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The group 1 metabotropic glutamate receptor (mGluR)-stimulated protein
synthesis and long-term synaptic depression (mGluR-LTD) are altered in a mouse model
of Fragile X Syndrome, Fmrl knockout (KO) mouse. Fmrl encodes the Fragile X
mental retardation protein (FMRP), a dendritic RNA-binding protein that functions, in
part, as a translational suppressor. It is unknown if and how FMRP acutely regulates
LTD and/or the rapid synthesis of new proteins required for LTD, such as the activity-
regulated cytoskeletal-associated protein (Arc). The protein phosphatase PP2A

dephosphorylates FMRP, which contributes to the translational activation of some target



mRNAs. Here, | report that PP2A and the dephosphorylation of FMRP at S500 are
required for an mGluR-induced, rapid increase in dendritic Arc protein and LTD in rat
and mouse hippocampal neurons. In the Fmrl KO neurons, basal, dendritic Arc protein
levels and mGluR-LTD are enhanced, and the mGluR-triggered Arc synthesis is absent.
A lentiviral-mediated expression of the wildtype FMRP in Fmrl KO neurons suppresses
basal, dendritic Arc levels and mGluR-LTD, and restores the rapid mGluR-triggered Arc
synthesis. A phosphomimic of FMRP (S500D) suppresses steady state dendritic Arc
levels but does not rescue the mGluR-induced Arc synthesis. A dephosphomimic of
FMRP (S500A) neither suppresses the basal, dendritic Arc levels nor supports the
mGluR-induced Arc synthesis. Accordingly, expressing the SS00D-FMRP in Fmrl KO
neurons suppresses mGIuR-LTD, whereas the SS00A-FMRP has no effect. These data
support a model whereby a phosphorylated FMRP at S500 functions to suppress the
steady state and the mGluR-induced translation of Arc and mGIuR-LTD. However, upon
mGIluR activation of PP2A, FMRP is rapidly dephosphorylated which contributes to the

rapid, new synthesis of Arc and mGluR-LTD.
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CHAPTER ONE

Introduction

The Fragile X Syndrome is the leading cause of autism and intellectual disability

The Fragile X Syndrome (FXS), though induced by changes in a single gene,
FMRI (Fragile X Mental Retardation 1), presents a myriad of disorders. A national
survey of 1,235 American children, who are over six years old with FXS, accounts that in
boys, 96% have been diagnosed with developmental delay or intellectual disability, 46%
with autism, and 70% with anxiety (Bailey et al., 2008). This survey also accounts that in
girls, 64% exhibit developmental delay, 16% autism, and 56% anxiety. Autism or autism
spectrum disorders (ASD), as defined in the Diagnostic and Statistical Manual for Mental
Disorders (DSM-1V) (APA, 2000), is characterized by impairment in social interaction
and communication, and repetitive patterns of behavior. ASD has a high prevalence,
affecting one percent or one in every 110 children aged eight years (CDC, 2009).
Defined in DSM-IV, intellectual disability (ID) or mental retardation consists of (1)
significant below-average intellectual function and (2) significant limitations in adaptive
performance all presenting before adulthood (APA, 2000). Another national survey of
American children ages 3-17 documents that approximately one percent of this
population suffers intellectual disability (Boyle et al., 2011).

Mutations in the FMRI gene are the leading cause of ASD and ID. Clinical
studies within and without the United States estimate that approximately 2-5% of
individuals diagnosed with autism have FXS (Chonchaiya et al., 2009; Estecio et al.,

2002; Havlovicova et al., 2002; Reddy, 2005). A large scale study of individuals with



mental retardation in the Netherlands accounts one percent of this population has
mutations in the FMRI (de Vries et al., 1997). FXS is also a leading cause of ID
characterized by moderate ID in males and mild ID in females (Saul and Tarleton, 2011).
Because individuals with ASD and ID grow old, the burden resulting from life-long
nursing and productivity loss of affected individuals and their immediate caretakers is
substantial. For a person suffering ASD, who lives to 65 years, the average cost to
society is estimated at $3,000,000; while for an individual with ID, the average estimated
cost is $1,000,000 (CDC, 2004; Ganz, 2007; Kogan et al., 2008). Because FXS
negatively impacts so many, understanding and unraveling the molecular bases of

neuronal disease in FXS is warranted.

FMRI is the only gene involved in FXS

Research on FXS has made significant strides in characterizing the disease. One
finding that has remarkably advanced the study of FXS is the identification of the FMRI
gene at the previously observed cytogenetic “fragile” or constricted site of the X
chromosome (Brown, 1990; Krawczun et al., 1985; Lubs, 1969; Silverman et al., 1983;
Verkerk et al., 1991). FMRI is located at Xq27.3 and codes for the fragile X mental
retardation protein (FMRP), which has been characterized as an RNA-binding protein
that is ubiquitously expressed in many cell types (Ashley et al., 1993a; Verheij et al.,
1993). Aside from neurological dysfunctions, persons with FXS often present other
disorders such as dental crowding and malocclusion, congenital hip displacement,
chronic otitis media, and hyperopia and astigmatism. Additional clinical phenotypes

observed in individuals suffering FXS include long narrow faces and prominent jaws,



enlarged ears, and machroorchidism after puberty (Chonchaiya et al., 2009; Hersh and
Saul, 2011).

The transcriptional silencing of FMRI is often the prime culprit in FXS. A
variable trinucleotide (CpG) repeat, ranging from 5-44, lies within the 5’ untranslated
region (UTR) of FMRI (Saul and Tarleton, 2011). In FXS, the CpG repeat expands,
between several hundred to thousand repeats, triggering methylation of the gene and
consequently decreasing or preventing the transcription of Fmrl and synthesis of FMRP
(Bell et al., 1991; Coffee et al., 1999; Heitz et al., 1991; Hornstra et al., 1993; Oberle et
al., 1991; Pieretti et al., 1991; Sutcliffe et al., 1992). Aside from CpG expansion repeats,
intragenic mutations in FMRI such as missense mutations or deletions that lead to the
loss-of-function of FMRP also result in FXS (De Boulle et al., 1993; Gedeon et al., 1992;
Hirst et al., 1995; Lugenbeel et al., 1995; Meijer et al., 1994; Wohrle et al., 1992). These

findings clearly implicate the role of FMRI in FXS.

The Fragile X Mental Retardation Protein operates in RNA-associated biology of
learning and memory

It is widely accepted that the absence of FMRP owing to the loss-of-function
mutations in FMRI leads to FXS (Bassell and Warren, 2008). However, it is worth
noting that mosaic individuals — persons having both premutations (~55-200 CpG
repeats) and full mutations (>200 repeats) — and individuals having partially methylated
full mutations can give rise to variable FMRP levels (Saul and Tarleton, 2011; Tassone et
al., 1999). Interestingly, the levels of FMRP strongly correlate with ID and physical

features — lower levels of FMRP are highly associated with more severe ID, larger ear-



width and prominence, and more extensible joints (Loesch et al., 2003a; Loesch et al.,
2002; Loesch et al., 2003b; Tassone et al., 1999). These findings underscore the
relevance of FMRP in FXS and cognitive function.

FMRP is an RNA-binding protein that is highly conserved throughout evolution,
and the synthesis of its transcript is regulated by the transcription factor AP-2a (Lim et
al., 2005a; Lim et al., 2005b). The Fmrl transcript has 17 exons, and as a result of exon
skipping or the use of alternative splice sites, at least 12 Fmr! mRNA isoforms have been
isolated so far (Eichler et al., 1993). Expression of the different spliced Fmrl mRNA
isoforms varies over different developmental periods, tissues and microdomains, and
generates different FMRP products ranging from 47-71 kDa that may or may not include
domains such as the major phosphorylation site — Ser500 in humans, Ser499 in mouse,
and Ser406 in Drosophila (Ashley et al., 1993b; Banerjee et al., 2010; Bassell and
Warren, 2008; Didiot et al., 2008; Sittler et al., 1996; Xie et al., 2009). The longest
isoform of FMRP contains 632 amino acids and several functional regions (Fig. 1). The
N-terminal domain of FMRP (NDF, residues 1-200) contains an Agenet domain-like pair
(residues 3-110), which bears sequence similarity to the Tudor family domain that can
bind to methylated histones, and a nuclear localization signal (NLS, residues 115-150).
The NDF can also form dimers and can serve as a binding site for RNA and FMRP-
interacting proteins — nuclear FMRP-interacting protein (NUFIP), cytoplasmic FMRP-
interacting protein (CYFIP), and fragile X related 1 and 2 proteins (FXR1P and FXR2P)
(Adinolfi et al., 2003; Bardoni et al., 1997; Collins et al., 2010; Eberhart et al., 1996;
Lacoux et al.,, 2012; Maurer-Stroh et al., 2003; Wu et al., 2011a). A subcellular

fractionation study has demonstrated that FMRP is both present in the nuclear and



cytoplasmic sections, suggesting that FMRP may have nuclear and cytoplasmic functions
(Sittler et al., 1996). The NLS of FMRP has moderate activity, and it is speculated that
the NDF region interacts with a nuclear component, perhaps through NUFIP, that directs
FMRP to the nucleus (Bardoni et al., 2003; Henderson and Eleftheriou, 2000; Sittler et
al., 1996).

Like many RNA-binding proteins, FMRP has several regions that have been
shown to be important in interacting with RNA and polyribosomes. FMRP contains two
hnRNP K-homology domains (KH1 and 2, residues 280-400) and an arginine (R)-
glycine (G)-rich region (RGG, residues 526-552) (Siomi et al., 1993). The KH domain,
which exists in multiple copies, is a sequence of amino acids (~70 aa) that bind to single-
stranded RNA or DNA (Valverde et al., 2008). A substitution mutation in the highly
conserved isoleucine (Ile) to asparagine (Asp) at residue 367 (Ile367Asp) in the KH2
domain, which has been shown to associate with a kissing-complex motif in RNAs
(kcRNAs), disrupts the binding of FMRP to its associated RNAs; and this disruption in
the FMRP-RNA interaction may underlie the FXS pathology in a patient who bears this
mutation (Darnell et al., 2005; De Boulle et al., 1993; Musco et al., 1996; Siomi et al.,
1994). Unlike the KH2 domain, the RGG region interacts with a secondary structure that
is composed of a G-quadruplex in the RNA stem, which is present in some mRNAs that
code for synaptic proteins such as the microtubule associated protein 1B (MAP1B), the
post-synaptic density of 95 kD (PSD-95), and the amyloid b precursor protein (ABPP)
(Darnell et al., 2001; Menon et al., 2008; Todd et al., 2003; Westmark and Malter, 2007,
Zalfa et al., 2007). The RGG domain is subject to posttranslational modifications that

can modulate its binding to RNAs. The phosphorylation and the methylation of arginine



by the protein arginine methyltransferases (PRMT1, 3, and 4) can decrease the ability of
FMRP to bind to the G-quadruplex structure and polyribosomes (Blackwell et al., 2010;
Evans et al., 2012; Stetler et al., 2006).

The FXR family — FXR1P, FXR2P and FMRP — contains similar protein
domains (NLS, KH1, KH2, NES, and RGQG), giving rise to speculations that they have
similar or redundant function; and there are several observations that support this idea
(Siomi et al., 1995; Valverde et al., 2008; Zhang et al., 1995). Based on a comparative
genomic analysis, FMRP, FXR1P, and FXR2P might have arisen from a common
ancestral gene (Kirkpatrick et al., 2001). A comparative genomic sequence analysis also
reveals that the human FXR1P and FXR2P, but not FMRP, contain a nucleolar targeting
signal at the C-terminus. The Drosophila homolog, dFXR does not include the nucleolar
targeting sequence (Kirkpatrick et al., 2001). While the KH2 domain of FMRP expresses
exons 11 and 12, FXRI1P, FXR2P, and dFXR do not, implying that FMRP may have a
potential specialized function in binding RNAs at the KH2 region (Darnell et al., 2009;
Kirkpatrick et al., 2001). FMRP is absent in yeast and Caenorhabditis elegans — the
simpler eukaryotes — but FXR exists as a single gene, dfxr, in Drosophila melanogaster
(Wan et al., 2000). In humans, FXRI and FXR2 are located in chromosomes 3q.28 and
17p13.1 respectively. FXRI1P and FXR2P are important proteins in vertebrates since a
reduction or loss of Fxrl results in cardiac diseases in mice and zebrafish; and a mouse
which lacks Fmrl and Fxr2 displays exaggerated behavioral phenotypes (Mientjes et al.,
2004; Spencer et al., 2006; Van't Padje et al., 2009). It is becoming apparent, however,
that FMRP, FXR1P, and FXR2P have different roles. One study demonstrates that of the

three members of the FXR family, only FMRP rescues synaptic connectivity deficits in



Drosophila, while all three rescue spermatogenesis defects (Coffee et al., 2010). Recent
reports on FXR1P account that it regulates brain-specific microRNAs (miR-9 and miR-
124) and mRNAs — desmoplakin (Dsp) and talin2 (7/n2) — that are important for cardiac
muscle function (Whitman et al., 2011; Xu et al., 2011). FXR2P, through its interaction
with the noggin (Nog) mRNA, regulates neurogenesis in the dentate gyrus but not in the
subventricular zone (Guo et al., 2011). The redundancy of functional domains in the
FXR family members suggests that one can compensate for the other, but it is now
becoming evident from these studies that this is not the case as FMRP, FXR1P, and
FXR2P function independently. A comparative study of FXR proteins has also
determined that each member has different RNA and ribosome binding affinities (Darnell
et al., 2009). Nonetheless, these studies establish that FMRP, FXR1P, and FXR2P are
integral players in RNA-associated biology, and alterations in their function have severe
physiological consequences. Considering that FMRP targets mRNAs that are involved in
neuronal function, the disruption of FMRP activity predicates cognitive or learning

dysfunction.

Long-term depression serves as a cellular model of learning and memory

The two most studied forms of synaptic plasticity that serve as cellular models of
learning and memory, and experience-dependent plasticity — long-term potentiation
(LTP) and long-term depression (LTD) — require long-lasting synaptic changes that rely
on the synthesis of new proteins. LTP and LTD occur in many different brain regions
and synaptic types, and it is now commonly accepted that the expression of LTP arises

from the increased number or insertion of AMPARs (a-amino-3-hydroxy-5-



methylisoxazole-4-propionic acid-sensitive glutamate receptors) in the postsynaptic
bouton, while LTD results from the removal of AMPARs (Malenka and Bear, 2004).
However, changes in expression of other receptors such as NMDARs (N-methyl-D-
aspartate-sensitive glutamate receptors), KARs (kainate receptors), and mGluRs
(metabotropic glutamate receptors) can mediate LTD (Collingridge et al., 2010; Harney
et al., 2006; Jin et al., 2007; Malenka and Bear, 2004; Park et al., 2006). LTD, unlike
LTP, is characterized by a reduction in synaptic strength, such that a stimulation
paradigm leads to a decrease in synaptic response as measured either by extracellular or
whole-cell recording. Furthermore, LTD (also known as heterosynaptic LTD) can occur
in the absence of presynaptic activation (Lynch et al., 1977).

There are several types of LTD that are characterized by the manner in which
they are induced. Among these are: (1) NMDAR-LTD that requires activation of the
NMDAR by a low-frequency stimulation (LFS, 0.5-5 Hz) or a brief application of
NMDA; (2) mGIluR-LTD that relies on the activation of mGluRs by a paired-pulse low-
frequency stimulation (PP-LFS, 50 ms interstimulus interval pulses at 1 Hz for 15-20
minutes) or application of 3,5-dihydroxyphenylglycine (DHPG) or o-methyl-4-
carboxyphenylglyice (MCPG); and (3) mAChR-LTD (muscarinic  acetylcholine
receptor-dependent LTD) that employs the activation of mAChRs by PP-LFS or the
application of carbamoylcholine chloride (CCh) (Bashir et al., 1993; Bolshakov and
Siegelbaum, 1994; Collingridge et al., 1983; Collingridge et al., 2010; Dudek and Bear,
1992; Huber et al., 2000; Ito et al., 1982; Kemp and Bashir, 1999; Lee et al., 1998;
Malenka and Bear, 2004; Palmer et al., 1997; Volk et al., 2007). With the reproducibility

of and the advent of selective inhibitors of LTD, the functional relevance of LTD in



learning and memory is becoming evident (Collingridge et al., 2010; Kemp and
Manahan-Vaughan, 2007; Malenka and Bear, 2004; Massey and Bashir, 2007). Long-
term depression truly serves as a cellular model of learning and memory as disruption of
LTD, through manipulations of molecules (such as calcineurin, protein serine/threonine
phosphatase 2A (PP2A), NMDA subunit (GluN2B) or Ca*‘/calmodulin-dependent
protein kinase (CaMK-II and IV)) or pathways (such as the endocytosis of GluA2-
containing AMPARSs) that are involved in the expression of LTD, can upset learning-
dependent behaviors that include working and episodic memory, reversal learning, fear
extinction, vestibulo-ocular reflex, and spatial representation (Duffy et al., 2008; Hansel
et al., 2006; Ho et al., 2000; Nicholls et al., 2008; Rochefort et al., 2011; Zeng et al.,

2001).

