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Autism, Alzheimer disease, and fragile X

APP, FMRP, and mGluR5 are molecular links

ABSTRACT

The present review highlights an association between autism, Alzheimer disease (AD), and fragile
X syndrome (FXS). We propose a conceptual framework involving the amyloid-g peptide (AB), AB
precursor protein (APP), and fragile X mental retardation protein (FMRP) based on experimental
evidence. The anabolic (growth-promoting) effect of the secreted « form of the amyloid-8 precur-
sor protein (sAPPa) may contribute to the state of brain overgrowth implicated in autism and FXS.
Our previous report demonstrated that higher plasma sAPPa levels associate with more severe
symptoms of autism, including aggression. This molecular effect could contribute to intellectual
disability due to repression of cell-cell adhesion, promotion of dense, long, thin dendritic spines,
and the potential for disorganized brain structure as a result of disrupted neurogenesis and migra-
tion. At the molecular level, APP and FMRP are linked via the metabotropic glutamate receptor 5
(mGIuRB). Specifically, mGIuR5 activation releases FMRP repression of APP mRNA translation
and stimulates sAPP secretion. The relatively lower sAPPa level in AD may contribute to AD
symptoms that significantly contrast with those of FXS and autism. Low sAPPa and production of
insoluble AB would favor a degenerative process, with the brain atrophy seen in AD. Treatment
with mGIuR antagonists may help repress APP mRNA translation and reduce secretion of sAPP in
FXS and perhaps autism. Neurology® 2011;76:1344-1352

GLOSSARY

AB = amyloid-gB; AD = Alzheimer disease; APP = Ap precursor protein; FMRP = fragile X mental retardation protein; FXS =
fragile X syndrome; FXTAS = fragile X-associated tremor/ataxia syndrome; LEARN = latent early-life associated regulation;
LTD = long-term depression; LTP = long-term potentiation; mGIuR5 = metabotropic glutamate receptor 5; sAPPa = se-
creted a form of the amyloid-B precursor protein; UTR = untranslated region.

There is growing interest in associations between neurodevelopmental and neuropsychiatric
disorders across the lifespan. Case in point is the association drawn between fragile X syndrome
(EXS) and fragile X—associated tremor/ataxia syndrome (FXTAS) found in subsets of older
adults harboring fragile X mental retardation 1 gene (FMRI) premutations.' FXS is the most
common inherited form of intellectual disability.>* FXTAS is a condition of progressive tremor
and ataxia in individuals who show no premorbid cognitive deficits, developing over the age of
50. Dementia occurs in a subset of those with FXTAS. Macrocephaly is seen in children with
FXS,# as discussed below, and brain atrophy in the cerebrum, brainstem, and cerebellum is seen
in FXTAS.?

Mutation of the 5'-untranslated region (UTR) of FMRI (chromosome Xq27.3), consisting
of expanded trinucleotide CGG repeats, causes both FXS and FXTAS. FXS is caused by the
full mutation of FMRI (>200 repeats). FMRI premutation (between 55 and 200 repeats)
leads to FXTAS in a subset of carriers, with greater preponderance in male carriers than in
female carriers. The full mutation present in FXS promotes hypermethylation of the gene
promoter and 5" UTR leading to inhibition of gene transcription. The resulting lack of FMRI
protein (FMRP) leads to the disease phenotype. Conversely, patients with FXTAS carrying the

From the Departments of Neurology (D.K.S.), Psychiatry (B.M., ].M.L., B.R., D.K.L.), and Medical and Molecular Genetics (D.K.L.), Institute of
Psychiatric Research, Indiana University School of Medicine, Indianapolis.

References e1—e45 are available on the Neurology® Web site at www.neurology.org.
Study funding: Supported by the Zenith Award from the Alzheimer’s Association and the NIH (AG18379 and AG18884) to D.K.L.

Disclosure: Author disclosures are provided at the end of the article.

Copyright © 2011 by AAN Enterprises, Inc.

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.


www.neurology.org

FMRI premutation have elevated FMRI
mRNA levels resulting from upregulation of
transcription due to presumed feedback from
translational deficits generated by the ex-
panded CGG. Toxicity results from the high
levels of expanded CGG repeat-containing
mRNA.? In summary, it is believed that FXS
is caused by FMRP loss of function, and
EXTAS is caused by a ribo-CGG mRNA gain
of function toxicity.

