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INTRODUCTION

The fragile X syndrome is the most common form of
inherited mental retardation. The prevalence of the full
mutation ranges from 1 of 2500 to 1 of 6000 males, and 1 of
4000 to 1 of 8000 females in the general population
(Hagerman and Hagerman, 2001). Instability of CGG
repeats in the FMRI (fragile X mental retardation 1) gene
is the most frequent mutation, and the absence of FMRP
protein (FMRI gene functional product) is responsible for
the phenotype (Verkerk et al, 1991). In addition to mental
retardation, patients exhibit macroorchidism, elongated
faces, connective tissue dysplasia, hyperactivity, autism
and stereotype behaviors, and increased sensory sensitivity
(Bardoni et al, 2006; Frankland et al, 2004).

In the brain, FMRP is highly expressed in neurons, it is
associated with translating ribosomes in the cytoplasm, and
is localized in dendrites and dendritic spines (De Diego
Otero et al, 2002; Weiler et al, 1997). FMRP is densely
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Fragile X syndrome is the most common genetic cause of mental disability. The mechanisms underlying the pathogenesis remain unclear
and specific treatments are still under development. Previous studies have proposed an abnormal hypothalamic—pituitary—adrenal axis
and high cortisol levels are demonstrated in the fragile X patients. Additionally, we have previously described that NADPH-oxidase
activation leads to oxidative stress in the brain, representing a pathological mechanism in the fragile X mouse model. Fmr[-knockout mice
develop an altered free radical production, abnormal glutathione homeostasis, high lipid and protein oxidation, accompanied by stress-
dependent behavioral abnormalities and pathological changes in the first months of postnatal life. Chronic pharmacological treatment
with a-tocopherol reversed pathophysiological hallmarks including free radical overproduction, oxidative stress, Racl and a-PKC
activation, macroorchidism, and also behavior and leaming deficits. The restoration of the oxidative status in the fragile X mouse emerges
as a new and promising approach for further therapeutic research in fragile X syndrome.
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expressed in the mouse adrenal medulla, without coexpres-
sion of both homologous fragile X-related proteins, FXR1P
and FXR2P; therefore, FMRP may have a specific function
in this tissue (De Diego Otero et al, 2000). It has been
proposed that FMRP acts as a translational repressor of a
subset of neuronal mRNAs, and may be involved in synaptic
mRNA localization, as it is present in mRNP localization
complexes (Zalfa et al, 2007).

The Fmrl-knockout (Fmrl-KO) mouse develops macro-
orchidism and sensory hyperreactivity to auditory stimuli.
It has significantly less freezing behavior, altered synaptic
plasticity, learning deficits and hyperactivity, as well as
brain glucose hypermetabolism. Consequently, the FmrI-
KO mouse phenotype is comparable to the patient
phenotype and may serve as a valuable tool to study the
physiological roles of FMRP and the mechanisms involved
in the pathology of the syndrome (Bakker et al, 1994).

Fragile X patients display an increase in adrenocortical
activity and an altered hypothalamic-pituitary-adrenal
(HPA) axis (Hessl et al, 2002). Adrenal hormones have
been involved in the induction of brain oxidative stress
resulting in oxidation of molecules and depletion of
antioxidants such as glutathione (GSH) (Herman and
Cullinan, 1997). Oxidative stress results from an imbalance
between the formation and neutralization of pro-oxidants
and leads to the dysregulation of the cellular physiology.
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Sources of endogenous-free radicals are oxygenase and
oxidase activities, catecholamines, glucocorticoids, and
mitochondrial energy production. Oxidative stress may
perturb presynaptic plasticity in the brain, with long-lasting
effects such as damage to neurons in areas of the brain
implicated in learning, memory, and emotional homeostasis
such as hippocampus, amygdala, and cortex (Virgin et al,
1991; Weber 1999). Inadequate regulation of stress
responses and oxidative stress are implicated in the
pathogenesis of systemic and neurodegenerative diseases,
and can be observed in Down’s syndrome and autism
(Iannello et al, 1999; Chauhan and Chauhan, 2006). Our
previous studies have linked the increased generation of
reactive oxygen species (ROS), NADPH-oxidase activation,
and the moderate increase of brain oxidative stress, as key
pathological components in the mouse model of fragile X
syndrome (el Bekay et al, 2007).

Although there are multiple ROS sources in the brain,
NADPH oxidase is one of the most important enzymes. It
catalyzes the reduction of molecular oxygen to form
superoxide (0°7), a potent-free radical that has a physio-
logical function in the nervous system. NADPH-oxidase
enzyme activity is regulated by four cytosolic subunits:
p47Phox | p67Pho% p40P"* and small Rac-GTPase proteins
(Wautier et al, 2001). A major concept in redox signaling is
that although NADPH-oxidase-derived ROS are necessary
for normal cellular function, excessive production leads to
oxidative stress and can contribute to pathological diseases.
This is certainly true in the central nervous system, where
normal NADPH oxidase appears to be required for neuronal
signaling, memory, and central cardiovascular homeostasis;
however, overproduction of ROS contributes to neuro-
toxicity, neurodegeneration, and cardiovascular diseases
(Lambeth, 2004).

There has been considerable interest in the potential role
of o-tocopherol in the treatment of oxidative stress-
mediated diseases, such as Alzheimer’s disease (Sano
et al, 1997; Morris et al, 2002) or Parkinson’s (Fariss and
Zhang, 2003). o-Tocopherol has the highest biological
activity as an antioxidant/radical scavenger (Osakada
et al, 2003); however, recent studies revealed non-anti-
oxidant neuroprotective effects, for example, reduction of
PKC-u activity through dephosphorylation (Zingg and Azzi,
2004).

There has also been extensive interest in N-acetyl-1-
cysteine (NAC); it provides an alternate means of boosting
intracellular GSH via elevated intracellular cysteine. GSH is
the predominant antioxidant in the aqueous cytoplasm of
cells, and virtually all cells require GSH for viability and
function. GSH can scavenge peroxynitrite and hydroxyl
radicals as well as convert hydrogen peroxide into water.
NAC can rescue neurons from apoptotic death through
direct action on transcription factors by the thiol group,
rather than by antioxidant effects (Yan and Greene, 1998).

Although the most frequent symptoms have limited relief
with psychopharmacological treatments (Chiurazzi et al,
2003), there are numerous researches investigating treat-
ments for the syndrome. The fragile X mutation produces a
highly selective impairment to long-term potentiation (LTP)
and the infusion of the neurotrophin, BDNF, fully restored
LTP in slices from the fragile X mice (Lauterborn et al,
2007). A partial reversion of the characteristics observed in
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the animal model for fragile X syndrome has been
demonstrated using glutamate receptor antagonist drugs
(McBride et al, 2005; Yan et al, 2005). Recently, two
published studies have demonstrated that the fragile X
phenotype can be normalized by generating a double KO of
the Fmrl gene and the mGlur5 gene (Délen et al, 2007), or
by generating a double KO of the FmrI gene and the p21-
activated kinase (PAK) gene (Hayashi, 2007). It has already
been demonstrated that gene therapy failed to completely
normalize the Fmr1-KO model (Peier et al, 2000).

In the present study, we demonstrate for the first time
that chronic a-tocopherol treatment reverses several bio-
chemical hallmarks described in the FmrI-KO mouse, such
as Racl-GTPase and o-PKC inactivation, free radical
production and oxidative stress, although it also normalizes
many of the behavioral and learning deficits. On the other
hand, treatment with NAC, a precursor of GSH acting as a
free radical scavenger, produced weaker effects.