The multifaceted mechanisms of the metabotropic glutamate receptor-mediated LTD
underlie neuronal function and network

The metabotropic glutamate receptors are large proteins (~850-1200 aa) that
contain an extracellular, hydrophilic N-terminal domain; a core of seven hydrophobic
regions that represent the seven-transmembrane domain (TMD) and is characteristic of
G-protein-coupled receptors (GPCRs); and a large hydrophilic C-terminus. Although
mGluRs share very little homology to other GPCRs, members within the same group of
mGluRs have high sequence homology (Hollmann and Heinemann, 1994). Class C
GPCRs, to which the mGluRs, the Ca**-sensing receptor (CaSR) and the y-aminobutyric
acid type B (GABARg) receptor belong, are characterized by a large, extracellular domain

called the Venus Flytrap domain (VFD), which contains the ligand binding domain.
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Generally, stimulation of a GPCR, which serves as a guanine nucleotide exchange factor
(GEF), activates the intracellular heterotrimeric G-proteins through the exchange of a
bound guanosine diphosphate (GDP) to a guanosine triphosphate (GTP). Upon GTP
binding to a GPCR, the heterotrimeric G-protein dissociates to o and [y subunits that
then can activate their respective effectors. The C-terminal domain is the least conserved
region; it is highly variable and suspect to alternative splicing. The group 1 mGluR (Gp
1 mGlIuR), which is composed of mGlu; and mGlus, has several splice variants at the C-
terminus — mGlu;, and mGlu;4 contain 20 and 26 amino acids, respectively, instead of
318 amino acids that is expressed by mGlu,, (Gregory et al., 2011; Houamed et al., 1991;
Mary et al., 1997; Masu et al., 1991; Pin et al., 2003). The C-terminal region of mGlus
serves as a target for many scaffolding proteins. The Homer protein, through its Ena-
Vasp homology (EVH) domain, targets the proline-rich motif (PPxxFR) near the C-
terminal tail of mGlu; and mGlus (Pin et al., 2003; Shiraishi-Yamaguchi and Furuichi,
2007). The interaction of mGIluRs and Homer proteins is crucial for proper mGluR
signaling and for linking mGluRs to other scaffolding proteins, such as Shank, that are
essential for normal calcium homeostasis (Mao et al., 2005b; Ronesi and Huber, 2008;
Sala et al., 2005). It is well established that the activation of the Gp 1 mGluRs triggers a
cascade of events that lead to LTD. However, a high-frequency stimulation (HFS) in the
hippocampus promotes LTP in the dentate gyrus that is mediated by the mGlu; and
mGlus receptors (Anwyl, 1999, 2009; Bellone et al., 2008; Wu et al., 2008). The Gp 1
mGIluR is associated with the activation of the G,q11 family of heterotrimeric G proteins,
while group 2 and group 3 mGluRs tend to be linked to the Gy, and inhibition of

adenylyl cyclases (Gregory et al., 2011; Hollmann and Heinemann, 1994; Tanabe et al.,
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1992). Canonically, stimulation of Gp 1 mGluRs activate the phospholipase C (PLC) and
leads to the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) resulting in the
formation of inositol 1,4,5-trisphosphate (IP;) and 1,2-diacylgycerol (DAG). In turn, the
generation of IP; promotes the release of Ca’" from the intracellular stores such as the
endoplasmic reticulum (ER), while DAG activates protein kinase C (PKC). (Conn and
Pin, 1997; De Blasi et al., 2001; Houamed et al., 1991; Masu et al., 1991; Nicoletti et al.,
1986; Pin et al., 1994; Rose and Konnerth, 2001; Sladeczek et al., 1985; Sugiyama et al.,
1987).

Although the activation of any mGIuR can potentially trigger synaptic
depression, the most common form of mGluR-induced LTD to date is mediated by the
Gp 1 mGluR. In the CA1 (Cornu Ammonis 1) region of the hippocampus, mGluR-LTD
can be generated by stimulating the Gp 1 mGluR alone as demonstrated by the
application of DHPG, a Gp 1 mGluR agonist (Huber et al., 2000; Huber et al., 2001;
Sacaan et al., 1998; Schoepp et al., 1994). A study has also defined that the activation of
either mGlu; or mGlus is sufficient to promote LTD (Volk et al., 2006). Stimulation of
the CA3 Schaffer collateral axons to CAl with paired-pulses of low-frequency
stimulation (PP-LFS; 1 Hz, 50 ms interstimulus interval) results in synaptic depression
that is commonly observed in adult rodents older than two weeks; however, PP-LFS-LTD
relies on both the Gp 1 mGluR and mAChR (Huber et al., 2000; Huber et al., 2001;
Kemp and Bashir, 1999; Moult et al., 2008; Nosyreva and Huber, 2006; Volk et al., 2006;
Volk et al., 2007). In some brain regions, the generation of mGluR-dependent LTD also
requires the activation of other receptors in addition to members of the Gp 1 mGluR. In

the perirhinal cortex, a synergistic interaction among Gp 1 and Gp 2 mGluRs and
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NMDARSs is necessary for LTD; while in the cerebellum, a coincident synaptic activation
of the parallel fibers (PF) and mGlu, activation of the Purkinje cells (PC) are necessary
for mGluR-LTD (Cho et al., 2000; Collingridge et al., 2010; Ito et al., 1982; Linden et al.,
1991; Luscher and Huber, 2010).

The molecular and signaling mechanisms of an mGluR-triggered endocytosis of
the ionotropic glutamate receptor (iGluR), AMPAR, and its consequential synaptic
depression are as varied as their respective mGluR-mediated induction and cell types
(Fig. 2). In PCs that primarily express mGlu;, synaptic depression relies on PKCa to
phosphorylate Ser880 of GluA2 and trigger the internalization of a GluA2-containing
AMPAR (Chung et al., 2003; Leitges et al., 2004; Steinberg et al., 2006; Xia et al., 2000).
The phosphorylation of GluA2 at Ser880, which lies within the PDZ (PSD-95/Drosophila
disc large tumor suppressor/zonula occludens-1 protein) binding domain, disrupts the
interaction of GluA2 with the ABP/GRIP (AMPAR binding protein/glutamate receptor-
interacting protein), which is a PDZ-containing scaffold protein (Chung et al., 2003;
Takamiya et al., 2008). This disruption is believed to promote the exclusion or
unfastening of phosphorylated GluA2-containing AMPARs from the PSD by
translocating them through lateral diffusion to the extrasynaptic and clathrin-coat-rich
endocytic zones where these receptors can be internalized (Blanpied et al., 2002; Lu et
al., 2007). In the cerebellum, the expression of mGluR-LTD relies on an intracellular
Ca™ increase that is mediated through the voltage-gated Ca®" channels (VGCC)
(Collingridge et al., 2010; Gladding et al., 2009). Although the activation of the Gp 1
mGluR is coupled to the production of IP; that promotes Ca*" release from the

intracellular stores, mGIuR-LTD in the hippocampus is independent of Ca’>" and PKC
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(Fitzjohn et al., 2001; Schnabel et al., 1999). The removal of AMPARs from the surface
that is triggered by DHPG application, however, relies on the dephosphorylation of
GluA2 by the tyrosine phosphatase, striatal-enriched protein tyrosine phosphatase (STEP)
(Moult et al., 2006; Zhang et al., 2008). The application of DHPG in hippocampal slices
increases STEP, and the mGluR-induced translation of STEP is required for the
endocytosis of AMPARSs. Currently, it is unknown which tyrosine residue of GluA2 is
the target of STEP. Aside from STEP, the microtubule-associated protein 1B (MAP1B),
the activity-regulated cytoskeletal-associated protein/activity regulated gene 3.1
(Arc/Arg3.1), and the amyloid B protein (AP) have been implicated in mGIluR-LTD.
Similar to STEP, DHPG treatment of hippocampal slices increases MAPIB, a
cytoskeleton protein that is present throughout neuronal development, Arc, which has
been shown to associate with the endocytic machinery, and AP} precursor protein (ABPP)
(Chowdhury et al., 2006; Davidkova and Carroll, 2007; Park et al., 2008; Riederer, 2007;
Waung et al., 2008; Westmark and Malter, 2007). The mGluR-induced increase in
MAPIB is thought to support AMPAR internalization, whereby MAPIB sequesters
GRIP and eventually hindering surface AMPAR expression. It is important to note that
the application of NMDA also results in the increased expression of MAP1B; however,
the stimulation-induced increase in MAP1B expression only seems to regulate in Gp 1
mGluR-dependent removal of surface AMPARs (Davidkova and Carroll, 2007). Arc,
which is implicated in numerous neuronal functions, is likewise an appealing LTD-
associated protein because of its interaction with dynamin and endophilin — proteins that
are involved in the endocytosis of surface receptors (Chowdhury et al., 2006; Conner and

Schmid, 2003; Praefcke and McMahon, 2004). An earlier study on AP has shown that
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APB-induced synaptic depression occludes DHPG-induced LTD and relies on AMPAR
endocytosis (Hsieh et al., 2006). A subsequent study has determined that AP induces
LTD by attenuating glutamate reuptake, consequently desensitizing glutamate receptors,
and ultimately leading to synaptic depression (Li et al., 2009). Taken together, these
findings underscore the complexity of an mGluR-mediated synaptic depression. It is also
worth noting that STEP, MAPIB, Arc, and ASPP are mRNA-targets of FMRP and that
FMRP regulates their translation upon neuronal activation (Antar et al., 2005; Darnell et
al., 2001; Darnell et al., 2011; Goebel-Goody et al., 2012; Park et al., 2006; Westmark
and Malter, 2007; Zalfa et al., 2003).

The induction of mGIuR-LTD is primarily regarded as a postsynaptic
phenomenon, such that the signaling mechanisms induced by the stimulation of mGluRs
converge on decreasing the surface expression AMPARs or altering the half-life of
glutamate at the synaptic cleft. Substantial evidence, however, exists that an mGluR-
induced depression can attenuate synaptic strength through presynaptic mechanisms by
altering the release of glutamate, a neurotransmitter that acts on mGIluRs, NMDARs,
AMPARs, and KARs (Collingridge et al., 2010; Feinmark et al., 2003; Lovinger, 2008).
One example of a Gp 1 mGluR-mediated synaptic depression that relies on presynaptic
alteration is the endocannabinoid-mediated LTD (eCB-LTD). The activation of Gp 1
mGluRs and L-type calcium channels in the striatum results in a long-term depression
that is mediated by the release of eCB from the postsynaptic compartment (Adermark and
Lovinger, 2007; Gerdeman et al., 2002; Kreitzer and Malenka, 2005; Ronesi et al., 2004;
Shen et al.,, 2008; Sung et al., 2001). The resultant eCB binds to presynaptic,

GPCR(Gyy,) cannabinoid receptors (CB1) causing a decrease in neurotransmitter release
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(Lovinger, 2008). In the basal ganglia, the indirect pathway inhibits extraneous actions
or movements (Mink, 1996; Nambu, 2004). Interestingly in a disease model of
Parkinson’s disease, eCB-LTD is absent in the indirect pathway, and restoring the eCB-
LTD in the indirect pathway through inhibition of eCB degradation rescues muscle
rigidity or catalepsy, a pronounced motor deficit observed in Parkinson’s disease
(Kreitzer and Malenka, 2007).

These discoveries collectively establish that the Gp 1 mGluR-mediated LTD
occurs in many circuits and essentially participates in physiological, neuronal processes,
because the dysregulation of mGluR-LTD results in pathological conditions. Studies on
mGIluR-LTD have likewise revealed that FXS presents many mGluR-associated

dysfunctions. These physiologically relevant findings are discussed hereafter.

Metabotropic glutamate receptor-dependent events are altered in FXS

A mouse model of FXS (Fmrl KO), which was generated by inserting a
neomycin cassette into exon 5 to prevent the synthesis of a functional FMRP, presents
deficits in reversal learning, increased exploratory behavior, and macroorchidism (Bakker
et al.,, 1994). Additionally, the Fmr! KO mouse displays disrupted mGluR signaling.
One key finding that drew interest in deciphering the connection between Gp 1 mGluR
and FMRP is the discovery that the Fmrl KO mouse expresses an exaggerated mGluR-
LTD in the hippocampus and that the mGIluR-LTD no longer relies on de novo protein
synthesis (Huber et al., 2002; Nosyreva and Huber, 2006). In wildtype mice, mGluR-
LTD that is induced synaptically or chemically by DHPG can be blocked by using

translation inhibitors — anisomycin or cyclohexamide — or an mRNA cap analog
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(m’GpppG, where m is a methyl group) that competes with endogenous capped mRNAs
for the eukaryotic initiation factor 4E (eIF4E), an essential component in cap-dependent
translation (Huber et al., 2000). Recent findings have also established that the activity of
Gp 1 mGluR in the Fmrl KO is enhanced causing altered neocortical activity or longer
UP-states (Hays et al., 2011). Coincidentally, the mGluR-Homer interaction is disrupted
in Fmrl KO mice, resulting in aberrant mGlus activity that leads to elevated basal
translation, neocortical hyperexcitability, and audiogenic seizures. Interestingly, by
deleting Homerla, which competes with Homerl for the PPxxFR motif of mGlus,
mGluR-Homer association is corrected as well as the aforementioned abnormal events

(Ronesi et al., 2012).

FMRP functions in mGluR-associated translation

The regulation of mRNA translation can be exerted at the initiation or elongation
stage. Summarily, translation initiation in eukaryotes requires the 43S ribosomal
preinitiation complex formation, followed by the binding of the 43S ribosomal complex
to the mRNA, and concluding with the addition of the 60S ribosomal subunit to form the
80S ribosomal complex (Costa-Mattioli et al., 2009). The 43S ribosomal preinitiation
complex, which is composed of the eukaryotic initiation factor 2 (elF2), GTP, a transfer
RNA that is charged with methionine (Met-tRNA M), and a 40S ribosomal subunit, binds
to the 5°-cap structure (m’GpppX, where X is any nucleotide) of an mRNA. This cap-
dependent translation also requires elF4F, which consists the cap binding protein, eIF4E,
elF4A, and elF4G1 or elF4G2. Once the 43S is recruited to the 5’-cap, it travels along

the 5’UTR until it reaches the initiation codon where the 60S subunit binds, forming the
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translation machinery complex. After completion of the initiation complex, the
elongation factors are mobilized to participate in the synthesis of proteins. The
phosphorylation state of the elF4E binding proteins (4E-BPs) regulates the translation
initiation by competing with elF4G for elF4E binding. A hypophosphorylated 4E-BP
binds to elF4E with high affinity thereby repressing translation, while a
hyperphosphorylated 4E-BP binds with less affinity, thereby allowing the elF4F complex
to form and subsequent translation to occur (Haghighat et al., 1995; Lin et al., 1994;
Pause et al., 1994). The mammalian target of rapamycin (mTOR) is the major kinase that
phosphorylates 4E-BP, and mTOR lies downstream of the phosphatidylinositol-3 kinase
(PI3K) pathway (Hay and Sonenberg, 2004; Hou and Klann, 2004). Intriguingly, the
activation of Gp 1 mGluR stimulates the PI3K pathway.

