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Abstract: Fragile X syndrome (FXS) is one of the most prevalent mental retardations. It is mainly caused by the loss of fragile
X mental retardation protein (FMRP). FMRP is an RNA binding protein and can regulate the translation of its binding RNA,
thus regulate several signaling pathways. Many FXS patients show high susceptibility to epilepsy. Epilepsy is a chronic
neurological disorder which is characterized by the recurrent appearance of spontaneous seizures due to neuronal
hyperactivity in the brain. Both the abnormal activation of several signaling pathway and morphological abnormality that are
caused by the loss of FMRP can lead to a high susceptibility to epilepsy. Combining with the research progresses on both
FXS and epilepsy, we outlined the possible mechanisms of high susceptibility to epilepsy in FXS and tried to give a prospect

on the future research on the mechanism of epilepsy that happened in other mental retardations.
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1 Introduction therapy to cure it. Here, we try to give a review on the mecha-

nism of high susceptibility to epilepsy in FXS based on both

Fragile X syndrome (FXS), one of the most common
& Y ( ) our own researches and some of the recent works done by

genetic diseases, is an X-linked mental retardation with a . .
others on this topic.

conservative prevalence of 1 in 4000 males and 1 in 8000

2 Fragile X syndrome

females. The main symptoms of FXS include facial

abnormality, macroorchidism, mental retardation and high Studies on FXS in the late 1970s and 1980s led to the

susceptibility to epilepsy, and so on. As one of the most current clinical picture of FXS. The primary attributes of an

common symptoms of FXS, epilepsy has stepped into the affected male are moderate to severe mental retardation!!,

highlight of h t . Epileptic sei is a dis- o o .
ighlight of research recent years. Epileptic seizure is a dis macroorchidism®, and a connective tissue dysplasia lead-

order of recurrent, spontancous episodes of aberrant syn- ing to a characteristic yet mild physical appearance of a long,

chronization in neural networks, which has a prevalence of 4] .. .
narrow face and large ears'¥. Other clinical signs, presum-

o . oro . — s
1%. Seizures occur in 22% of fragile X patients®. The occur ably due to the connective tissue disorder, include velvet-

rence of epilepsy has brought a great of pain to the patients like skin, finger-joint hyperextensibility, and aortic root

and their families. However, there is still no appropriate dilatation. Patients often display autistic features ranging

- ) from shyness, poor eye contact, and social anxiety in less
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affected individuals to hyperactivity, hand flapping, hand
biting, and perserverative speech in the severely affected®..
Additionally, epilepsy is reported to occur in 20% to 25% of
individuals with FXS and paroxysmal EEG abnormalities are

present in about 50% of prepubescent boys with FXSI®7],
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FXS is a disease caused by unstable trinucleotide ex-
pansion in the 5’ regulatory sequence of the gene Fmrl,
causing hypermethylation and subsequent transcriptional
silencing of Fmrl. FXS can also arise from point mutations
or deletions in coding sequence, demonstrating that loss of
function is causative. The protein encoded by Fmrl, the
fragile X mental retardation protein (FMRP), associates with
FXR1P, FXR2P and other proteins and mRNAs to form a
messenger ribonucleoprotein (mRNP)®l. In general, the N-
terminal a third of FMRP interacts with proteins, whereas the
C-terminal two-thirds of FMRP binds to RNA. FMRP con-
tains nuclear localization signals (NLS) and nuclear export
signals (NES) and four putative RNA-binding motifs: an N-
terminal domain (NDF), two K homology domains (KH1 and
KH?2) and an RGG box (a cluster of arginine and glycine
residues)”. In mammals, FMRP function is regulated by phos-
phorylation at three conserved serine sites. This phospho-
rylation is associated with stalled polyribosomes and, so, is
believed to modulate translation regulation of target mRNAs.
At steady state, FMRP is predominantly localized in the
cytoplasm, associated with translating polyribosomes in many
types of cells and function as a translational suppressort'®!!,
Through interactions with Kinesin, FMRP is able to travel
between distal neurites and the soma of neurons and thereby
regulate protein synthesis locally within specific cellular com-
partments!'?),

3 Epilepsy

Epilepsy is a chronic neurological disorder, with a preva-
lence of about 1%, which is characterized by the recurrent
appearance of spontaneous seizures due to neuronal hyper-
activity in the brain. Epilepsy is not a single disorder but a
group of disorders. In approximately 30% of cases, epilepsy
is caused by such events as head trauma, tumor, stroke, or
infection. In those cases for which there are unknown causes,
recent evidence suggests there may be genetic predisposi-
tion to developing the disease.