MATERIALS AND METHODS
Animal Model

We used the Fmr1-KO FVB-129 mouse line obtained as a
gift from B. Oostra (Erasmus University Rotterdam)
(Bakker et al, 1994). All experimental protocols met the
guidelines of the Animal Welfare Committee of the
University of Malaga and the European Communities
Council Directive (86/609/EEC) and current Spanish legisla-
tion for the use and care of laboratory animals (BOE 252/
34367-91, 2005). The mice were kept as a colony, housed
under controlled conditions of temperature and humidity,
with a 12 h light/dark cycle and free access to standard food
and water. Wild-type (WT) and Fmrl-KO male mouse
littermates were used for all the experiments and were
obtained from crossing heterozygous (Xwr/Xrmr1 xo)
females and hemizygous (Xg,r ko/Y) males, and randomly
located in different experimental groups. We ran the
experiments on 205 male mice aged 60-180 days (8-12
mice per each experimental group).

Male control animals (nonstressed naive and vehicle)
were housed 3-4 animals per cage and handled daily. The
chronic social stressed groups were achieved by housing
nonhandled animals 10-12 in a large cage for the duration
of the experimental protocol. Male acute stress groups were
exposed once to acute stress by immobilization in an
exclusive room at the animal house, by placing individual
animals in a restrain mouse container attached to a wooden
board. The experimental mice were deprived of food and
water during acute stress exposure (Singh et al, 1993).
Animals were subjected to stress for 15min, and then
immediately used to analyze behavior. After the behavior
studies, blood samples were taken by retro-orbital puncture,
to measure the corticosterone and catecholamine levels in
plasma.

Genotype Analysis

Tail DNA was isolated to analyze the genotype of the mice.
PCR analysis was used with a pair of primers described
previously by Bakker et al (1994). Briefly, diluted DNA
(2 pl) and 5 pmol of appropriate primers were used with the



Ready Mix Kit (Sigma Chemical Co., St Louis, MO). The
PCR reactions were carried out on a thermocycler (Perkin-
Elmer, Fremont, CA) and the products (FmrI-KO allele of
800 bp and WT allele of 465 bp) were visualized by ethidium
bromide on a 1.5% agarose gel electrophoresis.

Drugs and Reagents

Acetate DL-a-tocopherol (TOC) was obtained from Roche
Diagnostic (Indianapolis, Indiana). NAC was obtained
from Zambon SA (Barcelona Spain). Reagents were
obtained from Sigma Chemical Co. Rabbit polyclonal anti-
Racl (sc-217), goat polyclonal anti-phospho-specific PKC-o
(sc-12356) and rabbit polyclonal anti-PKC-o0 (sc-208),
antibodies were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA). HRP-labeled anti-rabbit IgG was
purchased from Amersham International (Buckingham-
shire, UK). PAK-1 p21-binding domain was purchased from
Upstate Cell Signaling (Charlottesville, VA).

Treatments

Treatment was initiated at 3 months of age. The mice were
divided into trial groups: controls, TOC-treated groups, NAC-
treated groups, and NAC plus TOC (TOC+ NAC)-treated
groups. Mice receiving treatment were injected intraperito-
neally (i.p.) daily (for NAC) or every second day (for o-
tocopherol). We first performed a dose-response trial and
second, a time-course trial for treatment with a-tocopherol
acetate. Moreover, a third trial was performed with one
dosage of NAC. And finally, a fourth trial was performed
using a combination of a-tocopherol acetate plus NAC. These
trials were compared to naive and vehicle groups.

Animal Groups

Daily handled: (1) naive, (2) acute stressed by immobiliza-
tion, (3) social stressed. Chronic treatment, 30-day trial: (4)
vehicle: normal saline (1ml/kg) was injected i.p. to the
control groups as a vehicle. (5) a-tocopherol (50 mg/kg), (6)
o-tocopherol (100 mg/kg), (7) NAC (200 mg/kg), (8) o-
tocopherol (100 mg/kg) were combined to 200 mg/kg NAC.
Acute treatment, 10-day trial: (9) a-tocopherol (100 mg/kg)
was administered every 2 days.

Behavioral Study

We examined naive condition groups to study basal
responses in the open-field and the elevated plus maze
(Lister, 1987), compared with acute stressed groups, social
stressed groups, and treated groups. The habituation profile
was characterized by the exposure to the open-field
paradigm, in novelty and familiarity (ie 24 h later) both in
basal conditions and after treatment. The open field
apparatus and testing procedures were similar to those
used previously by Crusio and Schwegler (1987). The
animals were placed in the test room 30min prior to
the experiments. For the fear conditioning paradigm the
mice were studied under basal conditions (naive) and after
treatment in the Shuttle-box maze (Phillips and LeDoux,
1992) (see Supplementary Materials and Methods for
specific details).
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Preparation of Peritoneal Macrophages

Peritoneal macrophages were isolated from mice and kept
under standard conditions. The animals (30-35g) were
killed by cervical dislocation, and peritoneal macrophages
were extracted by i.p. saline injection of 5 ml. The cells were
pelleted by centrifugation, suspended in HEPES-buffered
Krebs-Ringer solution (KR-HEPES), composed of 118 mM
NaCl, 4.75mM KCI, 1.18mM H,PO, 1.18 mM MgSO,,
1.25mM CaCl,, 10mM glucose, and 25mM HEPES (pH
7.4) and used immediately for experiments.

Intracellular H,0, Production

The production of ROS was analyzed by 2,7-dichlorodihy-
drofluorescein diacetate (DCFDA), as an indicator of the
quantity of intracellular H,0,. Briefly, 2 x 10° (cells per ml)
macrophages were incubated at 37°C in the dark in the
presence of 2.5 uM DCFDA (dissolved in ethanol). The cells
were then rinsed twice with KR-HEPES buffer, and the
fluorescence intensity was measured at different times in a
spectrofluorometer using excitation and emission wave-
lengths of 503 and 529nm, respectively, with a Clarity
Microplate Reader (Biotek, Vermont, USA). The final values
were corrected for intracellular protein in each well and
expressed as a percent of fluorescence in control wells.

Brain Dissection

Animals were killed by cervical dislocation. The brains were
removed immediately at 4°C. For ex-vivo experiments, brain
tissue was sectioned into 100-pum-thick slices and trans-
ferred onto plates containing sterile KR-HEPES buffer for
ROS assays.

Measurement of Total Reactive Oxygen Species
Production

Luminol-based luminescence correlated well with total ROS
produced by the cells. As luminol can permeate freely
through the cell membrane, luminescence was an indication
of the addition of intracellular plus extracellular ROS (Li
et al, 1998). Briefly, brain slices were suspended in KR-
HEPES, and 15uM luminol was added. The reaction was
started by the addition of 100 nM phorbol 12-myristate 13-
acetate (PMA), and the chemiluminescence emission was
recorded. Total ROS production was measured in brain
slices at basal levels and after in vitro 40 uM «-tocopherol
incubation for 24 h at 37°C and 5% CO,.