The influence of mTOR on translation-dependent synaptic plasticity is evident.
Pretreatment of hippocampal slices with an mTOR inhibitor, rapamycin, blocks the
DHPG-induced LTD (Hou and Klann, 2004). The tuberous sclerosis complex (TSC),
which is composed of TSC1 (hamartin) and TSC2 (tuberin) and lies upstream of mTOR,
inhibits mTOR activity through the small G protein, Ras homologue enriched in the brain
protein (Rheb) (Kwiatkowski and Manning, 2005). In light of TSC as an mTOR
inhibitor, a genetic reduction of Tsc2 in the Tsc2™" mouse displays elevated mTOR
activity, attenuated mGIluR-LTD, and surprisingly reduced basal protein synthesis
(Auerbach et al., 2011). In the Fmrl KO mouse, mTOR activity is likewise elevated;
however, basal protein synthesis is heightened and mGluR-LTD is enhanced (Hou et al.,
2006; Huber et al., 2002; Nosyreva and Huber, 2006; Ronesi et al., 2012; Sharma et al.,

2010). It is bewildering that an exaggerated mTOR activity causes opposing aberrant
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phenotypes. This phenomenon can be explained if an effector of mTOR regulated FMRP
function, which seems to be the case for the p70 ribosomal protein S6 kinase 1 (S6K1)
that functions as the major kinase of FMRP (Costa-Mattioli et al., 2009; Narayanan et al.,
2008b). FMRP is considered to be a translational regulator because it associates with
translating or elongating polyribosomes in an mRNA dependent manner (Ceman et al.,
2003; Darnell et al., 2011; Eberhart et al., 1996; Feng et al., 1997; Khandjian et al., 1996;
Stefani et al., 2004). S6K1 also regulates the activity of the ribosomal protein S6 (rpS6),
which is a vital component of the 40S ribosomal subunit (Meyuhas, 2008). Because
numerous studies support that the phosphorylation of FMRP represses the translation of
its associated mRNAs, mTOR, through S6K 1, can regulate translation by modulating the
phosphorylation of FMRP (Ceman et al., 2003; Coffee et al., 2011; Narayanan et al.,
2007). These findings establish that mTOR is indeed a major modulator of protein
synthesis as it can influence translation at the initiation stage and, through FMRP,
modulate the elongation step as well.

Much like the initiation stage, the elongation phase of translation is subject to
intricate regulation. The eukaryotic elongation factor 2 kinase (eEF2K) has gained
attention as a key regulatory molecule of the elongation step as its activity is modulated
by neuronal activity (Costa-Mattioli et al., 2009; Ryazanov et al., 1988; Sutton et al.,
2007). The phosphorylation of eEF2, a substrate of eEF2K, has been empirically
determined to attenuate global translational and promote local translation of “special”
mRNAs (Chotiner et al., 2003; Davidkova and Carroll, 2007; Marin et al., 1997; Park et
al., 2008). The observations that the mGluR-dependent synthesis of Arc and LTD are

impaired in the eEF2K KO mice, and that a knock-down of eEF2K blocks the DHPG-
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induced MAPIB translation all suggest that the eEF2K and its substrates are essential in
mGluR-mediated processes (Davidkova and Carroll, 2007; Park et al., 2008). An
interesting finding from the eEF2K KO study is that the application of cycloheximide, a
translation inhibitor, at a low dose (50-100 nM) induces Arc translation and restores
DHPG-LTD, hearkening to the idea that some form of translational inhibition may be
necessary to promote the synthesis of certain proteins. These discoveries altogether posit
that (1) the translation of activity-dependent synaptic proteins are generally suppressed
during normal activity — perhaps through mRNA competition for initiation factors — only
to be selectively upregulated upon synaptic stimulation; (2) the inhibition of general
translation serves as a regulatory mechanism to ensure the synthesis of activity-dependent
synaptic proteins upon synaptic activation; (3) the role of eEF2K in translation inhibition
at the elongation step functions to provide a rapid and flexible response upon the
commencement (within five minutes after activation) and termination of synaptic
activation (Brendler et al., 1981; Park et al., 2008; Scheetz et al., 2000; Walden et al.,
1981).

Because earlier studies demonstrated that FMRP associated with mRNAs and the
translation machinery, work in understanding the role of FMRP as a translational
regulator gained interest (Eberhart et al., 1996; Feng et al., 1997; Khandjian et al., 1996).
Subsequent investigations on FMRP offered evidence that the protein primarily functions
as a translational suppressor since animal models that lacked FMRP expressed elevated
basal translation of its target-mRNAs such as Map1b, aCamkll, Afpp — syntheses of their
protein products are induced by mGluR activation — and the SH3 and multiple ankyrin

repeat domains protein (Shank I) (Hou et al., 2006; Lu et al., 2004; Schutt et al., 2009;
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Westmark and Malter, 2007). Utilizing phosphorylation site mutants at Ser499 of the
murine FMRP, which did not affect the association of FMRP with mRNAs, determined
that the phosphomimetic form, S499D-FMRP (where serine was changed to aspartic
acid), associated with stalled or non-translating polyribosomes, while the
dephosphomimetic form, S499A-FMRP (where serine was changed to alanine),
associated with translating polyribosomes (Ceman et al., 2003). This seminal finding
established that phosphorylation at Ser499 affected the role of FMRP in regulating
protein synthesis.

Recent work using a high-throughput sequencing of mRNAs isolated by
crosslinking immunoprecipitation (HITS-CLIP) technique gave further credence to the
role of FMRP as an RNA-binding protein because FMRP was found to associate
physically with over 800 mRNAs; and surprisingly, FMRP crosslinked to the coding
sequence of more than 66% of its target mRNAs (Darnell et al., 2011). This study also
strengthened the relevance of FMRP in ASD as several of the FMRP-target mRNAs such
as Tsc2, Shank3, and Nign3 (neuroligin 3) are believed to be autism candidate genes
(Basu et al., 2009; Geschwind, 2011). In addition, 32 of the identified mRNA-targets are
associated with the mGlus receptor. By using an in vitro translation (IVT) system to
perform run-off assays with puromycin, a drug that specifically targets actively
translating polyribosomes, Darnell and colleagues determined that the FMRP-target
mRNA, MaplB, had more residual ribosomes after run-off when FMRP was present
compared to when a functional FMRP was eliminated. In other words, with FMRP in the
IVT, Map1B and other target mRNAs contained more stalled ribosomes in comparison to

conditions where FMRP was absent or knocked-down or when the KH2-mutant (I304N)
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FMRP was present. The inhibitory effect of FMRP on Maplb could be relieved by
competition using a kissing-complex RNA (kcRNA) ligand, to which FMRP bound with
high affinity (Darnell et al., 2005). Furthermore, the synthesis of MAP1B increased in
the presence of a kcRNA ligand compared to a mutated kcRNA — to which FMRP had
little affinity — evincing that FMRP functions as a translational suppressor since
sequestering or relieving FMRP from the ribosomal complex induces protein synthesis.
Although it had been shown that the majority of FMRP is phosphorylated basally,
Darnell and colleagues, however, did not examine whether a phosphorylated FMRP at
Ser500 was involved in ribosomal stalling (Narayanan et al., 2007).

It is also worth noting that some of the FMRP-target mRNAs encode translation
initiation factors such as eIF4G I and II (Darnell et al., 2011). These initiation factors are
essential components for the formation of the preinitation complex that targets cap-
dependent translation (Hinnebusch, 2011). It would be interesting to investigate whether
the loss of FMRP results in elevated elF4G and promotes increased cap-binding in cap-
dependent translation. There is evidence that in the absence of FMRP cap-dependent
translation of synaptic proteins such as MAP1B and aCaMK-II is elevated. Additional
findings suggest that these elevated basal levels are a consequence of increased initiation
complex formation through eIF4G or relief of ribosomal stalling (Ronesi et al., 2012). In
Drosophila, dFXR interacts with elF4G that is independent of the ribonucleoprotein
complex (Papoulas et al., 2010). Although currently there is no evidence documenting
the functional significance of dFXR-elF4G interaction, the authors speculate that the
interaction may be important in regulating translation initiation of specific transcripts in

early embryos.
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The phosphorylation of FMRP phosphorylation is a critical regulatory event in the
translation of target-mRNAs

A landmark finding on FMRP function has determined that the phosphorylated
and dephosphorylated forms of FMRP at Ser499 accompany contrasting translational
states (Ceman et al., 2003). This work demonstrates that a dephosphorylated mimic of
FMRP, whereby the serine residue at 499 is mutated to alanine (S499A), associates with
translating ribosomes; and an aspartic acid-substituted FMRP (S499D), which mimics a
phosphorylated FMRP at Ser499, cofractionates with stalled or non-translating
ribosomes. In support of this observation, subsequent independent studies have revealed
that a phosphorylated FMRP at Ser500 represses the translation of SAP90/PSD-95
associated protein 3 (SAPAP3, also known as discs, large (Drosophila) homolog-
assoicated protein 3 (DLGAP3)) and Chickadee, a Drosophila homolog of Profilin
(Coffee et al., 2011; Narayanan et al., 2007). Sapap3 and chickadee are FMRP-target
mRNAs. SAPAP3 is a postsynaptic scaffolding protein, and its absence is linked to
obsessive-compulsive disorder, and Chickadee is involved in actin polymerization
(Cooley et al., 1992; Welch et al., 2007; Welch et al., 2004).

The work by Narayanan and colleagues establishes that the dephosphorylation of
FMRP is essential for a Gp 1 mGluR-induced translation of SAPAP3 (Narayanan et al.,
2007). Summarily, the activation of Gp 1 mGIluR by DHPG promotes a rapid
dephosphorylation of FMRP, within one minute after stimulation, and relieves the
translational repression on Sapap3; the removal of phosphate group(s) from FMRP is

mediated by the protein serine/threonine phosphatase type 2 (PP2A). This work also
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accounts that the catalytic subunit of PP2A (PP2Ac) does not only associate with mGlus,
as previously demonstrated, but also interacts solely with FMRP and not with S499A-
FMRP, a dephosphomimic form of FMRP (Mao et al., 2005a). Furthermore, by utilizing
inhibitors against different neuronal phosphatases (PP1, PP2A, and PP2B), the
investigators have determined that PP2A is the major phosphatase of FMRP.  With the
identification of PP2A as the major phosphatase of FMRP, the authors use okadaic acid, a
pharmacological agent that inhibits PP2A at a low concentration (0.5 nM), to demonstrate
that the inhibition of PP2A can prevent the dephosphorylation of FMRP and the DHPG-
induced synthesis of SAPAP3. Based on these findings and other extant data, a model is
proposed whereby the Gp 1 mGluR-triggered translation and resultant changes in
neuronal activity such as LTD rely on a rapid dephosphorylation of FMRP by PP2A that
then leads to the derepression of FMRP-target mRNAs. Upon removal of a phosphate
group at Ser499 in mouse (Ser500 in humans or Ser406 in Drosophila) stalled ribosomes
on target-mRNAs can proceed with the elongation process. This model is attractive
because it accounts for the rapid, Gp 1 mGluR-dependent protein synthesis of FMRP-
target mRNAs such as Arc, Afpp, and Map1b that are all involved in LTD (Davidkova
and Carroll, 2007; Park et al., 2008; Waung et al., 2008; Westmark and Malter, 2007).
However, there is no direct evidence showing that the rapid translational regulation of
FMRP or its dephosphorylation regulates mGIluR-LTD. For my dissertation I have
examined the influence of the phosphorylation of FMRP in modulating mGluR-LTD, and
I have provided evidence that PP2A and the switch of FMRP from a phosphorylated to a
dephosphorylated form serve as translational regulators of the mGluR-induced synthesis

of Arc in dendrites and synaptic depression.
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Although several studies consider FMRP as a repressor of translation because it
has been observed that in the absence of FMRP there is elevated expression and FMRP-
regulated protein synthesis (e.g. MAP1B, ABPP, and PSD-95) basally, evidence does
exist that FMRP functions as a translational activator (Dolen et al., 2007; Hou et al.,
2006; Muddashetty et al., 2007; Qin et al., 2011; Qin et al., 2005; Westmark and Malter,
2007). Unlike the aforementioned proteins, the synthesis of the superoxide dismutase 1
(SOD1) protein, which is an antioxidant metalloprotease that facilitates the conversion of
toxic superoxides (O;) to oxygen (O;) and hydrogen peroxide (H,0O,), and implicated in
amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease, requires FMRP (Bechara et
al., 2009; Fukai and Ushio-Fukai, 2011; Murakami et al., 2011; Siddique and Ajroud-
Driss, 2011). One study has noted that in the absence of FMRP there is a decreased
interaction between Sodl and translating ribosomes, and there is also a reduced
expression of SODI in whole brain lysates, all suggesting that FMRP is essential for the
synthesis of SOD1 (Bechara et al., 2009). The authors conclude that FMRP increases the
translatability of Sodl. They have also discovered that the C-terminal region of FMRP,
which houses the RGG domain, interacts with a novel triple stem-loop structure, why
they termed SoSLIP (Sodl stem-loop interacting with FMRP), unlike the G-quadruplex
structure found in other FMRP-target mRNAs (e.g. Map1b, Afpp, and Psd95). Bechara
and colleagues have determined that the interaction between FMRP and SoSLIP is
necessary for SOD1 synthesis as mutations in any of the stem-loop structure attenuates
the binding of FMRP to Sodl as measured by luciferase expression assays. With these
evidences, the authors conclude that FMRP, through its interaction with the SoSLIP motif

functions as a translational activator. The role of FMRP in enhancing translation may be
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more common than previously thought. A recent report documents reduced expression of
synaptic proteins such as GluN2A, MAP1B, and PSD-95 basally in the medial prefrontal
and orbitofrontal cortices of the Fmrl KO mouse (Krueger et al., 2011). Because FMRP
has differential effects on the translation of its target-mRNAs, it would be informative to
investigate further whether FMRP influences the synthesis of proteins based on the
FMRP-interacting domains of target mRNAs (G-quadruplex vs. SOSLIP motifs) or on the

brain regions that the target-mRNAs are localized.

FMRP modulates translation through “RISCky” microRNAs

Posttranscriptional regulation by components of the RNA-induced silencing
complex (RISC), such as the microRNAs (miRNAs), modulates protein synthesis through
an miRNA-directed translational repression and mRNA destabilization (Bartel, 2009).
There is evidence, however, that miRNAs do participate in active translation as miR-21
cosediments with polyribosomes in an mRNA-dependent manner; and in one study,
FXRI1P and Argonaute 2 (AGO2), a component of the miRNA pathway, are recruited by
miR-369-3 to upregulate translation in serum-deprived HeLa cells (Maroney et al., 2006;
Vasudevan et al., 2007). Aside from AGO2, a number of studies have also documented
that FMRP interacts with components of the miRNA pathway to regulate translation.
First discovered in Caenorhabditis elegans, miRNAs are small, genetically encoded, but
non-coding RNAs of approximately 20-22 nucleotides (nt) long, that are processed from
primary transcripts (pri-miRNAs) containing between several hundreds to thousands of
nucleotides. After additional processing, pri-miRNAs are cleaved to become precursor

miRNAs (pre-miRNAs) that contain approximately 80 nt. Dicer, an endonuclease,



26

together with the TAR RNA-binding protein (TRBP), a double-stranded RNA binding
protein, further cut pre-miRNAs to single-stranded miRNAs. The mature miRNA or
guide strand is then loaded into the RISC, which is composed of Dicer, TRBP, and
AGO?2, an endonuclease that cleaves RNA in mammals (Jin et al., 2004; Li and Jin, 2009;
Vasudevan et al., 2007).

Pioneering studies in Drosophila have determined that dFXR physically interacts
with dDicer, dAGO1, and dAGO2 (Caudy et al., 2002; Ishizuka et al., 2002). Subsequent
work in vertebrates has likewise demonstrated that FMRP associates with Dicer, AGOI,
and AGO2 (or mammalian elF2C2) (Jin et al., 2004). Recent findings are now
establishing the relevance of FMRP and the microRNA machinery and pathway in
regulating translation of synaptic proteins, and consequentially synaptic plasticity.
Working in concert, FMRP, miR-132, miR-125b, and AGO1 regulate the dendritic spine
morphology and the synaptic strength of hippocampal neurons (Edbauer et al., 2010).
Specifically, the overexpression of miR-132 induces the formation of mature, stubby
spines, while miR-125b overexpression promotes the development or maintenance of
immature, filopodia-like spines. Moreover, neurons that overexpress miR-132 have
enhanced synaptic strength as measured by increases in the amplitude and frequency of
the AMPAR-mediated miniature excitatory postsynaptic currents (mEPSC). Cells that
overexpress miR-125b, however, display a reduction in mEPSC amplitude, cuntionally
corroborating the observed immature spine morphology. It is important to note that the
opposing effects of miR-132 and miR-125b rely on FMRP, because a knock-down of
FMRP abolishes the spine phenotypes. Although the mechanism by which miR-132

strengthens the synapse is unknown, miR-125b exerts its effect by downregulating the
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expression of GIuN2A, an NMDAR subunit, whereby FMRP, miR-125b, and AGO1
synergistically target the 3’UTR of GrinZa, the GluN2A mRNA. In support of this
finding, Darnell and colleagues have recently determined by using HITS-CLIP that
Grin2a, is an FMRP-target mRNA (Darnell et al., 2011).

