passiveis de

desencadear danos.

Trabalhos sugerem que os GAGs possuam propriedades antioxidantes
(PRESTI & SCOTT, 1994; ALBERTINI et al., 1999; ARAI et al., 1999). Estudos in
vitro com fibroblastos normais mostraram que heparan sulfato e dermatan sulfato
tém pouca atividade antioxidante (CAMPO et al., 2004), protegendo as células do
dano induzido por ferro e cobre. As implicagbes desses achados para a MPS |

ainda nao foram estudadas.

E importante ressaltar o papel do dano tecidual como promotor do estresse
oxidativo. Desta forma, a causa primaria da patologia, 0 acumulo de GAGsS,
poderia ser a causa da alteracdo do equilibrio oxidativo. Em segundo lugar,
indaga-se sobre a real influéncia do desequilibrio oxidativo no desenvolvimento da
patologia. As células podem aumentar as defesas antioxidantes e, caso o0
estresse seja neutralizado, ndo ocorreria contribuicdo do desequilibrio oxidativo
para a doenca. Se o estresse ocorrer na fase final da doenca, geralmente por
danos aos tecidos causados pela patologia, ela poderia ndo ter contribuicdo
significativa ou poderia agravar ainda mais o dano. Caso 0 estresse oxidativo
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ocorra no estagio inicial da doenca, sem defesas antioxidantes adequadas,

poderia haver uma contribuicéo significativa para o desenvolvimento da patologia.

E importante ressaltar a existéncia de diferentes biomarcadores de estresse
oxidativo para tipos distintos de danos a biomoléculas. A utilizacdo desses
marcadores nao exclui a possibilidade de ocorréncia ndo detectada de outros
danos, o que poderia explicar a auséncia de dano ao telencéfalo. Estudos com

marcadores distintos poderiam contribuir para melhor entendimento da doenca.
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