The association of the above-mentioned
clinically divergent disorders, occurring via
dissimilar mechanisms involving the same
gene, sets the stage for our discussion of the
amyloid-B precursor protein (APP) in rela-
tion to Alzheimer disease (AD) and to the
neurodevelopmental disorders of autism and
EXS. APP is the parental molecule of neuro-
toxic amyloid-f3 peptide (AB), produced by
amyloidogenic processing of APP and se-
creted in excess in AD.®" When APP is pro-
cessed alternatively via the nonamyloidogenic
(a-secretase) pathway, the secreted alpha
form of APP (sAPPa) is produced.

Based on data from our laboratory and a
review of the current literature, we speculate
that overproduction of sAPPa may contrib-
ute to autism and FXS phenotypes. We spe-
cifically hypothesize that the neurotrophic
properties of sSAPPa*! may contribute to the
state of brain overgrowth found in FXS and
autism. We further review key features of
FXS, autism, and AD, and discuss the re-
cently formulated metabotropic glutamate re-
ceptor (mGluR) theory of FXS and autism,?
highlighting putative involvement of APP
(unpublished data, 2011).>¢ We also discuss
the involvement of APP in neurogenesis, cell
proliferation, and migration as putative mecha-
nisms underlying macrocephaly in FXS and au-
tism. Finally, the roles of epigenetics and gene—
environment interaction are discussed.

APP AND DERIVED METABOLITES APP is a
large (695-770 amino acid) glycoprotein produced
in brain microglia, astrocytes, oligodendrocytes, and
neurons.® It has a large extracytoplasmic domain, a
membrane-spanning domain containing the AB pep-
tide, and a short intracytoplasmic domain.” Mature
APP is axonally transported and can be secreted from

axon terminals in response to synaptic activation'

where it may play a role in neuronal maturation and
synaptogenesis.'' APP undergoes proteolytic process-
ing by secretase enzymes. Sequential cleavage by
B-secretase (BACE1) and the y-secretase complex re-
leases SAPP3 and AB peptide, the major component
of cerebral amyloid plaques found in AD and Down
syndrome.** Promiscuous C-terminal cleavage of the
AB domain in APP by the 7y-secretase complex is
responsible for the generation of 2 species: AB1-40
and AB1-42. Alternative cleavage by a-secretase and
7-secretase releases the nonamyloidogenic p3 peptide
and sAPPa. This represents the predominant path-
way for APP processing.®> In mice, SAPPa has been
shown to increase neurite outgrowth and memory
and protect against multiple insults.!’ Promotion of
the nonamyloidogenic pathway has been considered
a promising novel treatment in AD.!? Recently, there
has been interest in the function of sAPP« in neuro-
development and its relationship to autism'? and
FXS.>

LINKING sAPP WITH AUTISM We have reported
high levels of total sAPP (including sAPPea) in
plasma of a small sample of young children with se-
vere autism and aggression.!> These children ex-
pressed sAPP at 2 or more times the levels of children
without autism and up to 4 times more than children
with mild autism. Overall, there was a trend toward
higher levels of both sAPPa and total sAPP (sAPPS
is not a significant component of plasma total sAPP
and was not measured) within children with autism,
combined with a nonsignificant decrease in AB-40.
This pointed toward the possibility of increased
nonamyloidogenic (growth-promoting or anabolic)
processing in autism, opposite what is seen in AD
(degenerative or catabolic). While these findings are
based on a small sample, they have been replicated
and extended by an independent laboratory: elevated
plasma sAPPa was found in 60% of known autistic
children (n = 25) compared to healthy age-matched
controls.® Furthermore, a recent follow-up study by
our laboratory in a separate, larger set of autistic and
control patient plasma samples confirms our original
finding of elevated sAPPw in the plasma of severely
autistic patients without requiring coexistent aggres-
sion (unpublished data, 2011). Unlike our original
study, we also observed significantly reduced levels of
AB-40 and AB-42 in severe autism (unpublished
data, 2011). Elevation in sAPPa was not found for
children with mild autism in either study and may
not be applicable to this population. This evidence

and others'®

have led us to the following model.
Higher levels of sAPPa produced via nonamy-
loidogenic processing may contribute to severe autis-

tic and FXS phenotypes. Specifically, we postulate
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that high levels of sSAPP« may contribute to macro-
cephaly, observed in both FXS and autism, through
its associated neurotrophic activity. This activity of
sAPPa may be partially mediated by interactions
with adhesion modulators, such as p-catenin,
thereby altering adhesion and migration of cortical
neurons and promoting overgrowth. Seizures are
seen in 10%—-30% of individuals with autism and are
observed frequently in those with FXS and AD.'41>
Based on recent work in mouse models,'® we also
speculate that seizure etiology may involve overpro-
duction of APP in these conditions.