Determination of Thiobarbituric Acid- Reactive
Substances

Measurement of malondialdehyde (MDA), the most abun-
dant product arising from lipid peroxidation, has been
extensively used as an index of oxidative stress. We
determined MDA by quantifying thiobarbituric acid-reac-
tive substances (TBARS) by spectrophotometry (Esterbauer
and Cheeseman, 1990). Absorbance was determined spec-
trophotometrically at a wavelength of 532 nm (VERSAmax
spectrophotometer, Molecular Device, USA). The protein
concentration was determined with the Bradford method
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(Bradford, 1976) (see Supplementary Materials and Meth-
ods for further details).

Antioxidant Assay

Measurement of both reduced GSH and glutathione
disulfide (GSSG) in tissue has been considered essential as
an index of the antioxidant GSH status and a useful
indicator of oxidative stress status in a tissue. A character-
istic hallmark of many pathophysiologic conditions is a
decrease in the GSH/GSSG ratio. GSH levels were measured
by spectrofluorometry (Hissin and Hilf, 1976) (see Supple-
mentary Materials and Methods for further details).

Enzymatic Assays

Glutathione peroxidase (GSHpx), glutathione reductase
(GSSGrd), and GSH transferase (GSHtf) were determined
by spectrophotometric kinetics. GSSGrd was assayed
following NADPH oxidation at 340nm (Carlberg and
Mannervik, 1985). GSH peroxidase was determined accord-
ing to Flohé and Gunzler (1984), with tert-butyl hydroper-
oxide as substrate. GSHtf was determined according to
previous literature (Warholm et al, 1985), using
1-chloro-2,4-dinitrobenzene as a substrate (see Supplemen-
tary Materials and Methods for further details).

Protein Assays

The formation of carbonyl compounds is actually the most
general and widely used marker of severe protein oxidation
both in vitro and in vivo. As a marker of oxidative damage
to proteins, carbonyl contents have been shown to
accumulate during aging, chronic inflammation, and many
age-related diseases in a variety of organisms (Dalle-Donne
et al, 2003; Dean et al, 1997). To analyze protein oxidation,
we followed the method described previously by Levine
(2002) (see Supplementary Materials and Methods for
further details).

Hormonal Assays

Plasma and adrenal catecholamines were measured by
HPLC coupled to electrochemical detection (del Arco et al,
2000). We assayed plasma corticosterone and testosterone
concentrations using commercially available I'**-radio-
immunoassay kits from ICN Pharmaceuticals, (Orangeburg,
New York).

Racl GTP-Binding Activity

Racl activity pull-down assays were carried out, on the
basis of the capability of PAK proteins to bind to GTP-
activated Racl but not inactivated-Racl bound to GDP
(see Supplementary Materials and Methods for further
details).

Western Blotting Analysis of Total-Racl

Protein (20 pug) from the brains of three different animals
were used on 8% SDS-PAGE electrophoresis. Racl rabbit
polyclonal (1:800) and subsequently HRP-labeled anti-
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rabbit IgG (1:1200) were applied. Immunoreactivity for
proteins was visualized by enhanced chemiluminescence.
Relative intensity from each band was calculated from the
Western blotting assays using 1D Manager2.0 (TDIS.A.
Spain).

PKC-a Activation

Brain tissue was homogenized by sonication in a lysis buffer
(20 W, three 5 s bursts each separated by 30 s intervals). The
debris was removed by centrifugation at 10 000 g for 5min
at 4°C. The supernatant (80 ng) was incubated with 1 mg of
anti-PKC-u for 2h at 4°C, then 40 pl of A-Sepharose protein
was added, and the precipitation of PKC-a-antibody
complex was carried out at 4°C for 2h. The mixture was
centrifuged at 10000g for 5min, and the pellet was
resuspended with the sample buffer. After centrifugation,
the supernatant was subjected to SDS-PAGE and immuno-
detected with goat anti-phospho-PKC-o IgG, at 1:2000
dilution in PBS supplemented with 0.02% Tween 20 and 1%
BSA, then incubated with HRP-conjugated anti-rabbit IgG
at 1:20000 dilution in PBS with 0.5% BSA, followed by
enhanced chemiluminescence. The membrane was stripped
and then incubated with rabbit anti-cPKC-¢ and rabbit
polyclonal IgG to assay the total a-PKC (1:800; Santa Cruz
Biotechnology).

Statistical Analysis

The data in the text, tables, and figures are expressed as the
mean * standard error of the mean from 4 to 12 experi-
ments in samples from different animals. All statistical
analyses were carried out with the Social Program for
Statistical Sciences (SPSS v. 10.0) software program. The
statistical significance of intergroup differences was eval-
uated by the two-tailed unpaired Student’s T-test, with a
significance level of P<0.05. Comparisons among multiple
groups or repeated measurements were made by analysis of
variance (ANOVA) followed by Bonferroni transformation
and differences were established at P<0.05.

RESULTS

Fmrl-KO mice were studied for environmental stress-
dependent phenotypic and behavioral alterations. The
changes reported here included increased organ weight,
membrane protein content, altered glucocorticoid levels,
activation of Racl and «-PKC proteins, as well as behavioral
reactivity to acute and social stress. Interestingly, o-
tocopherol treatment reversed most of the pathological
hallmarks indicated above.

Fmr1-Knockout Mice Displayed Phenotypic
Abnormalities and Stress-Dependent Behavioral
Alterations

Fmrl-KO mice showed increased weight of the salivary
glands and pancreas in addition to macroorchidism already
described by many reports (Supplementary Table Sl1),
whereas the size of the brain, liver, spleen, and kidneys
were normal compared to the WT-control group. Also a
significant increased in body weight was found in 6-month-



old Fmrl-KO mice in comparison to WT littermates
(Supplementary Table S1). Pathological alteration of the
testes was not associated with changes in testosterone levels
(Fmr1-KO mice: 4.09 +2.1ng/ml, and WT-control mice:
2.55 1 1.5 ng/ml of testosterone in plasma).

Studies using Fmrl-KO mice often resulted in contra-
dictory data, especially in behavioral outcomes. In an
attempt to systematize all the studies, we first performed a
stress-dependent analysis of behavioral alterations. We
performed the open-field and the elevated P-maze in young
adult FmrI-KO mice (4-month old). Open field was
performed to characterize the basal level (naive) of
exploratory behavior (hyperactivity) in animals habituated
to daily handling under novelty and familiar conditions.
Fmrl-KO mice displayed an increase in total distance
traveled, a well-known parameter for hyperactivity
(Figure la), in comparison to the WT-control groups
(P<0.01, n=12-14). If the test was performed in animal
groups under acute stress conditions, the FmrI-KO
mice reduced the total distance traveled and did not
display a significant difference in novelty compared to the
WT-control group, but there was a significant difference
in familiarity, the WT-control mice showed habituation in
contrast to the Fmr1-KO that did not display the expected
habituation profile. When the mice were exposed to a
social stress condition, the differences in total distance
traveled were increased between genotypes in novelty and
familiarity. In this specific behavioral paradigm, the WT-
control mice showed a learning process where as KOs did
not, it was observed in the second day of the trial that the
exploratory behavior is reduced in WT-control group
demonstrating habituation to the open field. However the
Fmr1-KO mice showed approximately similar locomotor
activity in novelty and familiarity, indicating an absence of
habituation to the open field as an example of a learning
deficit.