In general, epileptic seizure can remain local, spread to
other sites, or engage all cortical regions simultaneously.
Cortical or hippocampal circuits are always activated during
an epileptic seizure; synaptically linked downstream regions
are recruited in ways that serve to amplify or limit the dis-
charge in time and space!"!. A number of factors can be in-

volved into the mechanisms of epileptogenesis. It can be

produced by an imbalance between neuronal excitation and
inhibition, where glutamate and y-aminobutyric acid (GABA),
respectively, play important roles. Furthermore, chronic ex-
perimental models of epilepsy and the phenomenon of kin-
dling have provided abundant evidence that neural circuits
undergo long-term progressive structural and functional al-
terations in response to seizures which maybe in turn leads
to further epileptogenesist'*!3l. There is also considerable
effort directed to the molecular changes that occur during
epileptogenesis. Unfortunately, it will probably still be the
case that many of these changes are simply correlates with
the epileptic state but have no causal relationship to it. To
work out the critical mechanisms underlying the develop-
ment of the epileptic state, key findings needs to be explored

from unexpected sources.
4 Pathogenesis of epilepsy susceptibility in FXS

A frequent seizure/EEG pattern in FXS appears to re-
semble that of benign focal epilepsy of childhood (BFEC).
However, in the Fmrl knockout mice, the susceptibility to
seizures appears age dependent, with older mice showing a
higher susceptibility.

Hyperactivity of fragile X mice to auditory stimulus was
indicated in the prepulse inhibition paradigm. A moderately
intense prepulse tone, that can suppress startle response to
a strong auditory stimulus, elicited a significantly stronger
effect in fragile X mice than in control mice. Moreover, sen-
sory hyperactivity of fragile X mice was demonstrated by a
high seizure susceptibility to auditory stimulation. However,
three different chemical convulsants (kainic acid, bicuculline
and pentylenetetrazole) elicited similar effects in fragile X
mice and wild-type micel'®. So, whether or not the loss of
FMRP can directly lead to a high susceptibility to epilepsy,
and what is the causal trigger is still unknown. These ques-
tions have stepped into the spotlight of researchers. Here we
try to clear out some clues from the function of FMRP and its
link to epileptogenesis pathology.

4.1 Altered expression of FMRP’s target mRNAs may ex-
ert a pro-effect on epileptogenesis FMRP acts at several
points in RNA metabolism and has been recently shown to
associate with components of the RNA interference pathway.
Microarray studies suggest that FMRP has hundreds of pu-
tative RNA targets (432 in mouse)!'”! and a mass of protein

interactors. However, only a handful of the encoded pro-



340

Neurosci Bull  October 1, 2008, 24(5): 338-344

teins have been demonstrated to be regulated in vivo, in-
cluding the myelin basic protein”!®!, cytoskeletal proteins
Arc/Arg3.1 and MAP1B", and the kinase a-CaMKII. Rac!
mRNA is also a dFMRP target, while Rac1 protein cooper-
ates with dFMRP in regulating dendrite arborization®” as
well as synaptic morphology via its interaction with CYFIP/
Sral?!l. The single characterized Drosophila CPEB, Orb, is a
germline specific RNA binding protein that mediates transla-
tion activation in oocytes. Costa et al. showed that dFMRP
negatively regulated Orb translation®?l. What is more com-
plex is that the temporal/spatial role of FMRP in translation
regulation appears dependent on interaction with a number
of different mRNA binding proteins. To identify additional
dFMRP-interacting genes, Zarnescu et al. conducted a satu-
rating genetic screen for suppressors of a rough eye pheno-
type induced by dFMRP overexpression™®!. Of the genes hit
multiple times, highest hit rate (19/109 suppressors) was the
lethal large larvae (Lgl) gene. Lgl is a RNA binding,
cytoskeletal protein implicated in cell polarity and transport,
and may be involved in axon reorganization in epileptogenesis.
It seems that the abnormal regulation of FMRP’s mRNA
target and/or the altered function of FMRP’s associated pro-
tein can lead to high epilepsy susceptibility in several ways.
a-CaMKII, who appears to modulate neurotransmitter bio-
synthesis and release, is overexpressed in synaptoneurosomes
in Fmrl knockout mice. a-CaMKII, located both pre- and
postsynaptically, is critical for synaptic plasticity and mor-
phology genesis. It has been reported that the expression of
CaMKII mRNA is increased after kindling and status epilepsy.
Neurochondrin conditional knockout mice show up-regulated
activity of CaMKII and high susceptibility to epilepsy*.
Arc/Arg3.1 is one of the immediate early genes that are
evoked by epilepsy. However, whether or not these corre-
lated molecule can function as a trigger factor in epilepto-
genesis in FXS still needs to be proved.
4.2 Abnormal activation of metabotropic glutamate recep-
tor Many of the diverse functional consequences of activat-
ing group | metabotropic glutamate receptors (Gpl mGluRs)
require translation of pre-existing mRNA near synapses??>2¢27],
FMRP normally functions as a subcellular regulator on the
translation of specific mRNAs, which indicate that FMRP
may play an important role in Gpl mGluRs signaling pathway.
Actually, many functional consequences of Gpl mGluR-