FEATURES OF AUTISM, AD, AND FXS Autism.
Autism is characterized by delayed speech develop-
ment, impaired socialization, and rigid behavior in-
cluding stereotypic movements.!” Neuropathologic
findings in individuals with autism include age-
related changes in cerebellar nuclei, inferior olives,
and amygdala associated with cortical dysgenesis, and
increased postmortem brain weight, especially in
young autistic children.'® These features are accom-
panied by significant increases in cytokines.!”?°
However, it is unknown if this inflammation is pro-
tective or destructive. Other studies have shown in-
creased numbers of cortical pyramidal dendritic
spines,64 more numerous, narrower cortical minicol-
umns,®® a reduction in size of the corpus callosum,©®
and abnormal connectivity between frontal and tem-
poral lobes of the brain.” Altogether, these studies
have been interpreted as an overabundance of white

[ Table Genes implicated in both Alzheimer disease and autism ]
‘ Gene Product Chromosome Function References ‘
APOE  Apolipoprotein E 19q13.2 Cholesterol trafficking 46,47
APP B-amyloid precursor protein 21¢21.3 Neurite outgrowth and cell 8,44, e44
adhesion
BDNF Brain-derived neurotrophic 11p13 Neurotrophin, 48,49
factor neuropreservation
COMT  Catechol-O- 22g11.21 Degrades catecholamines 49, 50
methyltransferase such as dopamine,
epinephrine, and
norepinephrine
FMR1 Fragile X mental retardation X27.3 Regulation of mMRNA B, &l
protein (FMRP) translation
HLA-A  Major histocompatibility 6p21.3 Part of major 52,53
complex, class |, A histocompatibility
gene complex
PTEN Phosphatase and tensin 10923.3 Tumor suppressor 40,41
homolog phosphatase
RELN Reelin 7922 Regulates neuronal 54,55
migration and
neuroplasticity
in brain
SLC6A4 Solute carrier family 17911.1-g12 Intracellular 56,57
6 (neurotransmitter serotonin transport
transporter, serotonin),
member 4, HTTP
TNF Tumor necrosis factor 6p21.3 Immune activation 58, 59
1346 Neurology 76 April 12,2011

matter relative to gray matter, with overgrown short-
range and reduced long-range brain connections.?!

Macrocephaly has been one of the most widely
replicated biological findings in autism, affecting up
to 20% of all children with the condition?? and con-
firmed by MRI volumetric studies.? Excessive brain
growth occurs early, around the time symptoms ap-
pear, and then growth declines.?? Proposed mecha-
nisms underlying brain enlargement include
overproduction of synapses, failure of synaptic prun-
ing, excessive neurogenesis and gliogenesis, or reduc-
tion in cell death.?> A prenatal cause of disease is
supported by neuroanatomic and neuroimaging
studies that show growth abnormalities suspected to
occur during the first and second trimesters of preg-
nancy.?*® Finally, neuronal cell adhesion derange-
ment has recently been proposed as another
mechanism of brain overgrowth.? Adhesion genes
NLGNI1, ASTN2, and specific cadherins have re-
cently been linked to autism. Cell adhesion sup-
presses brain growth, while abnormalities in
adhesion promote growth or contribute to aberrant
growth. APP may also play a role in the suppression
of cell adhesion.?” Other genes implicated in growth
currently being investigated in both AD and autism
are listed in the table.