In the elevated P-maze, basal nonstressed FmrI-KO mice
(Naive group) displayed an increase of the percentage of
time spent in the exposed arms, reflecting lower anxiety
than the WT-control group. Exposure to acute stress, by
immobilization in nonhabituated animals, markedly re-
duced the percentage of time spent in the exposed arms in
Fmr1-KO mice and the anxiety measurement is similar to
WT-control that is also reduced in comparison to naive
groups, suggesting an enhanced reactivity to the aversive
properties of the maze in both genotypes, it indicated
increased anxiety under acute stress condition (Figure 1b).
The social-stress FmrI-KO group spent more time in the
exposed arms of the P-maze compared to the WT-control
group in the same conditions, indicating lower anxiety in
the Fmrl-KO group; surprisingly similar results were
formerly observed in naive conditions.

To further characterize these context-dependent re-
sponses, we had measured the corticoadrenal response to
stress. Fmrl-KO mice displayed lower corticosterone
plasma levels when measured in naive nonstressed animals
(Figure 1c). The corticosterone levels were increased after
exposure to acute stress in Fmr1-KO mice in comparison to
the WT-control group. However, the chronic social stress
Fmr1-KO group showed lower corticosterone levels, in
comparison to the WT-control group, similar results were
observed in naive conditions.
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Figure 1 Selected stress-related phenotypic alterations of the Fmrl-

knockout (KO) mice in comparison to wild-type (WT) littermate-controls.
(@) Fmrl-KO mice display hyperactivity in novelty (NOV) and familiar
(FAM) environments. The increased exploratory behavior observed in
naive conditions is almost normal in the acute stress Fmr/-KO group in
comparison to WT-control groups and those naive groups. The social
stress conditions enhanced the differences between genotypes. (b) Fmr/-
KO mice display anxiolysis in the P-maze under nonstressing conditions or
under chronic social stress, but reduce significantly the percentage of time
spent in the exposed arms during acute stress conditions. (c) Fmrl-KO
mice had lower plasma corticosterone levels in basal nonstressing and
social stressing conditions, but enhanced reactivity to acute stress (30 min
restrain). Data are means + SEM of at least eight mice per group. Statistical
analysis was done by unpaired T-test. *P <0.05 or **P<0.01 Fmr/-KO vs
WT-control. #P<0.05 stressed vs naive. %P <0.05 FAM-WT vs NOV-WT.

Fmrl-Knockout Mice Displayed Age- and
Tissue-Dependent Enhanced Oxidative Stress

Fmrl-KO mice exhibited an early onset increase of
oxidative stress in organs expressing FMRP such as brain
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and testicles. Oxidative stress was also found in salivary
glands and the pancreas but not in the liver or kidneys
(Supplementary Table S2). This is revealed by a decreased
level in reduced GSH and an increase in oxidized GSH
(GSSG). The activity of GSHtf and GSHpx, the main
enzymes involved in GSH homeostasis were also decreased
in brain, salivary glands, and testicles in young adult
animals. To better characterize the oxidative stress status, a
lipid peroxidation marker, represented by TBARS was
measured in this study. The Fmrl-KO group showed
increased levels of TBARS in cell membranes obtained
from brain, testes, pancreas, and salivary glands, whereas
the TBARS levels in kidneys and the liver were unchanged
in comparison to the WT-control group. These changes
were age-dependent, being present along the first months of
postnatal life (Supplementary Table S2). Differences ob-
served in oxidative stress parameters were not observed in
older animals (6 months age), and it may be related to an
enhanced oxidative stress that is normally associated to
aging (Dalle-Donne et al, 2003; Dean et al, 1997). On the
basis of these findings, we selected a time window of 60-120
days of postnatal life (young adult mice) for the character-
ization of treatment effectiveness on phenotypic alterations
associated with FMRP absence.

a-Tocopherol Reversed Physical Body Abnormalities
and Oxidative Stress Markers in a Dose-Dependent
Manner in Fmrl Knockout

To evaluate the effectiveness of an antioxidant neuropro-
tective therapy to normalize the FmrI-KO mouse pheno-
type, we performed treatment trials with o-tocopherol
acetate (Supplementary Figure Sla) and NAC (Supplemen-
tary Figure S1b). Chronic (i.p.) treatment with 100 mg/kg o-
tocopherol every second day during 30 days was sufficient
to normalize the body organ weights altered in the vehicle
Fmrl-KO group, such as testicles (F=16.53, df=1,
p<0.0002, % of total variation 23.77), salivary glands
(F=15.31, df=1, P<0.0003, % of total variation 21.85),
and pancreas (F=10.23, df=1, P<0.002, % of total
variation 16.81) (Supplementary Table S3).

Free radical production was measured in macrophage
cells (Figure 2a) and brain slices (Figure 2b). A significant
increase in free radical production was observed in
macrophage cells and brain slices in Fmrl-KO mice in
comparison to the WT-control mice in presence of 100 nM
WT-PMA. The in vitro treatment with 40 uM o-tocopherol
for 24 h reduced significantly endogen-free radical produc-
tion to WT-control levels in macrophage cells; it was
analyzed by repeated measurement comparisons (ANOVA)
of tocopherol-treated group vs basal groups, (F=35800,
df =3, p<0.0001, % of total variation 80.5; Figure 2b),
Bonferroni post hoc test indicates significant differences
(p<0.001) comparing WT-basal vs KO-basal, KO-basal vs
WT-TOC, and KO-basal vs KO-TOC. In brain slices, a
reduction of total ROS production was observed with the in
vitro 40 pM o-tocopherol treatment for 24h (repeated
measurement comparisons by ANOVA of tocopherol-
treated groups vs basal groups, F=1018, df=3,
p<0.0001, % of total variation 97.06; Figure 2d), Bonferroni
post hoc test indicates significant differences (P<0.001)
comparing WT-basal vs KO-basal, WT-basal vs WT-TOC,
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WT-basal vs KO-TOC, KO-basal vs WT-TOC, and KO-basal
vs KO-TOC.

Antioxidant markers, such as reduced (Figure 3a) and
oxidized GSH (Figure 3b), were measured after treatment
trials. These two parameters were altered in vehicle Fmrl-
KO mice compared to vehicle WT-control and were
normalized in brain samples after chronic 100 mg/kg o-
tocopherol treatment. Concurrently, the activity of key
enzymes involved in GSH homeostasis, such as GSHpx
(Figure 3c) and GSHtf, (Figure 3d) were reduced in the
vehicle FmrI-KO mouse compared to WT-control level.
Differences in the above-mentioned markers were also
normalized in brain tissue from the Fmrl-KO mice after
chronic 100 mg/kg a-tocopherol treatment. The effective-
ness of the a-tocopherol treatment to prevent oxidative
stress was also analyzed measuring the carbonyl content of
protein, a marker of protein oxidation. The total protein
content was measured in brain tissue, and no significant
difference was detected between genotypes or treatments
(data not shown). However, the measurement of carbonyl
content of protein in membrane fractions obtained from
brain tissue of the vehicle Fmrl-KO group showed a
significant increase compared to WT-vehicle group, and
this increase was reversed under chronic 100 mg/kg a-
tocopherol treatment (Figure 3e). Additionally, an increase
in lipid peroxidation (TBARS) was observed in the vehicle
Fmrl-KO mouse in comparison to the WT-control level,
and this parameter was also normalized after chronic
100 mg/kg a-tocopherol treatment (Figure 3f). Interestingly,
the oxidative stress alterations indicated above remain
altered after the chronic treatment with 50mg/kg «-
tocopherol.