In addition to regulating the translation of GluN2A, FMRP and components of
the miRNA pathway also affect the synthesis of PSD-95, another integral synaptic
protein involved in defining the synaptic architecture and function (Bhattacharyya et al.,
2009; Muddashetty et al., 2011; Xu et al., 2008). FMRP, miR-125a, and AGO2
cooperatively regulate Gp 1 mGluR-induced translation of PSD-95 (Muddashetty et al.,
2011). The authors propose that during basal condition the phosphorylated form of
FMRP recruits AGO2 and miR-125a to suppress the translation of PSD-95. Upon DHPG
treatment, FMRP is dephosphorylated resulting in the destabilization of the AGO2-miR-
125a complex with Psd95 mRNA, and consequently promoting the synthesis of PSD-95.
It is unclear, and it will be informative to examine, if the AGO2-miR125a complex with
FMRP promotes scission or degradation of PSD-95.

The expression of several miRNAs is regulated by activity-dependent
transcription factors, such as the myocyte enhancer factor 2 (MEF2) (Fiore et al., 2009).
MEF2 has previously been shown to regulate activity-dependent synapse development by
promoting the transcription of genes whose protein products inhibit synapse number
(Flavell et al., 2006). In one study, the activity-dependent stimulation of MEF2 by
potassium chloride (KCI), which depolarizes neurons, facilitates the expression of miR-
134 (Fiore et al., 2009). Interestingly, miR-134 antagonizes the translation of Pumillo, a

repressor of protein synthesis, thereby fostering dendritogenesis. The finding that MEF2
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regulates a cluster of miRNAs is truly fascinating in light of a recent study, which
demonstrates that a MEF2-induced synapse elimination requires FMRP (Pfeiffer et al.,
2010). As FMRP interacts with miRNAs and other components of RISC, it is tantalizing
to examine if MEF2 and FMRP work in conjuction through miRNAs to regulate synaptic
plasticity. It will also be informative to test whether the process of synapse elimination is
only mediated through a MEF2-FMRP interaction, since a MEF2-induced expression of
miR-134 promotes the growth of dendrites

The phosphorylation state of FMRP, as previously demonstrated, influences the
translation of its target-mRNAs (Ceman et al., 2003; Narayanan et al., 2007; Narayanan
et al., 2008b). One study has observed that the phosphorylation of FMRP influences the
association of FMRP with Dicer, a component of the microRNA machinery, inviting the
speculation that the FMRP-Dicer interaction may serve as another regulatory mechanism
in the translation of FMRP-associated mRNAs (Cheever and Ceman, 2009).
Biochemical evidence demonstrates that the immunoprecipated, phosphorylated FMRP at
Ser499 (P-FMRP) interacts with pre-miRNA and not with Dicer; however FMRP that is
immunoprecipitated with an antibody that recognizes both the phospho- and
dephosphorylated FMRP associates with Dicer but not with pre-miRNA. These findings
are truly intriguing as they generate several questions regarding the role of FMRP, its
phosphorylation, and Dicer in translation regulation. Does the apparent FMRP-Dicer
interaction suggest that Dicer plays a role in the translation of FMRP-target mRNAs
since Dicer does not associate with P-FMRP? Does P-FMRP sequester pre-microRNAs
from Dicer? Because Dicer functions to reduce pre-miRNA to miRNA, does the

phosphorylation of FMRP influence miRNA production, which can affect the translation
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of miRNA-targeted mRNAs? Because Dicer facilitates the formation of RISC, is the
FMRP-Dicer association a mechanism that ensures the scission of FMRP-target mRNAs
after translation, thereby preventing runaway protein synthesis? Additional studies are
indeed warranted to understand the function of this novel FMRP-Dicer interaction. Since
components of RISC (e.g., Dicer, Ago2, and microRNA) are present at the synapse,
dissecting the potential role of FMRP and its association with the microRNA pathway
and machinery seems relevant in resolving synaptic disorders that are associated with

FXS (Lugli et al., 2005; Lugli et al., 2008).

Deviant mGluR-dependent neuronal activity plagues FXS

A national survey of 1,394 (1090 males and 304 females) individuals with FXS
has determined that epileptic seizures occurred in 14% males and 6% females and that
seizures often happened in the developmental ages of 4-10 years (Berry-Kravis et al.,
2010). Another survey of parents with children who express the full mutation accounts
that 18% males (n = 976) and 7% females (n = 259) over six years old have had seizures
(Bailey et al., 2008). These findings substantiate the relevance of FMRP in impaired
neuronal activity as epileptic seizure is defined as “a transient occurrence of signs and/or
symptoms due to abnormal excessive or synchronous neuronal activity in the brain”
(Fisher et al., 2005). One proposed reason for the occurrence of epileptic seizures in
FXS is an impaired GABAergic system and circuit that promotes an imbalance between
excitatory and inhibitory transmissions (Brooks-Kayal, 2011; Paluszkiewicz et al., 2011).

The activation of Gp 1 mGIuR by DHPG in the hippocampus can induce an

epileptogenic response that relies on translation, while synaptic stimulation does not
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(Bianchi et al., 2009; Chuang et al., 2001; Chuang et al., 2005; Zhao et al., 2011).
However in the Fmrl KO mouse, the synaptic release of glutamate is sufficient to
generate an epileptogenic response, indicating that the absence of FMRP influences
altered Gp 1 mGluR activity (Chuang et al., 2005). Because there are several mGluR-
associated neuronal activities that are altered in the Fmrl KO, “the mGluR theory of
fragile X mental retardation” has been proposed — overactive Gp 1 mGluR can drive its
downstream signaling pathways that contribute to the symptoms observed in FXS (Bear
et al.,, 2004). The collective work investigating the different neuronal activities in the
Fmrl KO mouse has strengthened the pertinence of Gp 1 mGluR dysfunction in FXS.
These studies have identified aberrant neuronal network events that can be linked to
mGluRs. Among these are longer synchronous neuronal activity or UP states in layers
four and five of the neocortex; enhanced and translation-independent mGluR-LTD; and
higher incidence of audiogenic seizures (Hays et al., 2011; Huber et al., 2002; Nosyreva
and Huber, 2006; Ronesi et al., 2012; Yan et al., 2005). Interestingly, dampening the
activity of Gp 1 mGIluR can rescue many of these disorders. Genetic reduction of mGlus
or a pharmacological inhibition of mGlus activity with 2-methly-6-
(phenylethynyl)pyridine (MPEP) can significantly reduce the duration of the UP-states
and the incidence of audiogenic seizures (Dolen et al., 2007; Hays et al., 2011; Thomas et
al., 2012; Yan et al., 2005). In the Fmrl KO, reduction of Homerla, which disrupts the
mGlus-Homer interactions necessary for proper mGlus-mediated signaling, can likewise
diminish the anomalous UP-states and audiogenic seizures, pronouncing that an altered

Gp 1 mGluR activity may lie at the heart of FXS (Ronesi et al., 2012).
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It is worth noting that manipulations on Gp 1 mGluR and/or its effectors that lead
to a reduction of the enhanced translation can rescue the exaggerated mGIluR-LTD
(Dolen et al., 2007). The enhanced mGluR-mediated LTD in the Fmrl KO can likewise
be abrogated if the mGluR-LTD proteins, whose mRNAs are FMRP-targets, are reduced,
FMRP itself is expressed, lithium is introduced or Gp 2 mGluR is inhibited (Choi et al.,
2011; Park et al., 2008; Westmark et al., 2011). These studies strongly underscore that
the exaggerated translation is at the core of this synaptic plasticity dysfunction since the
reduction of LTD-associated proteins (e.g. ABPP and Arc), the attenuation of translation
by lithium through the PI3K-Akt pathway or a decrease in IP3 production can mitigate
the enhanced mGIuR-LTD in the Fmrl KO animals (Choi et al., 2011; Liu et al., 2012).
The effect of Gp 2 mGluR antagonism in translation-dependent mGIluR-LTD is difficult
to interpret since LY341495, a Gp 2 mGluR antagonist, enhances DHPG-LTD in the
wildtype while attenuating it in the Fmr{ KO mouse. Furthermore in the hippocampus,
Gp 2 mGluR is predominantly expressed in the perisynaptic region of presynaptic
terminals (Cosgrove et al., 2011). The authors have reasoned that the effect of Gp 2
mGluR antagonism may be mediated at the level of transcriptional regulation because the
activation of Gp 2 mGluR represses cyclic AMP (cAMP) production through the Gp 2
mGluR-coupled Gy, subunit. As it is currently unknown the mechanism by which
LY341495 mediates DHPG-LTD, It would there be eclucidative to examine how
LY341495 expresses LTD or whether the LY341495-induced attenuation of LTD is

attained by reducing the endocytosis of AMPARs in the Fmr! KO
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The activity-regulated cytoskeletal-associated protein arcs FMRP and mGluR-LTD

The activity-regulated cytoskeletal-associated protein/activity regulated gene 3.1
protein homolog (Arc/Arg3.1) has garnered heightened attention since its discovery in
1995. The interest stems from the participation of Arc in several functionally-relevant
neuronal events such that alterations in Arc level adversely affect neuronal, cognitive,
and behavioral performance (Greer et al., 2010; McCurry et al., 2010; Park et al., 2008;
Plath et al., 2006; Waung et al., 2008). Because Arc is upregulated during neuronal
processes linked to synaptic plasticity, dissecting the role of Arc in learning and memory-
associated events, like mGluR-LTD, is profitable (Park et al., 2008; Rodriguez et al.,
2005; Waung et al., 2008; Ying et al., 2002).

The attractiveness of Arc in mGIluR-LTD, which is manifested as a consequence
of surface AMPAR reduction, lies in the ability of Arc to interact with dynamin and
endophilin 2 and 3, proteins that are involved in the endocytosis of AMPARs (Fig. 3)
(Chowdhury et al., 2006; Collingridge et al., 2010; Gladding et al., 2009; Luscher and
Huber, 2010). Arc is a critical molecule in AMPAR endocytosis because the expression
of Arc alone, and not of endophilin 3 or an Arc construct lacking the endophilin binding
domain, promotes the removal of AMPARs from the membrane, implying that Arc is
essential in facilitating or initiating endocytosis (Chowdhury et al., 2006). Furthermore,
Arc seemingly targets AMPARs preferentially since expressing Arc in hippocampal
neurons only affects the miniature and evoked AMPAR-mediated synaptic currents and
not the NMDAR-mediated currents or time decay constants (Rial Verde et al., 2006).
Stimulation of Gp 1 mGluR by DHPG (50 or 100 uM for five minutes) increases Arc

protein within five minutes following drug washout; and the rapid synthesis of Arc is
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required for mGluR-LTD (Park et al., 2008; Waung et al., 2008). The reduction of Arc,
through short-hairpin RNAs (shRNA) directed against Arc, prevents the DHPG-induced
internalization of surface AMPARSs and depression of mEPSC frequency. Moreover, the
genetic deletion of Arc abolishes the DHPG-triggered removal of surface AMPARs and
reduces both chemically- and synaptically-induced mGIluR-LTD in the hippocampus.
Collectively, these findings substantiate the pertinence of Arc in mGluR-LTD.
Intriguingly, high-frequency stimulation of the medial perforant path (MPP) to
the dentate gyrus results in the accumulation of Arc along the site of where the
stimulating electrode is located (Steward et al., 1998b). This ground-breaking finding
displays and suggests that Arc is recruited and accumulates at the site of synaptic activity,
thereby laying the groundwork of local translation. Additional work has recently
established that Arc or another mRNA that contains the 3’UTR of Arc stably accumulates
with polyribosomes at the base of dendritic spines, implying once again that Arc can be
swiftly synthesized upon synaptic activity (Dynes and Steward, 2012). The evidence for
necessity of Arc in hippocampal-dependent learning is substantial. Exposure of rats to a
novel environment rapidly induces Arc transcription within five minutes after the
exposure (Guzowski et al., 1999). Subsequent work has established the requirement for
early Arc synthesis in long-term synaptic plasticity as the inhibition of Arc synthesis by
oligonucleotides impairs the maintenance phase of LTP which was assessed by spatial
bias during a hidden platform test of a Morris water task. The animals that received the
oligonucleotides against Arc do not display a spatial bias towards the training location

(Guzowski et al., 2000). These findings demonstrate that necessity of Arc translation
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within a specified time window and the relevance of Arc in hippocampal-dependent
learning.

The rapid translation of synaptic proteins like Arc, ABPP, aCaMK-II and
MAPIB upon neuronal activation demands a process whereby these proteins can be
swiftly delivered to synaptic sites that require changes (Davidkova and Carroll, 2007;
Hou et al., 2006; Park et al., 2008; Waung et al., 2008; Westmark and Malter, 2007).
Local translation is one mechanism ensuring a quick delivery of essential molecules that
will effect synaptic plasticity. Although previously regarded to occur only in the soma,
several lines of evidence substantiate the presence of local translation at active synapses
(Sutton and Schuman, 2005). The discoveries that LTP and LTD require translation and
that polyribosomes and mRNAs are in the postsynaptic site before and after stimulation
all give credence to the idea that dendritically-localized protein synthesis is essential for
synaptic plasticity (Frey et al., 1988; Frey and Morris, 1997; Huber et al., 2000; Kang and
Schuman, 1996; Ostroff et al., 2002; Steward and Levy, 1982; Steward and Schuman,
2001). Because Gp 1 mGluR activation leads to a rapid increase of Arc in dendrites and
internalization of surface AMPARs, it is likely that one mechanism for expressing
DHPG-induced LTD relies on local translation as 4r¢c mRNA is present in the dendrites
and synaptoneurosomes (Bagni et al., 2000; Giorgi et al., 2007; Yin et al., 2002).

Arc, which significantly participates in synaptic plasticity, is highly regulated.
Seizures, NMDAR activation, high-frequency stimulation and pharmacological
application of BDNF, DHPG or forskolin, which activates the adenylate cyclase, rapidly
induce Arc transcription, prompting 4Arc to be considered as an immediate-carly gene

(Bramham et al., 2010; Korb and Finkbeiner, 2011). Surprisingly, AMPAR activation in
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hippocampal slices attenuates Arc transcription, proposing a negative feedback of Arc at
the transcription level by heightened network activity (Rao et al., 2006). The Arc
promoter contains two enhancer elements, namely a synaptic activity-responsive element
(SARE) and a “Zeste-like” element, all of which are positively sensitive to synaptic
activity (Kawashima et al., 2009; Pintchovski et al., 2009; Waltereit et al., 2001). One
hour after transcription and traveling at a rate of 300 pm/hour, Arc mRNA can be located
in the dendrites (Wallace et al., 1998). Another evidence that bespeaks of Arc as a
dendritically-targeted mRNA is the presence of two dendritic-targeting elements (DTE)
in the 3’UTR of the transcript and the requirement of the proximal DTE (within nt 2162-
2513) for the translocation of Arc to distal dendrites (Kobayashi et al., 2005). Arc mRNA
also contains an hnRNP A2 response element (A2RE), which directs RNAs to the
dendrites via the A2 pathway (Gao et al.,, 2008). Interestingly, the A2 trafficking
pathway of Arc utilizes the RNA granule structure, which contains several RNAs (e.g.,
aCamkll and neurogranin (Ng)), RNA-binding proteins (e.g., FMRP and Pura — a
protein that binds to purine-rich single-stranded DNA or RNA), portions of the
translational machinery (e.g., EFla and ribosomal RNA), and kinesin (Barbarese et al.,
1995; Carson et al., 1997; Gao et al., 2008; Kanai et al., 2004; Ma et al., 1995; Ohashi et
al., 2002; Zalfa et al., 2003). The inclusion of FMRP and Pura in the RNA granule
suggests that the mRNAs within this complex are translationally repressed (Ceman et al.,
2003; Gallia et al., 2001; Zalfa et al., 2003). Although FMRP interacts with the kinesin
light chain (KLC), which is a cargo-binding component of the KIF5 kinesin superfamily,

thus serving as an adaptor protein, FMRP is not essential for the transport of Avc mRNA
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(Dictenberg et al., 2008). Pura, however, is an essential molecule in the transport of
RNA granules as loss of Pura suppresses the dispersion of RNA granules to the dendrites
(Kanai et al., 2004). Intriguingly, FMRP is involved in the transport of aCamkll but not
Arc upon DHPG treatment (Dictenberg et al., 2008). It is unknown, however, whether
the dephosphorylation of FMRP plays a role in the activity-dependent transport of target-
mRNAs. The C-terminal domain of FMRP interacts with KIF5 and is important for the
mGluR-induced movement of RNA granules to the dendrites. Competition of the FMRP-
KIF5 binding site results in increased dendritic length and number that are reminiscent of
the filopodia phenotype of FXS (Dictenberg et al., 2008; Dolen et al., 2007; Grossman et
al., 2006).