AD. Dementia is progressive deterioration in multiple
cognitive attributes severe enough to interfere with daily
functioning.?® AD is the most prevalent of the demen-
tias and is distinguished by progressive memory loss,
deterioration of receptive speech in early stages, later
deterioration of expressive speech, and social inappro-
priateness in elderly. Hallmark features of AD include
deposition of extracellular AB peptide in neuritic
plaques, presence of intracellular neurofibrillary tangles
consisting of hyperphosphorylated tau protein,
and resultant brain atrophy.>!%?° The plaques and
tangles become widely distributed throughout the
cerebral cortex, with the medial temporal lobes
(including the hippocampus and amygdala) and
neocortical association areas severely affected. Sol-
uble oligomers of AB are believed to induce early
neuronal dysfunction and eventually contribute to
the atrophy that is seen over time via MRI in these
same brain regions.*® These changes are accompa-
nied by increases in inflammation and in cy-
tochemokine levels.?®*° Animal models and
clinical studies strongly suggest that inflammation
and oxidative stress significantly contribute to AD
pathogenesis.!®?

FXS. The key features of FXS are intellectual disabil-
ity, social anxiety, gaze avoidance, sensory defensive-
ness, stereotypic movements, and delayed speech

development.! Males usually show more severe
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symptoms, while affected females usually show
milder cognitive and social impairments. A consis-
tent neuropathologic finding in FXS for both hu-
mans and Fmrl knockout mice is a large number of
abnormally long, thin, tortuous dendritic spines.®!
The dysmorphic appearance of these dendrites is
thought to represent abnormal synaptic plasticity, re-
sulting in susceptibility to epilepsy, anxiety, and be-
havioral disorders.!” Studies of children with FXS
have shown macrocephaly® and derangement of
white matter frontal-striatal pathways.’? A recent
study” showed head growth rate at 30 months was
greater for FXS boys with autism (n = 22) than for
FXS boys without autism (n = 22). Neuroimaging
findings have consistently detected enlargement of
the bilateral caudate nucleus*>***'° and larger cau-
date FMRP

levels.'*<'" Another consistent finding is decreased

volumes associated with lower

size in the cerebellar vermis, particularly the posterior
segment,®' '3 with larger posterior vermis size asso-
ciated with higher FMRP levels.*'® Findings of en-
larged caudate®® and decreased cerebellar vermis
(although not always replicated*'><'®) likewise have
been reported for children with autism.®'”>*'® While
the amygdala is enlarged in young®'” and reduced in
older children with autism,*'? it is reduced in both
young and older children with FXS.*®<** There is
speculation that regional enlargement seen in FXS
may be due to lack of synapse maturation and prun-
ing after birth and that smaller regional size differ-
ences could be due to prenatal insult to the brain
related to FMRP deficiency.**!

RELATIONSHIPS AMONG NEURONAL PRO-
TEINS IN AUTISM, AD, AND FXS Role of APP in
neurodevelopment and brain growth without guidance
in autism. Proliferation, migration, differentiation,
myelination, and synaptogenesis are all steps in-
volved in the generation of a mature neuron. Some of
the known functions of APP in these processes in-
clude promotion of proliferation, cell-cell adhesion

and migration,®

and synaptogenesis.*> APP is pre-
dominantly located at synapses,® and sAPP is re-
leased from neurons in an activity-driven fashion.*
In fact, mGluR1/5 activation itself has been shown
to increase secretion of sAPP in cell culture.” The
expression of APP appears to be developmentally
controlled, with highest levels occurring early in syn-
aptogenesis.®* APP levels are higher postnatally rather
than prenatally but peak before 1 month of age in
rodents.®> APP plays a functional role during growth
cone development and has been implicated in neurite
outgrowth.®* Further, APP works in opposition to
NMDA and AMPA receptors with respect to gluta-
mate’s pruning effects on growth cone behaviors.*

Notably, sAPP blocks and reverses the ability of glu-

tamate to inhibit dendrite outgrowth in embryonic
rat hippocampal cell cultures.!

In animal models, full-length APP functions in
normal migration of neuronal precursors into the
cortical plate during brain development. Knockdown
of APP inhibits neuronal migration from the cortical
ventricular zone to the cortical plate in mice.?* Con-
versely, overexpression of APP accelerates migration
of neuronal precursor cells into the cortex.*® In cell
culture, APP has been linked to neuronal cell adhe-
sion,'® with evidence suggesting that APP may play a
role in its suppression. Therefore, the location of
APP at the synapse and its developmental function in
migration and suppression of cell adhesion support
the hypothesis that dysregulated levels of SAPP con-
tribute to brain growth without guidance as seen in

autism.*!