dependent protein synthesis might be exaggerated in the

absence of FMRP. These consequences include epilepsy,
cognitive impairment, developmental delay, an increased den-
sity of long, thin dendritic spines, and loss of motor
coordination. It has been reported that loss of FMRP en-
hanced Gpl mGluR dependent LTD (which requires rapid
protein synthesis of the preexisted mRNAs) in mouse hippo-
campus while had no effect on NMDA dependent LTD[?#1.
Also, prolonged treatment of hippocampal neurons with
DHPG could increase the proportion of long, thin dendritic
spines, which could commonly be found in FXS; the GluRS-
specific antagonist, 2-methyl-6-phenylethynyl-pyridine
(MPEP), was anticonvulsant and raised the threshold for
audiogenic seizure in sensitive strains of mice?”), while en-
hanced sensitivity to audiogenic seizures was a robust pheno-
type in Fmr knockout mice in several genetic backgroundsi**3",
On the other hand, many effects induced by the loss of FMRP
can be reversed by the antagonist of Gpl mGluR. It is found
that fruit flies lacking dfinr1, the Drosophila homolog of hu-
man fmrl, exhibited altered courtship behavior, decreased
memory and alterations in the structure of the brain (the mush-
room bodies). All these defects could be rescued by the an-
tagonist of mGluR MPEPE2,

The functions of mGIluR in epilepsy had long been
investigated. The mGluR 1 antagonism blocked hippocampal
kindling while producing little or no effect on the triggered
discharge. Chuang ef al. had found that epileptiform dis-
charges in the CA3 region of hippocampal slices from Fmr]
knockout mice after GABA , receptor blockade was prolonged
compared to the wild type (WT) mice. This prolonged epilep-
tic discharges was blocked by MPEP, the antagonist of Gpl
mGIuRP*. Tt had also been reported that activity induced ex-
pression and subcellulor location could also be blocked by
Gp1 mGluR’s antagonist. More importantly, 2 to 5 min appli-
cation of DHPG (Gpl mGluR’s agonist) could significantly
increase the expression of FMRPE4. However, a decreased
expression of mGlu5 receptor on membrane was reported
recently, which made the issue more complicated?s..

4.3 Abnormal alterations in GABA-mediated inhibition
Western blot analysis revealed that the expression of the
GABA, receptor 3 subunit (GABA,y), which is required for
receptor function, was reduced in the cortex, hippocampus,
diencephalon and brainstem in adult male fragile X mice!*l.
Immunohistochemical analysis of brain sections indicated a

reduction in GABA ,;immunoreactivity. They also found an
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increased expression of glutamic acid decarboxylase, the
enzyme responsible for GABA synthesis, in the same regions
that showed GABA ,; reduction. Chuang et al. had found
that epileptiform discharges in the CA3 region of hippocam-
pal slices from Fmrl knockout mice after GABA , receptor
blockade was prolonged compared to the WT, which indi-
cate an abnormal function of inhibitory system in #mr/ knock-
out mice*l.

The importance of GABA systems in the control of neu-
ral activity and the suppression of epileptiform discharge is
well established. K*-evoked, Ca*'- dependent GABA release
was increased in hippocampal slices one day after kindling®”".
This increase was found to be persistent in CA1P¥ and
amygdalal” slices. Meantime, repeated intra-amygdala ap-
plication of the selective GABA , receptor antagonist picro-
toxin*? or bicuculline®!! produces a kindling-like response.
It has been found that amygdale kindling can be reliably
retarded by selective GABA, agonists. These GABA, re-
ceptor agonists also have potent anticonvulsant effects on
seizures in animals that were previously kindled in the
amygdala. However, these drugs seems have no effects on
the development of spontaneous seizures. It is likely that the
relatively less GABA , receptor in Fmr! knockout mice leads
to a reduced function of the inhibitory system, which may in
turn cause the epilepsy.