Perhaps due to the potency of Arc in mediating rapid changes in neuronal
activity, Arc is subject to nonsense-mediated RNA decay (NMD) (Giorgi et al., 2007). A
bioinformatic analysis reveals that Arc contains two introns in the 3’UTR, which allows
the deposition of the exon junction complex (EJC), which can promote the degradation of
the transcript. The presence of the two introns in the 3°’UTR makes Arc a natural target
for NMD. Arc strongly interacts with el[F4AIll, a component of EJC, and a reduction of
elF4AIll results in Arc enrichment and an increase in Arc expression. A knockdown of
the up-frameshift 1 protein (UpF1), a regulator and component of NMD that binds to
elF4Alll, also leads to an increase in Arc transcript and protein. Collectively, these
findings implicate that the NMD pathway negatively modulates the level of Arc. In the
mammalian cells, NMD is generally restricted to newly synthesized mRNAs, and NMD
preferentially targets CAP-dependent translation (Maquat, 2004). The presence of

elF4AIII on the transcript implies that Arc goes through a single pioneer round of protein
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synthesis, since the recruitment of UpF1 by eIF4AIIl to the EJC at the 3’UTR will
destabilize the mRNA upon translation. However, it is unknown if one or more
ribosomes are actively carrying-out the process of translation during the pioneer round.
Giorgi and colleagues propose that the translation-dependent destabilization of Arc
allows for a highly regulated synthesis of Arc spatially and/or temporally. Because Arc
remains stable or is translationally suppressed during transport, Arc can accumulate in
certain sites, such as the dendrites. Following activity, 4rc mRNAs enriched in the
dendrites can be translated simultaneously and rapidly. A recent finding has documented
a specialized microdomain at the base of dendritic spines to which Arc docks (Dynes and
Steward, 2012). It remains to be tested whether synaptic activity facilitates the
movement of Arc to the spine or the translation of Arc at the base followed by the
partitioning of the newly synthesized Arc to the spine. The nonsense-mediated RNA
decay and translational silencing of Arc while in transport serve to restrict the synthesis
of Arc in a time-dependent manner, which is defined by the pioneer round of translation —
Arc synthesis is limited because Arc is quickly degraded upon the completion of
translation. It is worth noting that only 59% of the Arc mRNA granules colocalize with
elF4Alll, indicating that Arc, which has a half-life of 47 minutes, may experience several
rounds of translation. These NMD-uncoupled 4rc mRNAs may be responsible for the
observed increased Arc protein at 60 minutes after mGluR stimulation (Bramham et al.,
2010; Giorgi et al., 2007; Park et al., 2008; Rao et al., 2006). It remains to be explored
whether FMRP or its phosphorylation state influences the population of NMD-uncoupled

Arc.
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Arc is present in the dendrites and soma. However, the function of Arc in the
soma remains elusive. In COS7 cells, Arc interacts with a novel, apoptosis-associated
protein, Amida that is also expressed in the brain (Irie et al., 2000). Amida contains two
NLS, and cotransfection of Arc and Amida results in the localization of Arc in the
nucleus. Interestingly, the coexpression of Arc and Amida inhibits apoptosis that is
induced by the expression of Amida alone. Arc, which contains a coiled-coil domain and
a spectrin homology (SH) domain, also interacts with the pro-myelocytic leukemia bodies
(PML) in the nucleus via the nuclear spectrin isoform (BSpIVZ5) (Bloomer et al., 2007;
Lyford et al., 1995). PMLs are covalently linked to small ubiquitin-like modifier 1
(SUMO-1) and are thought to be sites where transcriptional regulation occurs (Bloomer
et al., 2007; Zhong et al., 1999). Within the C-terminus, Arc contains a PEST sequence —
a region that is rich in proline (P), glutamate (E), serine (S), and threonine (T) —
indicating that Arc may be targeted for proteasomal degradation (Rao et al., 2006). Arc
also has two SUMOylation sites that influence its localization. LTP induction in the
dentate gyrus of rats leads to the formation of SUMOylated Arc that fractionates with
cytoskeletal components (Bramham et al., 2010). The different domains and protein
interactions of Arc reveal the versatility and importance of Arc in cellular, neuronal
network, and behavioral functions. With the apparent intimate relationship among Arc,
FMRP, and Gp 1 mGluR, elucidating the mechanisms on how these molecular players
synergistically modulate synaptic activity in physiological and disease states, like FXS, is

worth the work.
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MOTIVATION FOR STUDIES

Defects in synaptic plasticity, which underlies learning and memory, contribute
to cognitive deficits as observed in individuals with autism and intellectual disability,
such as those observed in fragile X syndrome (FXS) — a condition that is caused by loss
of function mutations in the Fmrl gene. As an RNA-binding molecule, FMRP, the
protein product of Fmrl, regulates the translation of dendritically localized mRNAs
(Bassell and Warren, 2008; Zukin et al., 2009). Local or synaptic translation regulates
long-term plasticity; and synaptic plasticity that relies on de novo dendritic protein
synthesis is abnormal in the Fmr! KO mouse, which serves as an animal model for FXS.

The activation of the group 1 mGluR in hippocampal CA1 neurons results in a
long-term depression of the excitatory synaptic transmission (mGluR-LTD) that requires
a rapid synthesis of dendritic proteins that facilitate the reduction of AMPARs at the
surface of the postsynaptic membrane (Waung and Huber, 2009). One proposed function
of FMRP is to suppress the translation of its target-mRNAs (Darnell et al., 2011; Napoli
et al., 2008); and in the Fmrl KO mice, mGluR-LTD is enhanced and independent of
new protein synthesis (Hou et al., 2006; Huber et al., 2002; Nosyreva and Huber, 2006).
Therefore, I import and have examined in this work the idea that the loss of FMRP-
mediated translational suppression in the Fmrl KO mouse leads to an elevated steady
state level of “LTD proteins,” consequently generating LTD that occurs in the absence of
new protein synthesis (Nosyreva and Huber, 2006).

A candidate “LTD protein” is the activity-regulated cytoskeletal-associated

protein/activity-regulated gene 3.1 protein homolog (Arc/Arg3.1) (Park et al., 2008;
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Waung et al., 2008). Arc is an immediate early gene that is induced in neurons in
response to salient experiences (Link et al., 1995; Lyford et al., 1995). The translation of
Arc likely contributes to the encoding of these experiences, because Arc is necessary for
learning and experience-dependent synaptic and behavioral plasticity (Bramham et al.,
2010). Following neuronal activity, Avc mRNA is rapidly transported to the dendrites
where it is dendritically translated in response to Gp 1 mGluR stimulation (Park et al.,
2008; Steward et al., 1998b; Waung et al., 2008). Arc is required for mGluR-LTD in
both WT and Fmrl KO mice (Park et al., 2008; Waung et al., 2008). During the
expression of mGIluR-LTD, Arc functions to facilitate the endocytosis of AMPARs
(Chowdhury et al., 2006). Arc mRNA interacts with FMRP (Iacoangeli et al., 2008b;
Zalfa et al., 2003). However, it is unknown if or how FMRP regulates the synthesis of
Arc in the dendrites under basal conditions or during plasticity-inducing events.

FMRP is generally considered to function as a translational suppressor; yet recent
work demonstrates that the activation of Gp 1 mGluR can trigger a PP2A-mediated
dephosphorylation of FMRP, which in turn reprieves the translational suppression of or
activates the synthesis of FMRP-target mRNAs (Bassell and Warren, 2008). The
phosphorylation of FMRP at a conserved serine (Ser500 in humans) is more associated
with stalled polyribosomes. The phosphorylation of FMRP can stabilize a microRNA-
Ago2 complex with the Psd95 mRNA, whereby the phosphorylated FMRP complex
suppresses the translation of PSD-95. In contrast, the dephosphorylation of FMRP at
Ser500 is associated with translating polyribosomes (Ceman et al., 2003; Muddashetty et
al., 2011). The activation of group 1 mGIuR in neurons rapidly (< 1 minute) activates

PP2A, which dephosphorylates FMRP at Ser500, and stimulates the translation of the
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FMRP-target mRNAs, Sapap3 and Psd95 (Muddashetty et al., 2011; Narayanan et al.,
2007; Narayanan et al., 2008a). Numerous studies have been undertaken to elucidate and
characterize FMRP and Arc and their function. However, little is known regarding the
role of FMRP or its dephosphorylation in the rapid translational regulation of neuronal
and synaptic function. In light of this, I have sought to satisfy the functional paucities in
the Gp 1 mGluR-mediated synaptic depression. My efforts evince that PP2A and the
dephosphorylation of FMRP intimately function as a translational switch in the mGluR-

stimulated translation of Arc in the dendrites and LTD.
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Figure 1. A schematic representation of FMRP and its domain architecture
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Figure 1. A schematic representation of FMRP and its domain architecture. The full-
length human FMRP has approximately 632 amino acids. The top labels are the putative
binding or interacting sites for the respective proteins: NUFIP (nuclear FMRP-interacting
protein) and CYFIP (cytoplasmic FMRP-interacting protein). The bottom labels indicate
the different domains: Tudor homology domain (aa ~3-110), Agenet; nuclear
localization signal (~115-150), NLS; hnRNP K-homology binding domains (~280-400),
KHI1 and KH2; nuclear export signal (~425-441), NES; serine 500, S500; and arginine
(R), glycine (G) glycine (G)-rich domains (~526-552), RGG. (Modified from Maurer-
Stroh et al., 2003 and Adinolfi et al., 2003)
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Figure 2. Mechanisms of translation-dependent mGluR-LTD
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Figure 2. Mechanisms of translation-dependent mGIluR-LTD. Stimulation of Gp 1
mGlIuR triggers the rapid endocytosis of AMPARs that requires the activity of the
tyrosine phosphatase STEP (striatal-enriched protein tyrosine phosphatase) as well as
existing Arc proteins. mGluRs also trigger the translation of proteins through the
activation of translation initiation and dephosphorylation of FMRP, which is an RNA
binding protein. Known proteins, whose synthesis is triggered by mGluRs and
participate in mGluR-LTD, include MAP1B (microtubule-associated protein 1B) and
APBPP (amyloid B precursor protein). (Modified from Luscher and Huber, 2010)
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Figure 3. A schematic representation of the Arc protein and its different domains
and binding regions
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Figure 3. A schematic representation of the Arc protein and its different domains and
binding regions. The coiled-coil (aa ~49-79) and spectrin homology (SH; ~228-375)
domains can facilitate the interaction with other SH-containing proteins. The endophilin
(~89-100) and dynamin 2 (~195-214) binding regions mediate the endocytosis of
AMAPRs. The proline (P), glutamic acid (E), serine (S) and threonine (T)-rich regions
(PEST, ~351-392, black and gray lines) may act to target Arc for proteosomal
degradation. (Modified from Bramham et al., 2010)



CHAPTER TWO

Materials and Methods

Dissociated Hippocampal Neurons

Neuronal cultures were prepared from the CA1/CA3 hippocampal regions of PO-
P2 male hooded Long-Evans rats, and male and female WT or Fmrl KO (C56BI6CR
strain) or Arc KO mice as described (Volk et al., 2007; Waung et al., 2008). The Arc KO
mice were obtained from Dr. Kuan Hong Wang (National Institute of Mental Health /
NIH) (Wang et al., 2006) and backcrossed to the C57BI6CR mice. Neurons were plated
in a Neurobasal A medium that is supplemented with B27, 0.5 uM glutamine and 1%
fetal bovine serum at a density ~400 neurons/mm?” onto glass coverslips that were coated
overnight with 50 pg/ml poly-D-lysine and 25 ug/ml laminin. Cultures were fed at one
day in vitro (DIV 1), and the medium was replaced once a week thereafter with a glial-
conditioned medum from wildtype mouse glial cultures as described (Viviani, 2006).

The experiments were performed at 18-21 DIV.

Immunocytochemistry

All experiments were performed on at least three independent cultures with 2-3
different coverslips per condition. For Arc, tubulin, and GFP immunofluorescence, the
neurons were fixed and permeabilized with ice-cold methanol for 10 minutes, or fixed in
4% paraformaldehyde for 15 minutes at 37°C and permeabilized in 0.2% Triton-X for 10
minutes. Fixed cells were incubated in 1° anti-Arc (1:600, Synaptic Systems; 1:100, gift

from Dr. Paul Worley (Lyford et al., 1995)), 1° anti-tubulin (1:600, Abcam), 1° anti-
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MAP2 (1:1000, Millipore), and 1° anti-GFP (1:600, Aves Labs). Primary antibodies
were detected with the subsequent application of the appropriate AlexaFluor555-
(AF555), AF546-, AF488- or AF633-conjugated 2° antibody (Molecular Probes). To
confirm the specificity of the two anti-Arc antibodies that were used in this study,
immunocytochemistry was performed in dissociated hippocampal neuron -cultures
prepared from WT and Arc KO littermates (Wang et al., 2006). Figure 4 and Table 1
demonstrate the specificity of the Synaptic Systems anti-Arc antibody. Similar results
were observed using the Arc antibody provided by Dr. Worley.

Fluorescence images were acquired on a Nikon TE2000 microscope with a
cooled CCD camera (CoolSnap HQ; Roper Scientific). The images were subsequently
quantified with a Metamorph Meta Imaging Series software (Molecular Devices). In any
given experiment, images of cells across all conditions were collected on the same day
using the same duration and intensity of the excitation light. For the acquisition of
dendritic images, an oil immersion, 63X objective lens was used; and for the somatic
images, a 20X objective lens was used. Healthy neurons were first identified by their
smooth soma and multiple processes under DIC microscopy.

Using Metamorph, the images used for the somatic and dendritic analyses were
set at a threshold value of at least thrice above background, which remained constant
within an experiment. For the dendritic images, the background values for each image
were obtained by measuring the average fluorescence intensity in a circular region of ~70
um’ adjacent to a neuron. The product of the total area and intensity above the threshold-
value of the dendritic fluorescence, which was at least thrice the background, was

quantified and normalized to the control (untreated or basal) conditions for each
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experiment. The dendritic Arc immunofluorescence was analyzed in the most proximal
50 um section of secondary dendrites. For each cell, three dendrites were analyzed. The
fluorescence values of the three dendrites were then averaged and represented the value
for a cell. A cell equals an n of one. For each condition 10-15 cells were analyzed per
coverslip.

For somatic Arc measurement, the product of the total area and intensity, which
was above the threshold-value, was quantified. A circular area of ~60 pm’, which was
placed in the center of a cell body, was used to designate the area to be measured. The
threshold-value was at least thrice the background. To obtain background values for
somatic imaging analysis, | measured the average fluorescence intensity outside of the
soma using a circular area of ~60 pm’. A threshold-value was acquired for each image.
Five to ten regions from each coverslip were taken. Ten to thirty cell somas from each
coverslip were analyzed, and 2-3 different coverslips were used for each condition. To
aid the visualization of images in the figures, background fluorescence was manually
subtracted using the “adjust levels” tool in Adobe Photoshop. For a given experiment,
levels were adjusted in exactly the same manner as to maintain the same ratio of

intensities across experimental conditions.

Lentivirus Production

FMRP“" was cloned into the lentiviral vector FUGW (Lois et al., 2002) obtained
from Dr. Thomas Sudhof (Stanford, University). The FUGW vector was digested with
EcoRI and BamHI, and the 9136 base pair product (bp) was gel purified. The human wt-

FMRP“"-hpr construct described previously (Darnell et al., 2005; Pfeiffer and Huber,
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2007) was digested with EcoRI, and the 5411 bp product was gel purified and digested
with BamHI. The 2593 bp product from the BamHI digestion of wt-FMRP“"-hpr was
gel purified and ligated to the 9136 bp product of the FUGW digestion. The lentiviral
constructs of S500D-FMRP*" and S500A-FMRP"" were made similarly as the FUGW-
FMRP", using the FMRP-S500D-EGFP-hpr and FMRP-S500A-EGFP-hpr respectively
as described (Pfeiffer and Huber, 2007). Briefly, SSO0A and S500D were created by
introducing mutations into the wWtFMRP-GFP using the QuikChange site-directed
mutagenesis (Stratagene) of Kpnl-fragment. The products were individually subcloned
into pBluescript for mutagenesis then replaced in the WT construct. For production of
the lentivirus, HEK293 cells were transfected with FMRP"" or FMRP phosphomutants
and three helper plasmids (pRSV, pMDLg, and VSVG) using the FuGENE transfection
reagent (Roche) according to the manufacturer’s directions. After 48 hours, the media
was collected, filtered through a 0.45 pm filter, aliquoted, and stored at -80°C.
Hippocampal cultures were infected at 7-10 DIV at a titer (approximately 250-300

units/pl) to infect ~85% of neurons. Experiments were peprformed at 18-21 DIV.