FMRP. FMRP is involved in both activity-dependent
transport of target mRNAs and regulation of local
protein synthesis at the synapse.“** Local protein
synthesis following synaptic activity is a phenome-
non necessary for maintenance of some plastic
changes at the synapse and also likely important for
changes in spine morphology.** Therefore, FMRP-
mediated regulation of local protein synthesis is pre-
sumably essential for normal memory and learning.
FMRP can be synthesized locally in proximal dendri-
tes,"** or recruited to the synapse from more distant
sites after mGluR activation.>> FMRP is also present in

<2426 and can function to

the cytoplasm and nucleus
escort associated mRNA from the soma into dendritic
processes and spines.”>> mGluR1/5 receptors are posi-
tioned in the postsynaptic membrane, where they acti-
vate a Gq-coupled second messenger system which
transduces glutamate release into downstream phos-
phorylation cascades. Other receptors systems also acti-
vate this second messenger system (e.g., cholinergic
muscarinic M1 receptors).”” Activation can lead to ei-
ther long-term potentiation (LTP) or long-term depres-
sion (LTD) depending on cell type and brain location.
One component of the signaling pathway activated by
receptor binding is induction of local protein synthesis
necessary for some forms of LTP and LTD. In the rest-
ing state, FMRP binds to and inhibits dendritic transla-
tion of target mRNAs, including APP as discussed
below.> Activation of metabotropic glutamate receptor
5 (mGIuR5) releases FMRP-mediated translation re-
pression and results in protein synthesis-dependent
LTD. In addition to APP, up to 4% of brain mRNAs
associate with and may be regulated by FMRP, includ-
ing mRNA encoding proteins involved in synaptic
structural reorganization such as Arc, Racl, and
Map1b.“*” Synaptic synthesis of FMRP protein has it-

self been shown to be induced by mGluR activation.**®
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The absence of FMRP, as observed in FXS pa-
tients and Fmrl knockout mice, is accompanied by
an increase in number of immature dendritic spines
showing abnormal spine morphology.©*> Spine
structure reflects the function and strength of the
synapse and if disrupted leads to altered neuroplastic-
ity with resultant behavioral and cognitive deficits.?
Fmrl-knockout mice show reduced LTP in cortex

e€28-e30

and exaggerated mGluR-

e31-e34

and amygdala
dependent LTD in hippocampus and cerebellum.
The finding of exaggerated mGluR-LTD in the ab-
sence of FMRP suggests that LTD becomes uncou-
pled from mGIuR5 activation and persists
independent of FMRP-dependent new protein syn-
thesis. Translation of normally FMRP-bound
mRNA cargos in the dendrite becomes dysregulated
and drives LTD independent of mGluRS5 activation.
Functional consequences of elevated mGluR signal-
ing in absence of FMRP include prolongation of ep-
ileptic form bursts in hippocampal area CA3,°
elongation of dendritic spines on cultured hip-
pocampal neurons,’® and LTD in hippocampal area
CA1.9*> These findings may represent in vitro corre-
lates of the following FXS clinical phenotypes: epi-
lepsy, elongated and immature dendritic spines, and
cognitive delay. Consequently, these findings led to

the mGluR theory of FXS: disease phenotype is a
result of excessive mGluR signaling arising from the
absence of FMRP. The mGIuR5 receptor has been
proposed as a possible drug target for symptoms of
FXS.33

mGluR induce activity-dependent protein syn-
thesis by activating several pathways including the
PI3K/mTOR pathway,**>** which is a FMRP-
dependent pathway. A regulator of the PI3K path-
way is phosphatase and tensin homolog deleted on
chromosome 10 (PTEN). There have been recent ge-
netic associations found between cases of autism with
pronounced macrocephaly and mutations in the
PTEN gene.*% PTEN is a tumor suppressor that
regulates cell cycle through its antagonistic actions
on the PI3K/Akt/mTOR pathway. Specifically,
PTEN is a phosphatase that counteracts PI3K by de-
phoshorylating PIP3. The mTOR signaling pathway
is a central regulator of cell growth and proliferation
that also regulates synaptic plasticity by modulating
protein synthesis in an activity-dependent manner.
Downstream mTOR effector S6 kinase appears to
act as a direct FMRP kinase, influencing functional
activity of FMRP via its phosphorylation state.**® In-
terestingly, mTOR pathway signaling has been re-
cently shown to be elevated in a Fmrl knockout