To characterize the effectiveness of o-tocopherol with
respect to the enhanced testicular weight of the fragile X
mouse, we measured the weight and the oxidative stress
parameters in testes of the Fmrl-KO, compared to both
treated WT-control and vehicle Fmri-KO groups. The
Fmrl-KO mice group shows a normalization of the
increased testicular weight (Supplementary Figure S2a)
with 100 mg/kg o-tocopherol chronic treatment; however,
50 mg/kg of a-tocopherol fails to normalize the testicular
size. The reduced (Supplementary Figure S2b) and oxidized
(Supplementary Figure S2c) GSH levels in the testicles were
only normalized with a high dose of 100 mg/kg «-tocopherol
in the Fmrl-KO group. The enzymatic activities related to
GSH in the Fmrl-KO testes showed a comparable level to
the WT-control group with 100 mg/kg o-tocopherol treat-
ment (Supplementary Figure S2d). Carbonyl content was
measured in the cytosol and membrane proteins in the
dose-response treatment trial, the higher dosage of a-
tocopherol normalized the altered parameter in the Fmrl-
KO testes (Supplementary Figure S2e). The normalization of
the TBARS level was observed in the Fmri-KO group when
a high dose of 100mg/kg of o-tocopherol was used
(Supplementary Figure S2f). The lower dose of 50 mg/kg
a-tocopherol used in this trial failed to normalize all the
biochemical oxidative parameters and the testicular weight
(Figure 2). The complete data of the oxidative stress
parameters measured in different mouse tissues after the
a-tocopherol trial can be found in Supplementary Table S4.
Two-way ANOVA with Bonferroni post hoc test was
performed to analyze statistical significant differences:
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Bonferroni's Multiple Comparison Test t p-value 95% CI of diff
WT-PMA vs KO-PMA 7.635 p <0.001 —82780 to -37490
WT-PMA vs WT-PMA-TOC 1.615 p>0.05 —9928 to 35360
WT-PMA vs KO-PMA-TOC 0.9270 p>0.05 —29950 to 15340
KO-PMA vs WT-PMA-TOC 9.249 P <0.001 50210 to 95500
KO-PMA vs KO-PMA-TOC 6.708 P <0.001 30190 to 75480
WT-PMA-TOC vs KO-PMA-TOC 2.542 p>0.05 —42670 to 2627
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ANOVA

Bonferroni's Multiple Comparison Test t p-value 95% ClI of diff
WT-PMA vs KO-PMA 27.63 p<0.001 —9647 to -7828
WT-PMA vs WT-PMA-TOC 49.57 P <0.001 14770 to 16590
WT-PMA vs KO-PMA-TOC 48.90 p <0.001 14560 to 16370
KO-PMA vs WT-PMA-TOC 77.19 P <0.001 23500 to 25320
KO-PMA vs KO-PMA-TOC 76.52 P <0.001 23290 to 25110
WT-PMA-TOC vs KO-PMA-TOC 0,6690 pP>0.05 —1121 10 697.7

Figure 2 The Fmrl-knockout mice display an increase in ROS production in macrophage cells and brain slices, compared to wild-type (WT) mice. (a)
Intracellular-free radical production was measured in peritoneal macrophages from 4-month-old Fmr/-KO and WT-control mice in presence of 100 nM WT-PMA
as described in ‘Materials and methods'. In vitro 40 uM a-tocopherol treatment for 24 h normalizes the macrophage-free radical overproduction to the normal WT-
control level. (b) Total ROS production was measured in brain slices from Fmr/-KO and WT-control mice in presence of 100 nM WT-PMA by chemiluminescence
as described in ‘Materials and methods'. After in vitro treatment with 40 pM a-tocopherol for 24 h, the total ROS production was normalized. Data are means £ SEM
of at least 6-8 mice per group. Statistical significance was assessed by repeated measurements ANOVA, followed by Bonferroni post-test.

p<0.05 vehicle-KO vs vehicle-WT. p<0.05 vehicle Fmrl-
KO vs treated Fmrl-KO.

Chronic a-Tocopherol Treatment Restored Behavioral
and Hormonal Abnormalities in a Time-Dependent
Manner in Fmrl Knockout

The 30-day chronic treatment with 100 mg/kg a-tocopherol
normalized several behavioral markers, such as the
hyperactivity displayed by the Fmrl-KO mice measured as

total distance traveled in the open field (Figure 4a) and also
the altered anxiety response assessed in the elevated P-maze
under nonstressed conditions (Figure 4b). The FmrI-KO
groups were compared to the WT-control group under
vehicle treatment. Surprisingly, the anxiety response is also
normalized in the Fmrl-KO group after 10 days of
treatment (Figure 4b). The 30-day trial clearly normalized
the testicular weight (Figure 4c). Additionally, 100 mg/kg
o-tocopherol treatment for 30 days also normalized the
reduced corticosterone plasma level in the Fmri-KO mice
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Figure 3 Dose-response curve of chronic a-tocopherol treatment over oxidative stress in the brain from the Fmr/-knockout mice in comparison to the
WT-control groups. Black horizontal line indicates the level of the selected parameter in wild-type (WT) littermates as a mean between vehicle-controls and
WT treated with a-tocopherol under the highest-dose regimen. Two markers of tissue antioxidant capacity were measured in brain, (a) levels of reduced
glutathione and (b) levels of oxidized glutathione. Two markers of tissue glutathione metabolism were measured in brain (c) glutathione peroxidase level and
(d) levels of glutathione transferase. (e) Levels of carbonyl content of protein as a marker of protein oxidation. (f) Levels of MDA in the brain measured as
thiobarbituric acid reactive substances (TBARS), a lipid peroxidation marker. Data are means * SEM of at least 8—12 mice per group. Statistical significance of
quantification was assessed by repeated measurements ANOVA, followed by Bonferroni post-test. *p <0.05 and **p <0.01 Fmr/-KO vs WT-control levels.

compared to the WT-control (Figure 4d). The reduced GSH
level (Figure 4e) in the FmrI1-KO group is similar to WT-
control level after the 30 days of 100 mg/kg «-tocopherol
treatment. The normalization of the TBARS level occurs
in the Fmrl-KO group after 30 days of 100mg/kg of
a-tocopherol treatment (Figure 4f).

To study the effectiveness of a-tocopherol treatment in
hippocampal/amygdala learning deficits, we analyzed
learning fear conditioning by using of the Shuttle-box
paradigm. The Fmrl-KO mouse in naive and vehicle-
treated conditions showed less freezing response than the
WT-control group in contextual and cued experiments

Neuropsychopharmacology

during the testing session (Figure 5a and b). Differences
between genotypes are not observed when the mouse
groups received a chronic 100mg/kg «-tocopherol
treatment, in the different sessions of the experiment
(Figures 5a and b).