Fluorescence in situ Hybridization

Anti-sense and sense oligonucleotide probes to 4A7c mRNA were obtained from
Dr. Gary Bassell (Emory University) and labeled with digoxigenin (Dig; Roche).
Fluorescent in situ hybridization (FISH) was performed as previously described (Antar et
al., 2004; Dictenberg et al., 2008). Summarily, probes were detected by
immunofluorescence with a Cy3-conjugated mouse anti-Dig antibody and a Cy3-

conjugated anti-mouse IgG antibody (Jackson). Sense oligonucleotides against Arc were
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used as negative controls. Experiments were performed on at least three separate

cultures.

Electrophysiology

For extracellular recording in slices, acute hippocampal slices (400 um) were
prepared from postnatal day 21-55 hooded Long Evans rats as described (Fig. 5) (Volk et
al., 2007). Dissected hippocampi were sliced in ice-cold dissection buffer containing (in
mM): 2.6 KCl, 1.25 NaH,P0O,, 26 NaHCOs, 0.5 CaCl,, 5 MgCl,, 212 sucrose, and 10
dextrose using a vibratome (Leica VT 1000S). The slices were transferred and allowed
to recover for 1-5 hours in a chamber containing artificial cerebrospinal fluid (ACSF)
containing (in mM) 124 NaCl, 5 KCl, 1.25 NaH,PO,, 26 NaHCO;, 2 CaCl,, 1 MgCl, and
10 dextrose. To acquire extracellular recordings, slices were placed in a submerged
recording chamber, maintained at 30°C, and perfused continuously with ACSF at a rate
of 2-3 ml/min. Extracellular field potentials (FPs) were recorded using glass electrodes (1
MQ) filled with ACSF and placed in the stratum radiatum of area CAl. FPs were
evoked by monophasic stimulation (200 ps duration) of Schaffer collateral/commissural
afferents with a concentric bipolar tungsten stimulating electrode. Stable baseline
responses were collected every 30 seconds using a stimulation intensity (10-30 pA)
yielding 50-60% of the maximal response. The initial slope of the FPs was used to
measure the stability of synaptic responses and to quantify the magnitude of LTD.
Chemically induced mGIluR-LTD was elicited by the application of 100 uM DHPG for

five minutes.
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Whole cell voltage clamp recordings were performed on dissociated hippocampal
neurons from WT, Fmrl KO, and infected Fmrl KO (GFP, wildtype FMRP", S500A-
FMRP“*, S500D-FMRP“"). All experiments were performed on at least three separate
cultures. Cells were visualized using a combination of infrared illumination differential
interference contrast (IR-DIC) and GFP fluorescence to identify infected and non-
infected neurons. Patch electrodes (3-7 MQ) were filled with (in mM): 0.1 EGTA, 125
K-gluconate, 2.6 KCI, 1.3 NaCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, 14
phosphocreatine-Tris; pH 7.2, adjusted to 285 mOsm with sucrose or H,O. Cells were
perfused at room temp at a rate of 0.5 ml/min in Tyrode solution that is composed of (in
mM) 150 NaCl, 4 KCl, 2 MgCl,-6H,0, 10 glucose, 10 HEPES, 2 CaCl,-2H,0, 0.1
picrotoxin, 0.001 TTX; pH 7.4, adjusted to 310 mOsm. Cells were voltage-clamped at -
60 mV. Series resistance and input resistance were measured in voltage clamp with 400
ms, -10 mV step from a -60 mV holding potential (Pfeiffer and Huber, 2007). Only cells
with a holding current of less than 200 pA and a series resistance less than 40 MQ were
used for analysis. In addition, only cells that had a stable series resistance (< 25%
change) after DHPG application were used. On average DHPG did not affect series
resistance within any experimental group (Table 2). mEPSCs were detected off-line
using an automatic detection program (MiniAnalysis; Synaptosoft Inc.) with a detection

threshold set at a value of five-times the root mean square (RMS) noise.

Drug Application
For extracellular field potentials and western blotting in slices, the tissues were

allowed to recover for one hour and then incubated for a minimum of three hours in
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either ACSF/H,O or ACSF/100 nM okadaic acid (OA). A brief application of 100 uM
(RS)-3,5-dihydroxyphenylglycine (DHPG) for five minutes was used to induce LTD in
all of the experiments. Dissociated rat hippocampal neurons were preincubated in either
10 or 100 nM OA, or 100 nM fostriecin for two hours. Cultured mouse neurons were
preincubated in 10 nM OA for one hour because this was sufficient to enhance P-FMRP
levels (Fig. 3C), and I found that 100 nM OA to be toxic to cultured mouse neurons.
Similarly, incubation of acute mouse hippocampal slices for 1-3 hours in 100nM OA, as
we used in rat slices, severely reduced their viability. This was evinced by small or
nonexistent FP recordings, which precluded the investigation on the role of PP2A in
mGIuR-LTD in slices from WT or Fmrl KO mice. For experiments involving PP2A
inhibitors, OA and fostriecin were present before, during, and after DHPG stimulation.
For protein synthesis inhibition, cultures were incubated in 20 pM anisomycin 20
minutes before DHPG application and for the duration of the experiment. To inhibit Gp
1 mGIuR activity and action potentials, dissociated Fmri/GFP cultures were
preincubated for 14-18h in 2-Methyl-6-(phenylethynyl)pyridine (MPEP, 10 mM) and

LY367385 (100 mM), and TTX (1 mM) respectively.

Western Blot Analysis

For western blots on dissociated hippocampal neurons (P18-21), neurons were
plated at a density of 4.5 — 5.0 X 10* cells, on 12 mm diameter coverslips. Cultured
neurons were harvested in SDS sample buffer and boiled at 90°C for 10 minutes. A
minimum of three coverslips were used for each condition. For western blots in

hippocampal slices, slices were prepared from 21-28 days old WT and Fmrl KO mice or
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21-35 days old hooded Long-Evans rats as described in acute hippocampal slice
electrophysiology (Nosyreva and Huber, 2006). Slices were homogenized in RIPA
buffer, and protein concentrations were measured with BCA Protein Assay (Pierce).
Proteins were separated by SDS-PAGE and immunoblotted with 1° antibodies against
Arc (1:20,000; Synaptic Systems), FMRP (2F5-1 antibody; 1:2000; (Gabel et al., 2004)
provided by Dr. Jennifer Darnell; Rockefeller University), phospho-FMRP (1:400;
Abcam), Akt (Cell Signaling; 1:5000), phospho-Akt (Cell Signaling; 1:5000), BIII-
tubulin (1:5,000; Abcam), ERK1/2 (1:5,000; Cell Signaling), and actin (1:100,000;
Millipore). Blots were washed and incubated in appropriate HRP-conjugated secondary
antibody (1:5000; MP Biomedical, Aurora, OH). Bands were detected using enhanced
chemiluminescence and densitometric images from scanned films were analyzed with
Image J. For optical density quantification, Arc and P-FMRP were normalized to a
loading control. Actin, total ERK, or tubulin was used as loading controls because the
levels were unchanged with the experimental manipulations. For total ERK, bands at 42
and 44 kDa were quantified. All experiments were performed on at least three separate

cultures or three separate pairs (WT/Fmrl KO) of animals.

Statistical Analysis
Student’s t-test or two-way ANOVA, and posthoc Bonferroni or Newman-Keuls
multiple comparison tests were used for statistical analysis where indicated * p<0.05, **

p<0.01, *** p<0.001.
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Figure 4. The Synaptic System and Worley antibodies against Arc are specific in
dissociated hippocampal neuron cultures
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Figure 4. The synaptic System and Worley antibodies against Arc are specific in
dissociated  hippocampal  neuron  cultures. Representative ~ images  of
immunocytochemistry with the Synaptic Systems (SySy) and Worley (Lyford et al.,
1995) antibodies in cultures prepared from WT and Arc KO mouse littermates. A, B,
Fluorescence and DIC images of WT and Arc KO neurons at high (60 X) magnification.
Note: The images were taken focusing on the dendrites. The cell soma may or may not
also be in focus in these images. Scale bar = 20 um. C, D, Fluorescence and DIC images
of WT and Arc KO neurons when focused on the cell bodies at (20 X) magnification.
Scale bar = 50 um. (Fig 4A from Niere et al, 2012; Figs 4B, C and D from Niere et al,
unpublished observations)



54

Table 1. Quantification of the specificity of the Arc antibodies used in the study in the
dendrites and soma of WT and Arc KO

Synaptic Systems Arc Antibody Worley Arc Antibody
WT Arc KO WT Arc KO

Dendrite 1.00£0.15 0.20 4 0.03*** 1.00+0.14 [ 0.11 £ 0.04***
(n=36) (n=31) (n=20) (n=18)

Soma 1.00 £0.04 0.28 & 0.03*** 1.00 £ 0.05 | 0.25 £ 0.03***
(n=148) (n=95) (n=191) (n=113)

Table 1. Quantification of the specificity of Arc antibodies used in the study
immunofluorescence in the dendrites and soma of WT and Arc KO. Two rabbit
polyclonal antibodies against Arc were tested — Synaptic Systems and a gift from Dr.
Paul Worley. Dendritic images were taken at 60X, somatic images were at 20X.
Dissociated hippocampal neurons were prepared from WT and Arc KO littermates.
(From Niere et al, 2012)
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Figure 5. A schematic diagram of an acute rodent hippocampal slice preparation for
extracellular electrophysiology
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Figure 5. A schematic diagram of an acute rodent hippocampal slice preparation for
extracellular electrophysiology. Hippocampi were removed and sliced are 400 mm.
Following recovery, extracellular field potentials (FPs) are recorded using a glass
electrode (red pointed tip; a sample response waveform is shown), which is filled with
artificial cerebrospinal fluid (ACSF), placed in the stratum radiatum of area CAl. FPs
are evoked using monophasic stimulation of the Schaffer collateral/commissural
afferents with a concentric bipolar tungsten stimulation electrode (red and black bar).
(Modified from Nguyen et al., 2006)



CHAPTER THREE

Results

PP2A is necessary for an early, immediate phase of mGluR-triggered LTD and
increases in dendpritic Arc protein

To determine whether PP2A and the dephosphorylation of FMRP played a role in
mGIuR-LTD, I incubated acute hippocampal slices prepared from mature Long-Evans
rats in the PP2A inhibitor okadaic acid (OA). Iused 100 nM OA, because OA is 100X
more effective against PP2A in comparison to PP1 (Swingle et al., 2007), and a three-
hour incubation of rat brain slices in 100 nM OA selectively inhibits PP2A over PP1 or
PP2B (Gong et al., 2000). Furthermore, treating hippocampal slices with 100 nM OA for
1-3 hours was sufficient to increase the phosphorylation of FMRP at S499 and Akt,
another PP2A substrate, as observed with western blotting using phosphospecific
antibodies against these PP2A-target proteins (Fig. 6B) (Padmanabhan et al., 2009).
Population or field excitatory postsynaptic potentials (fEPSP or FP) were measured in the
stratum radiatum of area CAl of the hippocampus in response to an extracellular
stimulation of the CA3 Schaffer collateral axons as described (Huber et al., 2000). LTD
was induced with the Gp 1 mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG;
100 uM; 5 min; (Huber et al., 2000)). The incubation of hippocampal slices in OA
slightly reduced the LTD magnitude measured at 30-40 minutes after DHPG (86 = 3% of
baseline; n = 13) in comparison to interleaved vehicle-treated slices (vehicle (water); 76 +
2% of baseline; n = 13 slices; p < 0.05; Fig. 6A). However, at one hour after washing out

DHPG, the LTD magnitude of OA-treated slices returned to similar levels as the vehicle-

56



57

treated controls (OA: 80 + 2%; vehicle: 76 + 3%). These results suggested that PP2A is
required for an early, but not a late phase of mGluR-LTD.

A brief mGluR stimulation results in a rapid (within five minutes after DHPG
application) and persistent increase in Arc levels that last at least one hour after drug
treatment. Previous work demonstrated that the rapid increases in Arc, in response to the
Gp 1 mGIluR agonist, DHPG, were due to the local translational activation of Arc from
preexisting mRNAs in the dendrites (Park et al., 2008; Waung et al., 2008). Whereas, the
later increases in Arc protein are likely due to the mGluR-induced transcription of Arc
(Park et al., 2008; Taylor et al., 2010). Based on our FP data, we hypothesized that the
role of PP2A in mGIluR-LTD functions to regulate a rapid, FMRP-mediated translational
control of LTD proteins, such as Arc, in the dendrites. To test this idea, I examined the
effects of PP2A inhibitors on Gp 1 mGluR-induced increases of Arc protein in the
dendrites of dissociated hippocampal neuron cultures using immunocytochemistry.

To confirm the specificity of the anti-Arc antibodies, 1 performed
immunocytochemistry in  dissociated hippocampal neuron cultures prepared from
wildtype and Arc knockout littermates (Wang et al., 2006) (Fig. 4). My analysis
determined that the two anti-Arc antibodies used in this study were selective for Arc
(Table 1).

The pretreatment of cultures for one hour with 10 nM OA blocked the mGluR-
induced increases in dendritic Arc levels that were observed at five minutes following
DHPG treatment. However, the treatment with OA did not affect the basal Arc levels or
the late increases of Arc in the dendrites Arc that were measured at 60 minutes post-

DHPG (Fig. 7A). The application of 100 nM fostriecin, a PP2A inhibitor that is
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structurally different from OA and 10,000-fold more selective for PP2A over PP1
(Swingle et al., 2007), also blocked the early, mGluR-induced increases in early dendritic
Arc (Fig. 7B). Interestingly, the use of 100 nM fostriecin (Fig. 7B) or a higher
concentration of OA (100 nM; basal: 100 + 8%, 100 nM OA: 72 + 6%) that causes the
hyperphosphorylation of FMRP (Narayanan et al., 2007) suppressed the basal Arc levels

in the dendrites of dissociated hippocampal neurons that were isolated from rats.

Dendritic Arc levels are elevated in Fmrl KO neurons

To determine how FMRP and its phosphorylation state regulated Arc, I compared
the levels of dendritic Arc in WT and Fmrl KO mice. Arc mRNA had been shown to
interact with FMRP, either directly and/or indirectly, but it is unclear if or how FMRP
regulates protein levels of Arc (Iacoangeli et al., 2008a; Park et al., 2008; Zalfa et al.,
2003). Because Arc is deemed as an “LTD protein”, I hypothesized that the levels of Arc
are elevated in the hippocampal neurons of Fmrl KO mice and thus the heightened Arc
levels contribute to the enhanced and protein synthesis-independent LTD that had been
documented in these animals. However, I did not observe any difference in the total Arc
levels between the hippocampi of WT and Fmrl KO mice (Fig. 8A). Surprisingly, I saw
a trend towards a decreased Arc level in the hippocampus of the Fmrl KO mouse.
FMRP had been suggested to function as a dendritic translational suppressor (Bassell and
Warren, 2008). Therefore using immunocytochemistry, I examined the amount of
dendritic Arc in dissociated neuronal cultures that were prepared from the hippocampi of
WT and Fmrl KO mice. Consistent with the proposed function of FMRP as a

translational suppressor, the Arc levels, as measured by immunofluorescence intensity,
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were enhanced in the dendrites of Fmrl KO neurons (Fig. 8B). In contrast, the soma of
the Fmrl KO neurons intriguingly expressed less Arc compared to WT neurons in sister
cultures.