Figure 1 Amyloid- (Ag) precursor protein (APP), fragile X mental retardation protein (FMRP), metabotropic
glutamate receptor 5 (mGIuR) interaction cycle

EMRP

Other
neurotrophins
(e.g., BDNF)

e
Neural

pruning

Neurotypical

Neural

Secy,
Slase Path,,
qy

a-secretase

proliferation

pathway

Interaction cycle of APP, FMRP, and mGIuR in balance. APP mRNA translation is inhibited by FMRP binding to G quartets in
the APP coding region.? This binding is reversed by mGIuR5 activation.® Activity of mGIuR5 also stimulates secretion of
secreted « form of the amyloid-B precursor protein (SAPP) in neuron.® In addition, FMRP stimulates neural pruning and
synaptic plasticity through other intermediaries.®*® In a healthy system, FMRP activity and mGIuR5 activity work in homeo-
stasis and neural proliferation is balanced, leading to a neurotypical condition.
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mouse model. PTEN activation was also enhanced in
this model, perhaps as a compensatory mechanism.**”
Therefore, there appears to be signaling pathway cross-
talk and modulation between 2 genes (P7EN and

FMRY]) implicated in autism spectrum disorders.

The relationship of APP to FMRP is mediated by
mGluR. Recent studies have characterized an impor-
tant regulatory relationship among APP, FMRP, and
mGIuR5. Synaptoneurosomes from wild-type mice
stimulated with a group I mGluR agonist demon-
strated increased APP translation. This was not ob-
served in synaptoneurosomes from Fmrl knockout
mice due to increased basal APP translation. In wild-
type animals, RNA—protein complexes containing
FMRP and APP mRNA were disrupted by mGluR
agonist treatment.” Soluble AB-40 and AB-42 were
significantly higher in Fmr! knockout mice com-
pared to wild-type due to elevated APP expression.®
High levels of APP have also been found in another
study of Fmrl knockout mice.*?

These results point to an activity-dependent
regulatory relationship between FMRP and APP me-
diated by mGluR5 signaling and to loss of this
FMRP-based regulation in FXS, thereby providing a
link between neuronal proteins associated with AD
and FXS (unpublished data, 2011).%'3% Specifically,

FMRP inhibits APP translation under basal condi-
tions, but when mGluR5 receptors are activated, this
inhibitory effect is released. In FXS, where FMRP-
dependent translational repression of APP is absent,
high basal levels of APP and elimination of activity-
dependent regulation of APP levels would be expected.
Given trophic actions of sAPPa discussed above, we
speculate that mGIuR5 response may act as a master
switch between the balance of catabolic and anabolic
processes in nervous system development, which is
maintained in part by regulating levels of APP and its
metabolites (sAPPa) (figure 1). In this model, reducing
or removing FMRP from the system favors anabolic
activity (increased sAPPa), leading to the symptoms of
FXS and autism (figure 2). Enhanced APP translation
without stimulation of amyloidogenic processing of
APP could provide more substrate for the a-secretase
pathway and perhaps afford neuroprotection from AD.
Notably, this would explain the lack of AB plaques ob-

served in FXS and in autdsm.<*®

ROLE OF GENE-ENVIRONMENT INTERACTION IN
THE ETIOLOGY OF NEURODEVELOPMENTAL AND
NEURODEGENERATIVE DISORDERS We recognize
that effects of any perturbation during development can
be completely different from perturbations during

[ Figure 2 Fragile X mental retardation protein (FMRP) deficiency results in CNS overgrowth/deficiencies ]

Other
neurotrophins
(e.g., BDNF)

|Neural
pruning
r
FXS,
autism
tNeural

a-secretase

proliferation

pathway

FMRP deficiency resulting in CNS overgrowth and developmental disorder. When FMRP is eliminated or diminished, trans-
lation of amyloid-g (AB) precursor protein (APP) mRNA is disinhibited resulting in elevated basal levels of APP protein and
the elimination of activity-dependent dynamic APP production. Elevated neural proliferation is not balanced by increased
neural pruning, in part due to FMRP deficiency. This could result in CNS neural overgrowth and leads to the symptoms of
fragile X syndrome (FXS) or autism. mGIuR5 = metabotropic glutamate receptor 5; sAPP« = secreted o form of the
amyloid-B precursor protein. Bold arrows indicate predominant pathways.
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[ Figure 3 Overcoming fragile X mental retardation

protein (FMRP) deficiency ]