Chronic Treatment with 100 mg/kg a-Tocopherol
Inhibited Racl-GTPase Activation and PKC-a
Phosphorylation In Fmrl Knockout

The Fmrl-KO mice showed an increase in Racl activation
(Figure 6a) in brain obtained from the vehicle-group and
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Figure 4 Time-course effects of chronic a-tocopherol treatment over behavior, testicular weight, corticosterone plasma levels, and testicular oxidative
stress (GSH and TBARS markers) in the Fmr/-knockout mice in comparison to the WT-control groups. Treatment for O, 10, and 30 days with 100 mg/kg o-
tocopherol showed that only chronic treatment for 30 days could normalize the measured parameters. (a) Hyperactivity observed in the open field at O and
10 days of treatment was normalized after 30 days of uninterrupted treatment. (b) Exploratory activity in the elevated P-maze showed an increase of time
spent in the exposed arms as a parameter of anxiolysis and was normalized after 10 days of treatment reaching normal levels after 30 days. (c) The increased
weight of testicles in the Fmr/-KO mouse group in comparison to the WT-control group was only normalized after 30 days of treatment. (d) Basal
corticosterone secretion measured in plasma obtained in the morning was decreased in the Fmr/-KO mouse group in comparison to the WT-control group.
This parameter is only normalized after 30 days of treatment. (e) Levels of testicular reduced glutathione, as marker of antioxidant status. (f) Levels of
testicular thiobarbituric acid reactive substances (TBARS) as a lipid peroxidation marker. Data are means £ SEM of at least 8—12 mice per group. Statistical
significance of quantification was assessed by repeated measurements ANOVA, followed by Bonferroni post-test. *p <0.05, *¥p<0.01 Fmr/-KO vs WT-
control level.

similar results were found in testicles. The chronic 100 mg/
kg a-tocopherol treatment reduced the activation of Racl to
a normal level in the brain and testicles of the Fmrl-KO-
treated group compared to Fmrl-KO vehicle group.
However, total level of Racl protein is similar between
genotypes when vehicle-group is compared to «-tocopherol-
treated groups (Figure 6a). The densitometry analysis of
three different experiments run in parallel showed similar

results, and the mean + SEM of the signal is represented for
brain and testicles in the different groups.

We also studied PKC-o activation due to excessive free
radical production observed in the Fmr1-KO mice. In naive
conditions, an increase in brain PKC-« phosphorylation is
detected in the Fmr1-KO in comparison to the WT-control
mice in nave- and vehicle-treated conditions. The chronic
100 mg/kg a-tocopherol treatment reduces brain PKC-o
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Figure 5 The absence of FMRP protein impairs cued and contextual fear conditioning and chronic 100 mg/kg a-tocopherol (TOC) treatment improves
hippocampal leaming deficits observed in the Fmr/-KO mouse model. We measured contextual and cued fear conditioning to study the hippocampal
function through Shuttle-box paradigms. (a) At 24 h after a training session, the mouse is tested for 5min in the training chamber with no tone or shock
presentation, and observed for freezing behavior (contextual fear conditioning). An hour later, the mouse was placed in a different chamber and observed
for freezing for 2 min acclimatization. Then, the conditional stimuli (CS) is presented for 3 min, during which the freezing behavior is also measured (cued fear
conditioning). The Fmr!-KO mouse groups displayed significantly decreased levels of freezing for contextual and cued fear conditioning, in comparison to the
WT-control group under naive conditions. (b) Chronic 100 mg/kg a-tocopherol treatment normalized the measured markers of hippocampal/amygdala
memory deficits observed in the Fmr/-KO mouse. Data are means = SEM of at least 8—12 mice per group. *p <0.05, **p<0.01 Fmr/-KO vs WT-control

level. #p<0.05 treated-KO vs treated-WT.

phosphorylation in Fmrl-KO mice to levels observed in
control groups, as can be seen in a representative western
blot and in densitometry analysis of three different
experiments run in parallel (Figure 6b).

NAC Treatment was Unable to Normalize all Phenotypic
Alterations in Fmrl Knockout

Chronic treatment with 200 mg/kg NAC for 30 days failed to
normalize several abnormal markers measured to the Fmrl-
KO mouse (Supplementary Table S5. Two-way ANOVA with
Bonferroni post hoc test was performed to analyze statistical
significant differences). Surprisingly, the percentage of time
spent in the exposed arms of the P-maze was reduced in the
treated Fmr1-KO mice and reached WT-control levels after
chronic NAC treatment indicating a positive effect on
anxiety response, a similar result is observed in the FmrI-
KO TOC+ NAC-treated group (Figure 7a). Total distance
traveled in the open-field maze was elevated in the FmrI-KO
vehicle- and NAC-treated groups in comparison to the WT-
controls, but an attenuation of the difference is observed in
the Fmr1-KO NAC-treated group (Figure 7b). The FmrI1-KO
TOC + NAC-treated group shows normal locomotor activ-
ity. These results indicate that NAC treatment was not
adequate to reverse the behavioral deficits of the fragile X
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mouse. Unexpectedly, the absence of the habituation
response observed in the Fmr1-KO mice in naive or vehicle
conditions was normalized after chronic treatment with
200mg/kg NAC. The 30-day NAC-treatment trial clearly
fails to normalize the testicular weight in the FmrI-KO
mouse (Figure 7c). Also, the TBARS level remains elevated
in brain tissue from Fmr1-KO mice (Figure 7d).

Testosterone levels are unchanged in vehicle and treated
groups (Figure 7e). Corticosterone levels are reduced in the
Fmr1-KO mice in vehicle condition and this parameter is
normalized by TOC+NAC treatment and it remains
diminished in the Fmr1-KO mice after chronic 200 mg/kg
per day NAC treatment (Figure 7f).

Chronic treatment with a combination of 100 mg/kg o-
tocopherol and 200 mg/kg NAC for 30 days normalized the
abnormal markers measured in the Fmrl-KO mouse
(Supplementary Table S6. Two-way ANOVA with Bonfer-
roni post hoc test was performed to analyze statistical
significant differences).

DISCUSSION

The description of altered levels of excitatory amino acids,
and the abnormal expression of genes involved in redox
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Figure 6 Racl GTP-binding activity and PKC-o phosphorylation were decreased after chronic treatment with 100 mg/kg of a-tocopherol (TOC) in the
Fmrl-knockout (KO) mice. (a) In naive conditions, the Racl GTP-binding activity was increased in brain and testes from Fmr[-KO groups in comparison to
WT-controls and chronic tocopherol treatment reversed the hyperactivation in 4-month-old Fmr/-KO compared to wild-type (WT) mouse groups, Each
blot is representative of a set of three experiments that yielded similar results. The lower panel shows the Racl densitometry analysis of three experiments.
(b) PKC-or phosphorylation was activated in the brain from the Fmr/-KO mice compared to WT mice in naive conditions, whereas the total PKC-a was
unchanged between genotypes. The treatment of the mouse groups with 100 mg/kg of a-tocopherol (TOC) normalizes the phosphorylated level of PKC-o..
Each blot is representative of a set of three experiments that ylelded similar results. The densitometry analysis of all set of expemments can be observed in
the bottom graph of the panel. Data are means + SEM of 6-9 mice per group. *P<0.05, #*P < 0.0 Fmr/-KO vs WT-control level. *P<0.05 treated-KO vs
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Figure 7 Chronic trials either with vehicle, a combination of 100 mg/kg a-tocopherol (TOC) + 200 mg/kg N-acetyl-L-cysteine (NAC) or 200 mg/kg NAC
showed positive effects of a-tocopherol treatment in comparison to NAC. (a) Exploratory activity in the elevated P-maze showed an increase of time in the
exposed arms as a parameter of anxiolysis in the Fmr[-KO vehicle group in comparison to the WT-control group. This alteration was normalized after chronic
treatment with either the combined formula or the single formula, showing a normal anxiety response either with NAC or a-tocopherol. (b) The Fmr[-KO
group showed an enhanced hyperactivity in both novelty (NOV) and familiarity (FAM) environments and also an absence of habituation of the vehicle Fmr |-
KO group in comparison to the vehicle WT-control group. The distance traveled and habituation was normalized after chronic treatment with the combined
formula in the Fmr!-KO group in comparison to the treated-WT-control and to vehicle-WT groups. The chronic treatment with NAC reduced the distance
traveled in the Fmrl/-KO group but was not completely normalized; however, the habituation response was observed after the NAC treatment, indicating a
specific positive effect of NAC in this learning parameter. (c) The combined formula of 100 mg/kg a-tocopherol + 200 mg/kg NAC normalized the increased
testicular weight observed in vehicle-Fmr/-KO and NAC-Fmr[-KO groups. (d) The combined formula also normalized the increased levels of TBARS
observed in the vehicle-Fmr/-KO. NAC (200 mg/kg) significantly diminished the TBARS level in the testicles of the Fmrl-KO group in comparison to the
vehicle-Fmr-KO group, but could not normalize the level to WT-control groups. (e) Testosterone plasma levels were measured in the three conditions in
both Fmr/-KO and WT-control groups. No significant differences were observed between genotypes in the compared groups. (f) In the Fmrl/-KO, the
corticosterone levels were diminished in both vehicle- and NAC-treated groups, in comparison to the WT-control groups. The chronic treatment with a
combined formula normalized the corticosterone plasma levels in the Fmr[-KO in comparison to the WT-control groups. Data are means + SEM of at least 8—
12 mice per group. ¥ <0.05, #*p <0.01 Fmr!/-KO vs WT-control level. #5<0.05 treated KO vs treated WT. ¥p<0.05 FAM vs NOV.