With these observations, I wanted to determine whether the enhanced level of
Arc in the dendrites of the Fmrl KO cultures reflected a cell-autonomous effect of
FMRP. To this end, I generated dissociated hippocampal neurons from the GFP/Fmrl
mosaic mice that were obtained by crossing the Fmr! KO line with mice that carry a GFP
vector on the X chromosome (Hadjantonakis et al., 1998; Hanson and Madison, 2007).
As a result of X-inactivation, cells of heterozygous females are mosaic; that is, the GFP
(+) cells express FMRP, which are therefore “wildtype”, are intermingled with the GFP (-
) cells that are “Fmri KO”. The co-expression of FMRP and GFP in the hippocampus of
the GFP/Fmrl mosaic mice was confirmed by immunohistochemistry (Fig. 9A). In the
dissociated neuron cultures of GFP/Fmrl mosaic mice, I observed similar results as that
in the complete WT and Fmrl KO. The “Fmrl KO” (GFP-) cells had elevated Arc levels
in dendrites in comparison to their neighboring “WT” (GFP+) cells on the same coverslip
(Fig. 9B,). I also observed a similar trend in the soma of KO (GFP-) and WT (GFP)
neurons, namely, the KO (GFP-) soma expressed less amount of Arc than the WT
(GFP+). Furthermore, to verify my previous findings of elevated dendritic Arc levels in
GFP- neurons, I performed a double-immunofluorescence staining for Arc and the
microtubule-associated protein 2 (MAP2), which is a dendritic marker, in the GFP/Fmrl
mosaic mice. Analysis of the double-immunofluorescence for Arc and MAP2, in which
Arc was normalized to MAP2, I found that Arc remained elevated in Fmrl KO dendrites

(Fig. 9B.).
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I also examined the amount of somatic Arc in the GFP/Fmrli KO mice.
Consistent with my previous observations in the complete WT and Fmrl KO neurons, I
found a similar compartment specific regulation of Arc levels that was confirmed with
two different rabbit polyclonal antibodies against Arc (from Synaptic Systems; Figs. 8B
and 9B,; or from Dr. Paul Worley (Johns Hopkins University); Fig. 9B;) (Lyford et al.,
1995).

Arc is an activity-dependent gene, and the elevated Arc levels could be a
consequence of enhanced activity or excitability of the Fmrl! KO neurons that can
thereby drive Arc transcription (Link et al., 1995; Lyford et al., 1995). I tested this idea
in two ways: first, by examining the level of A7c mRNA in the dendrites, and second by
measuring the level of dendritic Arc protein levels by blocking neuronal activity. To
measure dendritic Arvc mRNA, I performed a fluorescent in situ hybridization (FISH) for
Arc mRNA in the GFP/Fmrl mosaic mice as described (Dictenberg et al., 2008).
Previous work has demonstrated that the Fmr! KO hippocampal neurons have normal
steady state and mGluR-induced trafficking of Ar¢ mRNA (Dictenberg et al., 2008;
Steward et al., 1998a). Consistent with these reports, I did not detect a difference in the
levels of dendritic Avc mRNA between WT (GFP+) cells and their neighboring Fmrl KO
(GFP-) neurons in culture (Fig. 10; WT: 1.00 + 0.08, n = 53; KO: 0.90 £ 0.08 (4rc FISH
intensity; normalized to WT neurons) n = 52). To examine whether neuronal activity
increased the expression of Arc in the dendrites, I treated the GFP/Fmr1 mosaic cultures
for 14-18 hours with one micromolar tetrodotoxin (TTX) to block action potentials. The
blockade of activity by TTX reduced the dendritic Arc levels in both WT and Fmrl KO

neurons. However, the application of TTX did not abolish the difference between
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genotypes (Fig. 11). In other words, in the presence of TTX, the dendritic Arc levels in
the Fmrl KO remained elevated in comparison to WT neurons. These results indicate
that the elevated Arc in the Fmrl KO dendrites is not a consequence of an increased
activity-dependent Arc transcription or dendritic mRNA levels. Collectively, these
findings support a cell-autonomous role of FMRP in suppressing Arc translation in the

dendrites.

FMRP and PP2A are necessary for a rapid, but not a late, mGluR-induced expression
of dendpritic Arc protein

Because I was interested in understanding the role of FMRP phosphorylation
during the mGluR-triggered increase of Arc in the dendrites, I treated dissociated
hippocampal cultures that were prepared from wildtype (WT) and Fmrl KO mice with
10 nM OA before stimulating the Gp 1 mGluR (Figs. 12 and 13). As I had earlier
observed in the slices, treating the WT cultures with OA increased the levels of
phosphorylated FMRP (Fig. 12C) (Narayanan et al., 2007). As in the dissociated rat
neurons, the application of okadaic acid in the dissociated WT mouse neurons also
blocked the rapid, mGluR-induced increases of Arc protein in the dendrites as determined
by immunocytochemistry (Fig. 12A,) and total Arc protein by western blotting (Fig.
12B). As I had demonstrated in rat cultures, the late increases in dendritic Arc of WT
mouse neurons, observed at one hour post-DHPG, were also resistant to OA (Fig. 12A3).
In contrast to WT cultures, the stimulation of the Gp 1 mGluR by DHPG in the Fmr! KO
neuron cultures failed to evoke a rapid expression of dendritic Arc (Fig. 13B). However

at a late time point, DHPG elicited a small, but significant elevation of Arc in the
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dendrites of Fmrl KO neurons (Fig. 13C) (Park et al., 2008). In the presence of OA, the
Fmrl KO neurons that were treated with DHPG displayed a trend of increased Arc in the
dendrites at one hour following Gp 1 mGluR stimulation; but this did not reach statistical
significance despite the large number of cells that I analyzed (p = 0.058; OA; n =85; OA
+ DHPG n = 97; Fig. 13C). Therefore in the Fmrl KO, the role of PP2A in the late
expression of dendritic Arc is unclear.

To determine whether FMRP plays a cell-autonomous role in the mGluR-
triggered, rapid increases of Arc in the dendrites, I stimulated the Gp 1 mGluR of the
GFP/Fmrl mosaic cultures with DHPG. Similar to what I had observed in the complete
WT and Fmrl KO cultures, I found that DHPG induced a rapid increase of Arc in the
dendrites of WT (GFP+) neurons, but not in neighboring FmrI! KO (GFP-) neurons (Fig.
9B,). Interestingly, the level of dendritic Arc in DHPG-treated WT neurons did not reach
the level as observed basally in Fmrl KO neurons (Fig. 9B,). These results have led me
to propose that the mGluR-triggered Arc translation comprises two phases, namely: (1)
an early, immediate phase that is mediated by PP2A and FMRP, and (2) a late phase that
is independent of these proteins and mediated by other translational or transcriptional
control mechanisms, or both.

Numerous studies have demonstrated that the translation inhibitor anisomycin
blocks mGluR-LTD in hippocampal slices prepared from WT, but not Fmrl KO mice
(Hou et al., 2006; Nosyreva and Huber, 2006). Because a string of evidence implicates
that Arc functions as an LTD protein (Park et al., 2008; Waung et al., 2008), I considered
the possibility that the mGluR-triggered, late increases in dendritic Arc of Fmrl KO

neurons may be, like LTD, independent of de novo translation. Therefore, I tested the
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effects of anisomycin on the late increases of Arc in the dendrites of WT and Fmrl KO
neurons. In the WT cultures, anisomycin completely abrogated the DHPG-induced Arc
expression in the dendrites, and this finding is consistent with the influence of
anisomycin in blocking mGIluR-LTD (Fig. 12A4). Although DHPG evoked a small
elevation of dendritic Arc in the anisomycin-treated Fmr! KO neurons, the increase was
not statistically significant (Fig. 13A4). Therefore, these observations indicate that the
late expression of Arc in the dendrites of Fmrl KO neurons also rely on translation (Fig.
13A,), which is likely from the mGluR-triggered generation of 4rc mRNA (Park et al.,
2008; Taylor et al., 2010). The fact that the Fmr! KO mice display a persistent mGluR-
LTD in the presence of anisomycin suggests that mGluR-LTD does not utilize the late,
mGluR-induced, expression of Arc; rather mGluR-LTD relies on preexisting Arc protein

(Park et al., 2008).

Phosphomimic FMRP at S500 suppresses basal Arc, and the dephosphorylation of
FMRP is necessary for mGluR-induced, early dendritic Arc expression

Because the phosphorylation of FMRP has been shown to stall translation, I
examined whether the phosphorylation state of FMRP regulated the basal and mGluR-
triggered Arc expression in the dendrites by conducting rescue experiments with an N-
terminally-GFP tagged wildtype FMRP (FMRP®"") and phosphorylation site mutants of
FMRP. My data from immunohistochemical analyses of dendritic Arc in WT and Fmrl
KO mice that were presented earlier suggested that FMRP suppresses basal dendritic Arc
levels and is necessary for the mGluR-induced, rapid synthesis of Arc in the dendrites.

Consistent with this prediction, expressing FMRP®™ in dissociated Fmrl KO
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hippocampal neurons reduced the basal dendritic Arc levels by 30% in comparison to
sister Fmrl KO cultures that were infected with GFP only (Fig. 14A,). Furthermore, the

expression of FMRP™"

restored the mGluR-induced, early dendritic Arc synthesis in
these neurons (Fig. 14A,). The suppression of dendritic Arc levels by FMRP was not due
to a general inhibition of dendritic size or protein expression, because FMRP®™" had no
effect on the dendritic immunofluorescence of f3-tubulin (Fig. 14B). Intriguingly, the
lentiviral-mediated transfection of FMRP®™" into Fmr! KO neurons did not affect the
global level of Arc as assessed by western blotting (Fig. 15B), similar to what we had
observed in WT cultures (see Fig. 8A). These results regarding the total levels of Arc in
GFP- and FMRP®"-infected cells are tenable because FMRP®"™" increased the basal
amount of somatic Arc by 185 +10% (n = 191; p < 0.001) in comparison to GFP-
transfected neurons (n = 127) (Fig. 14As). Nonetheless, the transfection of FMRP" into
Fmrl KO cells rescued the DHPG-induced elevation of total Arc levels, which is in
contrast to GFP-infected Fmrl KO cultures (Fig. 15C).

In light of my earlier findings that implicate the FMRP phosphatase, PP2A, in
mGluR-triggered dendritic Arc expression, I investigated whether the dephosphorylation
of FMRP at S500 regulated the mGluR-induced, early synthesis of Arc in the dendrites.
Using the lentivirus system, I transfected dissociated hippocampal neurons that were
prepared from Fmrl KO mice with GFP-tagged phosphorylation site mutants of
FMRP“* namely a dephosphomimic (S500A) and a phosphomimic (S500D). The
S500A-FMRP“"" and S500D-FMRP" are expressed at similar levels to FMRP™ in

hippocampal neurons and are properly localized to the dendrites (Pfeiffer and Huber,

2007). As I have observed in wildtype FMRP“"-expressing cells, the S500D-FMRP"-



65

infected Fmrl KO neurons had decreased basal dendritic Arc expression in comparison
to GFP-infected sister cultures. However, S500D-FMRP"" did not rescue the DHPG-
induced, rapid elevation of dendritic Arc levels (Fig. 16A). The expression of S500A-
FMRP“" neither suppressed the Arc protein in dendrites, nor rescued the mGluR-
stimulated increase in dendritic Arc (Fig. 16B). These results collectively promote a
model whereby FMRP that is phosphorylated at S500 functions as a translational
suppressor of Arc mRNA; and FMRP dephosphorylation at S500 by PP2A is necessary

for the mGluR-triggered, rapid expression of Arc in the dendrites (Fig. 19).

The dephosphorylation of FMRP at S500 is required for mGluR-induced depression of
mEPSCs

FMRP and its phosphorylation state at S500 differentially affected the basal and
the mGluR-induced, rapid increases in dendritic Arc levels of cultured neurons. With
these findings, I sought to determine in the dissociated mouse hippocampal cultures the
effects of FMRP and its phosphorylation site mutants on the Gp 1 mGluR-stimulated
depression of synaptic transmission. In the dissociated hippocampal neuron cultures
prepared from rats, the DHPG-induced LTD is typically manifested as a decrease in the
frequency of mEPSCs that requires postsynaptic tyrosine phosphatase (PTP) activity and
Arc; DHPG-LTD also correlates with decreases in postsynaptic AMPAR surface
expression (Moult et al., 2006; Sanderson et al., 2011; Snyder et al., 2001; Waung et al.,
2008; Xiao et al., 2001). These results support a postsynaptic expression mechanism for
DHPG-mediated LTD. In contrast to rat hippocampal cultures, the application of DHPG

(100 uM; 5 min) in cultured WT mouse hippocampal neurons did not induce a depression
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of mEPSC frequency (105 + 8% of baseline; n = 11 cells) (Fig. 17, Table 2). However in
Fmrl KO cultures, DHPG treatment resulted in a depression of mEPSC frequency (72 +
5% of baseline; n = 8; measured at 5-15 minutes after DHPG washout; Fig. 17). These
results are consistent with the enhanced, DHPG-induced LTD of evoked synaptic
transmission that is observed in the Fmr! KO hippocampal slices (Huber et al., 2002).

To test whether the enhanced mGluR-induced depression of mEPSC frequency in
the Fmrl KO neurons was due to an acute role of FMRP, as opposed to a developmental
effect, I expressed GFP (control) or FMRP" in Fmrl KO neurons using a lentiviral-
meidated system. Following the stimulation of the Gp 1 mGluR by DHPG application,
Fmrl KO neurons that were infected with FMRP™" failed to express a depression of
mEPSC frequency (114 + 6% of baseline; n = 11; Fig. 17), mimicking what I had
observed in WT neurons. In contrast, the GFP-infected Fmr! KO neurons displayed a
reduction in mEPSC frequency following DHPG application (76 + 9% of baseline; n =
14) that was not different from the untransfected Fmr! KO neurons. I next examined
whether the phosphorylation of FMRP at S500 affected the Gp 1 mGluR-induced
depression of mEPSC frequency by expressing the S500A-FMRP™" or the S500D-
FMRP" in Fmrl KO cells. Fmrl KO neurons that were expressing the phosphomimic
FMRP, S500D-FMRP“*", which suppressed both basal and mGluR-triggered dendritic
Arc levels (see Fig. 16A), also failed to display a DHPG-induced depression of mEPSC
frequency (125 + 17% of baseline; n = 13; Fig. 6). However, cells that were infected
with the dephosphomimic FMRP, S500A- FMRP®", which neither suppressed basal
dendritic Arc nor rescued the mGluR-stimulated Arc synthesis in the dendrites (see Fig.

16B), displayed a depression in mEPSC frequency following the activation of the Gp 1



67

mGIluR (81 + 6% of baseline; n = 16). Overall, I did not detect significant differences in
mEPSC amplitude, series resistance, holding current or input resistance among the
different genotypes or lentiviral-expressed proteins (Table 2). These findings collectively
support the hypothesis that FMRP, when phosphorylated at S500, suppresses basal

dendritic Arc levels and inhibits mGIluR-LTD.