Other
neurotrophins
(e.g., BDNF)

Neural

pruning

Y

. FXS,
i autism

9@ r\!eura!
a-secretase proliferation

pathway

Use of metabotropic glutamate receptor 5 (mGIuR5) inhibitors to ameliorate FMRP deficiency. mGIuR5 activity in
amyloid-B (AB) precursor protein (APP) mRNA translation is disinhibitory, so blocking mGIuR5 is not likely to alter APP
translation levels. Secretion of secreted « form of the amyloid-8 precursor protein (sAPP) may, nevertheless, be reduced by
reducing mGIuR5 stimulation of sAPP secretion in neurons.® Reduced sAPP secretion provides lower levels of available
product of the a-secretase pathway, reducing symptoms of fragile X syndrome (FXS) or autism. Bold arrows indicate pre-

dominant pathways.

adulthood. Indeed, various neurobiological disorders
have diverse manifestations and symptomatology. Au-
tism, FXS, and AD share uncertain etiologies, with
opaque relationships between genes and the environ-
ment consistent with the recently proposed latent early-
life associated regulation (LEARn) model, positing
latent changes in expression of specific genes initially
primed at the developmental stage of life.* In this
model, environmental agents epigenetically disturb
gene regulation in a long-term manner, beginning at
early developmental stages, but these perturbations
might not have pathologic results until significantly
later in life. APP has been recently shown to exhibit
LEARn expression patterns following early lead (Pb) ex-
posure.* Other environmental perturbations may also
be involved. Autism has been linked to greater paternal
age®>® and prenatal stress**> among other factors. Fur-
ther, autism has been associated with DNA hypom-

ethylation in parents.**!

SUMMARY, POSSIBLE DRUG TARGETS, AND
FUTURE PERSPECTIVES Recently, interest has
increased regarding the function of APP in neurode-
velopment and its relationship to autism®!*# and to
FXS.> The finding that FMRP regulates APP
through an mGluR5-dependent process potentially

Neurology 76 April 12,2011

links AD and FXS proteins at the synapse. Our find-
ings of high levels of sAPPa in some children with
autism (unpublished data, 2011)'3% recently were
corroborated in an independent laboratory.® These
results suggest that regulation of sAPP level could be
an independent drug target for autism.!>%

We speculate that the anabolic effect of sAPPa
contributes to the state of excess that underlies FXS
and (severe) autism, especially in younger children.
APP has been implicated in neurogenesis, which may
set the stage for later prenatal to early postnatal over-
proliferation of neurons. As our previous report sug-
gests, sAPPa excess may produce more severe
symptoms of autism, including aggression.'* In AD,
relatively lower sAPPa levels may contribute to
symptoms that contrast to those of FXS and autism.
Low sAPPa and production of insoluble AB-40/42
would favor a catabolic and degenerative process
leading to brain atrophy.

Despite our contention that autism spectrum and
AD may arise from converse disease mechanisms (es-
pecially with respect to APP metabolism), this does
not preclude certain therapeutic modalities from
proving beneficial in both disorders. As an example,

memantine, an NMDA receptor antagonist, has
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been shown to improve symptomatology of both
AD**? and autism.**> There have been reports of
nonclassic effects mediated by memantine that in-
clude reductions in secretion of sAPP, sAPP«, and
AP in cell culture.”® These wide-spectrum changes in
APP processing modulate protein product levels in a
direction that would be beneficial in both disorders
according to our model and could partially explain
the observed salutary effect of memantine in both
disorders, aside from classic NMDAR antagonism.

Finally, treatment with mGluR antagonists, as
proposed by Bear et al.,> might reduce the pheno-
typic effects of sAPP protein produced in excess
when FMRP is absent, as occurs in FXS (figure 3).
By reducing excessive postsynaptic protein synthesis,
including that of APP and subsequent sAPP secre-
tion, we speculate that this strategy would also lead
to improvement in autism symptoms.
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