homeostasis in Fmrl-KO mice (Brown et al, 2001; model (El Bekay et al, 2007), prompted us to study the
Miyashiro et al, 2003; Gruss and Braun, 2004), together existence of oxidative stress. As phenotypic alterations of
with our previous results demonstrating that NADPH-  fragile X patients and Fmrl-KO mice are based on multiple
oxidase activation as a major source of extracellular oxygen-  molecular alterations, the existence of an abnormal
free radical production in the brain of the fragile X mouse  substrate in redox homeostasis might be a common
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pathway to excitotoxicity and may offer new targets for
therapeutic investigation.

The present findings indicate that a chronic treatment of
a-tocopherol correlated significantly with a significant
improvement in the Fmr1-KO mouse phenotype. The major
lines of evidence provided in this study are: (1) FmrI-KO
mouse showed stress-dependent alterations in behavioral
parameters and adrenal hormonal secretion. (2) FmrI-KO
mouse tissue displayed a statistically moderate tissue-
dependent increase in oxidative stress markers found in
testicles, pancreas, and salivary glands in addition to the
already described brain oxidative stress. The altered
oxidative-stress parameters were lipid peroxidation, protein
oxidation, and an abnormal GSH metabolism in the first 4
months of development. (3) Following the in vitro treatment
of a-tocopherol, free radical production was at the normal
range in Fmrl-KO macrophage cells and brain slices, in
comparison to the WT-controls. (4) A possible proposed
mechanism, for oxidative stress normalization following -
tocopherol treatment, is the inactivation of Rac1-GTPase, a
protein controlling NADPH-oxidase activity and free radical
production. (5) Intraperitoneal chronic treatment of
100 mg/kg o-tocopherol every second day to 3-month-old
mice was able to normalize exploratory behaviors, habitua-
tion abnormalities, anxiety responses, and contextual fear
conditioning. These paradigms were altered in the FmrI-KO
groups in comparison to the WT-controls before treatment.
(6) Increasing the antioxidant capacity with 200 mg/kg NAC
chronic treatment did not normalize the corticoadrenal
hormonal secretion, the lipid peroxidation in brain and
testicles, the increased testicular weight, or the altered
exploratory behaviors observed in the open-field paradigm,
but a positive effect was observed in the anxiety response on
the P-maze paradigm. (7) o-tocopherol (50 mg/kg) or 10-
day 100 mg/kg a-tocopherol trials were not able to normal-
ize all the parameters measured throughout the study.

Therefore, all these findings together indicate that chronic
treatment with a therapeutic dose of 100 mg/kg a-tocopher-
ol, a major lipophilic antioxidant compound that controls
the membrane source of free radicals, protected the Fmrl-
KO mouse from the oxidative stress pathology in brain and
testes, the most affected organs described in the fragile X
syndrome, reversing the principal behavioral and learning
deficits.

All cells in the body are exposed chronically to oxidants
from both endogenous and exogenous sources; however, an
antioxidant system is also present to prevent cellular
damage. Nutrients, both water-soluble and lipid-soluble
antioxidants comprise an important aspect of the antiox-
idant defense system. Reactive oxygen and nitrogen species,
if unrestricted, can contribute to chronic disease by
oxidatively modifying lipids, proteins, and nucleic acids
(Liu et al, 1996). Of all the organs, the brain is thought to be
the most vulnerable to oxidative damage due to its high
oxygen consumption, presence of high levels of polyunsa-
turated fatty acids and the nongeneral proliferative nature
of neurons, which may lead to various neurodegenerative
diseases (Floyd and Carney, 1992).

Different trials were performed during this study, a dose-
response and a time-course trial of o-tocopherol. As a fat-
soluble vitamin, a-tocopherol has the potential for toxicity.
However, it does appear to be the least toxic of the fat-
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soluble vitamins. No instances of toxicity have been
reported at doses of 1600 mg per day tocopherol (Das,
1994). There are previous works on daily systemic treatment
with this antioxidant at a dose of 2350 mg/kg in monkeys to
prevent toxicity. A recent publication demonstrated that a
high dosage of tocopherol (100, 200, and 400 mg/kg)
presented protective effects on ethanol-induced brain
damage in mice (Guo et al, 2007).

The search for intervention strategies for the fragile X
syndrome has been boosted by the development of KO mice
(Bakker et al, 1994). One important outcome of this model
is the identification of physiological pathways contributing
to the pathogenesis. We have already described in a
previous work the implication of oxidative stress as a
primary factor involved in FmrIl-KO brain pathophysiology
(el Bekay et al, 2007). The experimental procedure is now
supported by the correction of deleterious effects of
oxidative stress with a-tocopherol chronic treatment.
Although we cannot rule out the possibility that parallel
changes in other affected pathways also contribute to
behavior deficits and cognitive impairment, our results
support the hypothesis that increased free radical levels and
Racl-GTPase activation contribute to oxidative stress, and
may be involved in a-tocopherol positive effects. Our data
also support the idea that the increase of lipid soluble
antioxidant capacity could be considered as a potential
neuroprotective strategy for the fragile X syndrome.

Time- and tissue-dependent oxidative stress was detected
in the Fmr1-KO mouse, and appears in the first 4 months of
postnatal life. It is associated with well-known phenotypic
alterations like increased free radical production, macro-
orchidism, context-dependent abnormal exploratory and
anxiety behaviors, abnormal contextual fear conditioning,
and disturbed hormonal stress responses. The oxidative
stress might lead to the early onset of the phenotype in
young Fmrl-KO, it was already described and age-
dependent altered excitatory neurotransmitter levels in
brains from the young FmrI-KO mouse (Gruss and Braun,
2004).