4.4 Morphological factors Similar to the early development,
morphology changes are critical in epilepsy. It is now clear
that axonal growth and synaptogenesis can be induced by
epilepsy. If the new circuits are functional, they could con-
tribute to the generation of epileptiform discharge by creat-
ing recurrent excitatory loops or by simply amplifying the
response of the affected region. While, longer and immature
dendritic spines were observed in FXS patients. Golgi-
impregnated mature cerebral cortex from fragile X patient ex-
hibited long, thin, tortuous postsynaptic spines resembling
spines observed during normal early neocortical develop-
ment*>#41Consistent phenomenon was also observed in
knockout mice and mutant Drosophila. 1t is found that loss
of dFMRP converts unipolar neurons into multipolar neu-
rons in all neuronal classes. Loss of dFMRP causes increased
structural complexity throughout the entire neuron, includ-
ing the extension of additional processes from neuronal soma,
overbranching and overgrowth of both the dendritic field

and axon processes, and consequent defects in projection*,

There are also data which can indicate a direct func-
tional role of FMRP in cytoskeleton dynamics. Zarnescu et al.
show that /g/ is a dominant enhancer of the dfinr/ mutant
neural-muscular junction (NMJ) structural overgrowth
phenotype, with a 2-fold increase in synaptic bouton num-
ber in the double heterozygote. Both aPKC-zeta and PAR-6
interact with dEMRP, either alone or in complex with LGL?],

Thus, a decidedly different circuit, which has been influ-
enced both by the initial genetic perturbation and by incom-
ing stimuli, built and continued to drive the developmental
pathoprocess. This abnormal circuit will definitely contrib-

ute to an increase of epileptogenesis.

5 An underground river between mental
retardation and epilepsy—the dawn of under-

standing our mysterious brain

FXS is not the only mental retardation (MR) in which
epilepsy is an obvious feature. In fact, epilepsy is often as-
sociated with MR and vice versa. This holds true for MR
with mutation on genes Ophnl, Mecp2, Slc6a8, Pina, Arx,
Phf6, Synl, Atp6ap2, Smcex, respectively. Even in some syn-
dromes such as ISSX, where MR and epilepsy are combined,
provides compelling evidence for the association between
MR and epilepsy.

However, it is not easy to find out the linkage between
the two major mental diseases. The genes whose dysfunc-
tions lead to both MR and epilepsy usually have distinct
sometimes opposite functions. GDI1 mutations have been
shown to reduce the concentration of several Rab GTPases
resulting in a reduction of the synaptic vesicle pool®47),
ILIRAPL1 functions as a negative regulator of dense-core
granule exocytosis*!l. What’s more, the progression of epi-
lepsy from trigger to endpoint involves second messengers,
kinases, immediate early genes, transcription factors, protein
synthesis and receptor changes.

But when we try to search some common things among
MR, we are likely to see a dawn to untie this knot. Morpho-
logical abnormality has been reported in several X-linked
MR. LGII1 have been identified as the cause of autosomal-
dominant partial epilepsy with auditory features. The LGI1
molecules act as adhesion molecules and may modulate cell-
to-cell communication. Until a few years ago, it is found that
many of the XLMR genes that had been identified were func-

tionally related to the formation and deconstruction of the
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actin cytoskeleton and to the control of neurite outgrowtht-!,
This holds true for Ophn i, Pak3"53 and Arhgef6™* (three
of the few genes involved in NS-XLMR that were identified
before the year 2000) and for FGD 1553, These morphologi-
cal abnormalities in MR seems bidirectional, include increased
or reduced spine density, prolonged or shortened spine
length, disguided and delayed axonal outgrowth, increased
or reduced axon and dendrites branches. Dysfunction of the
signaling pathway and/or neuronal morphogenesis may be a
potential mechanism of epilepsy in MR.

The continuing advances in understanding the funda-
mental property of activity-dependent plasticity in neurons
and neural circuits offer substantial new opportunities to
gain insights into the neurobiology of progressive features
of epileptic syndromes, which goes far beyond what has
been possible from clinical and epidemiological analysis. Ge-
netic background has already provided a surprisingly rich
and unanticipated series of observations about the remark-
able capacities of neurons and neural circuits to undergo
modifications potentially influencing progression in both epi-
leptic syndromes and individual patients. Translating these
findings on MR into greater insight of both neuronal devel-
opment and adult-onset mental disorders, like epilepsy, may
greatly benefit the definition of the mechanisms of both MR
and epilepsy.
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