This new piece in the fragile X puzzle suggests that the
pathophysiological alterations observed in brain and
testicles, the main affected organs in the fragile X syndrome,
may be due to an exacerbated increase of the oxidative
status and possibly maintained by the abnormal secretion of
adrenal hormones released during daily stressful events,
and may be related to molecular alterations such as Racl-
GTPase activation leading to free radical overproduction.
These hallmarks occur in the absence of FMRP function.
This hypothetical model of the fragile X syndrome may
explain both the vague phenotype, with multiple subtle
dysfunctions, and the existence of clear alterations in early
childhood that remain in adulthood. Following this
rationale, we have confirmed that Fmri-KO mice display
stress-related context-dependent alterations in exploratory/
anxiety behaviors associated with altered levels of plasma
glucocorticoids. Human studies support these findings as
there are reports showing the existence of a dysregulation of
the HPA axis in fragile X patients, which exhibit high levels
of cortisol (Hessl et al, 2002). Adrenal steroids typically
have adaptive effects in the short run, but cause pathology
when there is either repeated stress or dysregulation of the
HPA axis (Virgin et al, 1991; Weber, 1999). High
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glucocorticoid levels impair declarative, spatial, and con-
textual memory in a reversible manner (Magarinos and
McEwen, 1995). We have observed a normalization of
corticosterone levels by 100 mg/kg a-tocopherol treatment.
In agreement with our results, it has been published that
plasma corticosterone was significantly reduced to the
control values in stressed rats by 150 mg/kg a-tocopherol
treatment (Ainsah et al, 1999).

The molecular basis of oxidative stress contribution to the
Fmrl-KO mouse phenotype was previously analyzed,
showing that NADPH-oxidase activation can be a major
source of extracellular oxygen-free radical production in the
brain (EI Bekay et al, 2007). Neurons are highly vulnerable
to the oxidant threat because of its high rate of aerobic
metabolism and the elevated concentration of oxidizable
molecules. An excess of highly oxidizable molecules
(catecholamines) or the hyperactivation of glucocorticoid
receptors in the brain causes neuronal -excitotoxicity
through a redox-dependent inhibition of the activity of
glutamate reuptake transporters that may ultimately lead to
neuronal damage in the hippocampus, cortex, and cerebel-
lar vermis (Weber, 1999). In addition to free radical toxicity,
the origin of oxidative stress in Fmr1-KO mice may also be
related to the inadequate translation of proteins involved in
metabolism, redox status, and vesicular organ dynamics
(Wautier et al, 2001). This is supported by microarray
identification of altered mRNA translational profiles in the
absence of FMRP, including proteins such as GSHtf and
superoxide dismutase (Brown et al, 2001). These proteins
participate in maintaining a balanced antioxidant status,
and we had shown in this study that the activity of GSHtf is
abnormal in Fmrl-KO mice. Additionally, the FmrI-KO
model showed an altered mRNA expression of glucocorti-
coid receptors and desaturase enzyme, (Miyashiro et al,
2003). These genes played a key role in the metabolism and
oxidative status of the cell.

The identification of a-tocopherol nonantioxidant actions
led us to examine whether Racl inactivation may be
involved in the restoration of the phenotypic Fmrl-KO
mouse hallmarks. Racl-GTPase was significantly activated
in the brain and testes of the FmrIl-KO mouse and o-
tocopherol treatment reversed the activation to normal
levels. Previous published works have provided evidence of
an important function of Racl-GTPase in learning pro-
cesses, observed in contextual fear conditioning tasks
(Martinez et al, 2007). Our results indicate that the o-
tocopherol treatment reduced Racl activation and also
normalizes the freezing response measured in the fear
conditioning paradigm. All these results together may
support the hypothesis of the possible relationship between
Rac-1 inhibition and the positive learning effects of «-
tocopherol treatment, but other unknown pathways may
also be involved in these positive effects.

Additionally, Racl-GTPase (a protein interacting with
FMRIP trough the CIFYP protein) is involved in controlling
the formation of fine dendritic branches (Lee et al, 2003),
and this protein is known to regulate vesicle neurosecretion
(Doussau et al, 2000; Li et al, 2003), and free radical
production (Sundaresan et al, 1996). Racl-GTPase has two
distinct roles at different stages of neuronal development.
The activation of Racl initiates spine formation at an early
stage and regulates the function and morphology of
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preexisting spines at a later stage. The expression of
constitutively active Racl induces the formation of unu-
sually large synapses with large amounts of AMPAR
clusters. Activation of Racl enhances excitatory synaptic
transmission by recruiting AMPARs to synapses during
spine formation (Wiens et al, 2005). It is well known that
abnormal dendritic spines are one of the fragile X
characteristics (Grossman et al, 2006), which may be related
to altered Racl activation, as we have demonstrated in our
results, the RAC1 protein is hyperactivated in the brain and
testicles of the Fmrl-KO mouse.

Also, previous reports have indicated that PKC-o activity
is regulated by redox status (Ward et al, 1998). Thus, a
reduction in the GSH content in the brain induces an
overactivation of the PKC-u signal, and its dephosphoryla-
tion was demonstrated under o-tocopherol treatment
(Zingg and Azzi, 2004). In our experimental conditions,
we observed an increase of the phosphorylated form of the
PKC-a-activated protein in the brain of Fmrl-KO vs WT-
controls, together with a reduction in GSH levels. This
indicates that PKC-dependent mechanisms are enhanced in
these animals, modifying cellular physiology and helping to
establish the altered phenotype of the Fmri-KO mice.
Treatment with «-tocopherol markedly decreases the
phosphorylation of PKC-o together with an increase in
GSH levels. The target pathways of PKC-o activation
involved in the described phenotypic alterations are
unknown, but are probably not the only mechanisms
involved in the restoration of the phenotype induced by
a-tocopherol. Additional studies must be done to better
understand the altered molecular pathways involved in the
fragile X phenotype.

In fact, alternative treatment with NAC, a GSH precursor,
partially restores the phenotype described in the FMRI-KO
mice, indicating that at least anxiety response may be
reversed by the increase of the GSH sources. Recently,
GSSGrd has been proposed as a specific protein involved in
anxiety response in mouse models (Hovatta et al, 2005). We
described altered GSSGrd activity in the brain from the
Fmrl-KO mice, linking this finding to altered anxiety
responses in the fragile X mouse. The treatment trials with
either a-tocopherol or NAC were able to reverse the altered
GSH balance and the abnormal anxiety response. Brain
oxidative stress is associated with long-term alterations in
coping style, emotion and behavior, neuroendocrine
responses, social ‘fitness’, as well as cognitive function,
brain morphology, neurochemistry, and the expression of
genes that have been related to anxiety/depression, learning,
behavior, and mood disorders (Weber, 1999; McEwen,
2007).

In conclusion, the present study suggests that o-
tocopherol may reverse specific alterations associated with
the lack of FMRP, the cause of fragile X syndrome. They
included decreased GSH levels and GSH enzyme activities,
lipid peroxidation, protein oxidation, and changes in
regulatory proteins at the molecular level. At the organism
level, changes are reflected in the reversal of certain
pathophysiological hallmarks such as behavior, learning,
hormonal secretion, and macroorchidism. The present
study demonstrates for the first time that a selective
antiperoxidative antioxidant, with neuroprotective proper-
ties, acts as a potential new experimental therapeutic



intervention. Further research must be completed to
understand the contribution of all these mechanisms to
the human form of the disease and to establish the
effectiveness of antioxidants to ameliorate health status
for the fragile X syndrome, the most common inherited
mental disability with reduced therapeutic alternatives.
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