The inhibition of group 1 mGluR partially rescues the elevated basal dendritic Arc in
Fmrl KO

Recent work demonstrated that Fmr! KO neurons have enhanced overall protein
synthesis rates, as measured by the incorporation of radiolabeled methionine (*°S Met),
and that the elevated global protein synthesis can be equalized by the inhibitors of the
group 1 mGluRs, mGlu; or mGlus (Gross et al., 2010; Osterweil et al., 2010; Sharma et
al., 2010). To determine whether the Gp 1 mGluR-enhanced translation rates led to an
elevated steady state level of dendritic Arc, we treated GFP/FmrI mosaic cultures for 14-
18 hrs with the mGlu; and mGlus antagonists, LY367385 (100 pm) and MPEP (10 pum),
respectively. In contrast to TTX (see Fig. 11), blocking the activity of Gp 1 mGluR had
no effect on the dendritic Arc levels of WT neurons. However, LY367385 and MPEP
selectively reduced the Arc levels of Fmrl KO dendrites (Fig. 18). Interestingly, even in
the presence of Gp 1 mGIluR activity blockers, Arc levels in Fmrl KO dendrites
remained significantly elevated. Prompted by these results, I hypothesize that there are
two mechanisms or pathways that mediate the elevated Arc levels in the dendrites of

Fmrl1 KO neurons: (1) enhanced Gp 1 mGluR-driven translation rates, and (2) abrogation
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of translational suppression by the loss of interaction between FMRP and Arc mRNA,

which physiologically occurs in WT neurons.
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Figure 6. Okadaic acid, a PP2A inhibitor, reveals an early phase of mGluR-LTD
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Figure 6. Okadaic acid, a PP2A inhibitor, reveals an early phase of mGluR-LTD. A.
Incubation of acute rat hippocampal slices in the PP2A inhibitor, okadaic acid (OA, 100
nM), significantly reduces mGluR-LTD at 30-40 minutes (ACSF: 76 * 2%, N = 13 slices;
OA: 86 £ 3%, N = 13 slices; *p < 0.05) but not at 50-60 minutes (ACSF: 76 £ 3%; OA:
80 * 2%) following DHPG application (100 uM, 5 minutes). Plotted are average
(£SEM) initial slope values of FPs normalized to the pre-DHPG baseline. Inset: FP
waveforms from a representative experiment are taken at the time points indicated on the



70

graph (1, 2 and 3). Calibration: 0.2 mV, 10 ms. B. Pretreatment of acute rat
hippocampal slices with 100 nM OA (3 hours) increased the phosphorylated (S499)
FMRP (P-FMRP) and phosphorylated Akt (P-Akt). Left panel: Representative western
blot of P-FMRP and total FMRP (T-FMRP), and P-Akt and total Akt (T-Akt) from
vehicle (H,O)-treated and OA-treated slices. Right panel: Quantification of P-FMRP
normalized to T-FMRP (Veh: 1.00 £ 0.05; OA: 1.51 £ 0.19; N = 3 rats; *p < 0.05), and
P-Akt normalized to T-Akt (Veh: 1.00 £ 0.19; OA: 1.73 £ 0.17; N = 2 rats; *p < 0.05).
(From Niere et al, 2012)



71

Figure 7. PP2A inhibitors define a rapid, early phase of mGluR-induced synthesis of
dendritic Arc
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Figure 7. PP2A inhibitors define a rapid, early phase mGluR-induced synthesis of
dendritic Arc. A. Application of OA (10 nM, 1 hour) prevents the rapid but not the late
increase of Arc in the dendrites following the stimulation of Gp 1 mGluR by DHPG (100
mM, 5 minutes) in dissociated rat hippocampal neurons (DIV 18-21). A;. Representative
images of Arc immunofluorescence at 5 minutes after DHPG induction. Scale bar: 20
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and 5 pm. A,.3. Group averages (+SEM) of quantified dendritic Arc immunofluorescence
intensity at 5 (A,) and 60 (A;) minutes after treatment with vehicle (H,O) or DHPG for
each condition. Arc levels are normalized to basal, vehicle-treated neurons of the same
culture preparation. A,. Vehicle = 1.00 £ 0.05; DHPG (normalized to basal vehicle) =
1.46 £ 0.08; OA =0.92 £ 0.06; OA + DHPG =0.99 £ 0.07; p <0.01. Aj. Vehicle = 1.00
* 0.05; DHPG = 1.30 = 0.05; OA = 1.05 £ 0.05; OA + DHPG = 1.30 + 0.05. B.
Pretreatment of neuronal cultures with a structurally distinct PP2A inhibitor, fostriecin
(100 nM, 1 hour, Fos) lowers basal Arc and prevents the rapid increase in dendritic Arc
in response to DHPG. B;. Representative images of Arc staining in dissociated
hippocampal neurons (DIV 18-21) at 5 min after DHPG application. Scale bar: 20 and 5
um. B,. Quantification of dendritic Arc immunofluorescence at 5 minutes after treatment
with vehicle (H,O) or DHPG for each condition. Arc levels are normalized to basal,
vehicle-treated cells. Vehicle = 1.00 £ 0.06; DHPG = 1.47 + 0.09; Fos = 0.75 + 0.07; Fos
+ DHPG = 0.82 + 0.07. 10-15 cells/culture were obtained for each condition and
experiment was repeated in 3-4 independent culture preparations. Statistical analysis;
two-way ANOVA, Bonferroni post-hoc comparison; *p < 0.05, ***p < 0.001. (From
Niere et al, 2012)
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Figure 8. FMRP suppresses basal Arc protein levels in the dendrites
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Figure 8. FMRP suppresses basal Arc protein levels in the dendrites. A. Total Arc levels
in Fmrl KO are unchanged as assessed by western blotting of hippocampal homogenates
from WT and Fmrl KO mice. Left panel: Representative western blot. Right panel:
Group averages (¥SEM) of Arc/actin levels normalized to WT. N = 12 mice per
genotype. B. Dendritic Arc immunofluorescence is greater in Fmr/ KO neurons. Top
panel: Representative images of Arc immunofluorescence in dissociated hippocampal
neurons (DIV 18-21) from WT and Fmrl KO. Scale bar: 20 and 5 um. Bottom panel:
Group averages (£SEM) of quantified somatic and dendritic Arc immunofluorescence
levels. Soma: WT = 1.00 £ 0.02, Fmrl KO = 0.78 £ 0.02; Dendrite: WT = 1.00 £ 0.13,
Fmrl KO = 2.88 + 0.18. 10-15 cells/culture were obtained for each condition and
experiment was repeated in 3-4 independent culture preparations. Statistical analysis by
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two-way ANOVA, Bonferroni post-hoc comparison; ***p < 0.001. (From Niere et al,
2012 and unpublished observations)
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Figure 9. Basal Arc levels are differentially expressed in the GFP/FmrI mosaic mice
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Figure 9. Basal dendritic Arc levels are differentially expressed in the GFP/Fmrl mosaic
mice. A. Double immunofluorescence images of GFP (green) and FMRP (red) in
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hippocampal CA1 tissue sections of GFP/Fmrl mosaic mice demonstrating the
coexpression of GFP and FMRP. Scale bar: 20 um. B. Basal dendritic Arc levels are
elevated while somatic Arc levels are reduced in Fmrl KO neurons of GFP/Fmrl KO
mosaic mice as quantified by two different antibodies against Arc: (B,) Synaptic Systems
rabbit polyclonal anti-Arc; (B3;) Anti-Arc antibody provided by Dr. Paul Worley (Lyford
et al., 1995). B;. Double immunofluorescence images of GFP (green) and Arc (red) in
dissociated hippocampal neurons (DIV 18-21). White arrows indicate a Fmrl KO (GFP-
) cell. B,. Left panel: Quantification of somatic and dendritic Arc immunofluorescence
levels from neighboring WT and Fmrl KO neurons using a rabbit polyclonal Arc
antibody from Synaptic Systems in GFP/Fmrl KO mosaic cultures. Values are
normalized to WT (GFP+) basal (vehicle (H,O)-treated) neurons of the same culture.
Soma: WT =1.00+0.03; KO=0.91 +0.04; Dendrite: WT =1.00+0.08; KO=3.21+
0.32. DHPG treatment of GFP/Fmrl mosaic cultures increases dendritic Arc levels in
WT neurons, but not in neighboring Fmr! KO neurons where Arc levels are greatly
elevated in basal conditions. Soma: WT (DHPG) = 1.09 £ 0.03 ; KO(DHPG) = 1.10
0.03; Dendrite: WT (DHPG) = 1.62 £ 0.13; KO (DHPG) = 2.84 = 0.23. Right panel:
Quantification of the ratio of dendritic Arc/MAP2 immunofluorescence in neighboring
WT and Fmrl KO neurons from GFP/Fmrl mosaic cultures. B;. Soma: WT = 1.00 +
0.03; KO = 0.83 + 0.02. Dendrite: WT = 1.00 = 0.11; KO = 2.5 + 0.87. 10-15
cells/culture were obtained for each condition and experiment was repeated in 3-4
independent culture preparations. Statistical analysis by two-way ANOVA, Bonferroni
post-hoc comparison; *p < 0.05, **p < 0.01, ***p < 0.001. (From Niere et al, 2012 and
unpublished observations)
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Figure 10. Dendritic 4rc mRNA levels are similarly expressed in WT and Fmrl KO
neurons of GFP/FmrI mosaic mice
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Figure 10. Dendritic Arc mRNA levels are similarly expressed in WT and Fmrl KO
neurons of GFP/Fmrl mosaic mice. Fluorescence in situ hybridization (FISH) reveals
comparable dendritic 4r¢ mRNA levels in dissociated cultured WT and Fmrl KO
neurons prepared from the hippocampi of GFP/Fmrl mosaic mice. a—GFP column: GFP
staining identifies WT (GFP+) and Fmrl KO (GFP-) cells. WT: 1.00 £ 0.08, n =53; KO
= 090 = 0.08 (4rc FISH intensity; normalized to WT neurons) a-dig column:
digoxigenin staining identifies hybridized digoxigenin-labeled antisense and sense
(control) oligo-probes. Arc sense probes are unstained. DIC column: DIC images of
dendrites. Overlay column: overlay images of digoxigenin labeled probes (red) on DIC
images of respective dendrites. Scale bar: 5 um. 10-15 cells/culture were obtained for
each condition and experiment was repeated in 3-4 independent culture preparations.
Statistical analysis by two-way ANOVA, Bonferroni post-hoc comparison. (From Niere
et al, 2012)
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Figure 11. Neuronal activity does not affect the difference in basal dendritic Arc
levels between WT and Fmrl KO neurons of GFP/Fmrl mice
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Figure 11. Neuronal activity does not affect the difference in basal dendritic Arc levels
between WT and Fmrl KO neurons of GFP/Fmrl mice. Top panel: Representative
images of Arc staining in WT and Fmrl KO neurons from GFP/Fmrl mosaic mice.
Scale bar: 5 um. Bottom panel: quantification of basal dendritic Arc levels in vehicle
(H,0) and TTX (1 uM, 14-18 hrs). Values are normalized to WT in vehicle. Veh: WT =
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1.00 £ 0.06, Fmrl KO =1.90 = 0.18; TTX: WT =0.61 = 0.05, Fmrl KO = 1.30 + 0.10.
N = # cells per condition. 10-15 cells/culture were obtained for each condition and
experiment was repeated in 3-4 independent culture preparations. Statistical analysis by
two-way ANOVA, Bonferroni post-hoc comparison; ***p < 0.001. (From Niere et al,

2012)
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Figure 12. PP2A is necessary for a rapid, mGluR-induced increase in dendritic Arc
expression
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Figure 12. PP2A is necessary for a rapid, mGluR-induced increase in dendritic Arc
expression. A. Application of OA (10 nM, 1 hr) blocks the rapid but not the late increase
in dendritic Arc protein in response to mGluR activation by DHPG (100 uM, 5 minutes)
in dissociated WT mouse hippocampal neurons. A;. Representative images of Arc
immunofluorescence at 5 minutes after DHPG or vehicle (H,O) treatment. Scale bar: 20
and 5 um. Quantification of dendritic Arc levels at 5 (A,) and 60 minutes (Aj) after
addition of DHPG. Values are normalized to basal, vehicle-treated cells. A,. Vehicle =
1.00 = 0.08; DHPG = 1.43 = 0.08; OA = 1.09 £ 0.06; OA + DHPG = 1.04 + 0.07. A;.
Vehicle = 1.00 = 0.04; DHPG = 1.31 £ 0.04; OA = 0.99 + 0.05; OA + DHPG = 1.19 £+
0.05. A4 The translation inhibitor, anisomycin (20 uM, 20 minutes prior to DHPG
application) blocks the mGluR-induced, late expression of dendritic Arc by DHPG.
Values are normalized to basal, vehicle-treated cells. Vehicle = 1.00 = 0.04; DHPG =
1.34 + 0.05; Aniso = 1.13 £ 0.06; Aniso + DHPG = 0.95 + 0.05. B. Pretreatment of OA
(10 nM, 1 hour) prevents the DHPG-induced, rapid, total Arc synthesis in dissociated WT
mouse hippocampal neurons. Top panel: Representative western blot of Arc and actin.
Bottom panel: quantification of Arc levels normalized to basal, vehicle-treated cells.
Vehicle = 1.00 = 0.03; DHPG = 1.49 + 0.13; OA = 1.20 + 0.12; OA + DHPG = 1.07 £
0.11; n = 6 cultures. Actin and total ERK were used as loading controls. There was no
significant difference in the levels of actin or total ERK for each condition. C. P-FMRP
level is elevated in OA-treated (10 nM, 1 hr), dissociated WT mouse hippocampal
neurons. Top panel: Western blot of whole cell lysates from WT neurons in the presence
of vehicle or OA. Lower panel: quantification of P-FMRP/tubulin normalized to vehicle-
treated cells. Veh = 1.00 = 0.12; OA = 1.62 + 0.23; n = 3 mice. Statistical analysis by
student t-test; p<0.05. 10-15 cells/culture were obtained for each condition and
experiment was repeated in 3-4 independent culture preparations. For all four-group
comparisons (A and B statistical analysis by two-way ANOVA, Bonferroni post-hoc
comparison; *p < 0.05; **p <0.01; ***p<0.001. (From Niere et al, 2012)
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Figure 13. An mGluR-induced, rapid synthesis of dendritic Arc is absent in Fmrl
KO neurons
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Figure 13. An mGluR-induced, rapid synthesis of dendritic Arc by DHPG (100 uM, 5
min) is absent in Fmrl KO neurons. A. Representative images of Arc
immunofluorescence at 5 min after DHPG in vehicle or OA pretreated neurons. Scale
bar: 20 and 5 um. Quantification of dendritic Arc levels at 5 (B) and 60 minutes (C) after
addition of DHPG. Values are normalized to basal, vehicle-treated cells. B. Vehicle =
1.00 £ 0.06; DHPG = 1.05 + 0.07; OA = 1.11 £ 0.09; OA+DHPG = 1.10 + 0.07. C.
Effects of mGluR stimulation on dendritic Arc levels at 1 hour after DHPG in vehicle
(Basal = 1.00 £ 0.06; DHPG = 1.26 £ 0.05) or OA treated cultures (OA = 1.09 £ 0.05;
OA + DHPG = 1.24 + 0.06; p = 0.058). D. Effects of mGluR stimulation on dendritic
Arc levels at 1 hour after DHPG in vehicle (Basal = 1.00 + 0.04; DHPG = 1.17 + 0.04) or
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anisomycin treated cultures (Aniso = 0.92 + 0.04; Aniso + DHPG = 1.04 = 0.05). Values
are normalized to basal, vehicle-treated cells. 10-15 cells/culture were obtained for each
condition and experiment was repeated in 3-4 independent culture preparations. For all
four-group comparison statistical analysis by two-way ANOVA, Bonferroni post-hoc
comparison; * p < 0.05; **p <0.01; ***p <0.001. (From Niere et al, 2012)
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Figure 14. Acute expression of wildtype FMRP in Fmr1 KO neuron lowers basal
dendritic Arc and rescues mGluR-induced, rapid expression of Arc
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Figure. 14. Acute expression of wildtype FMRP in Fmrl KO neurons lowers basal
dendritic Arc and rescues mGluR-induced, rapid expression of Arc. A and C. Fmrl KO
neuronal cultures were transfected using lentivirus expressing GFP (control) or an N-
terminally GFP tagged FMRP (FMRP“™). For quantification, values are normalized to
GFP-infected, vehicle-treated (basal, H,O) cells. A;. Representative images of Arc and
GFP immunoflourescence of Fmrl KO neurons transfected with either GFP or FMRP"
and then treated with vehicle or DHPG (100 uM, 5 minutes). Scale bar: 20 and 5 um. A,.
Quantification of dendritic Arc levels. Basal (GFP) = 1.00 + 0.08; DHPG (GFP) = 0.99 +
0.08; Basal (FMRP™) = 0.67 + 0.08; DHPG (FMRP“") = 0.97 + 0.09. B. Expression of
GFP (control) or an N-terminally GFP tagged FMRP (FMRP“") does not alter tubulin
levels in the dendrites. Left panel: Representative images of double immunoflourescence
for B3-tubulin (red) and GFP (green) of infected cells treated with vehicle or DHPG.
Scale bar: 20 and 5 pum. Right panel: Tubulin levels are similar in GFP- and FMRP-
infected cells. Basal (GFP) = 1.00 +£0.10; DHPG (GFP) = 0.89 + 0.08; Basal (FMRP"")
= 0.90 +£0.08; DHPG (FMRP™) = 0.92 + 0.09. 10-15 cells/culture were obtained for
each condition and experiment was repeated in 3-4 independent culture preparations. For
all four-group comparisons statistical analysis by two-way ANOVA, Bonferroni post-hoc
comparison; *p < 0.05; **p < 0.01; ***p < 0.001. For B, a student’s t-test was used.
(From Niere et al, 2012)
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Figure 15. Acute expression of wildtype FMRP in Fmrl KO neurons rescues total
mGluR-induced, rapid expression of Arc
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Figure 15. Acute expression of wildtype FMRP in Fmrl KO neurons rescues total
mGluR-induced, rapid expression of Arc. A. Representative western blot of Arc and actin
from Fmrl KO cultures transfected with either GFP or FMRP®"". B. GFP- and FMRP-
transfected cells express similar levels of total Arc. GFP: 1.00 + 0.02; FMRP = 0.92 +
0.12. C. mGluR activation increases total Arc levels in FMRP“*-transfected Fmrl KO
cells, but not GFP-transfected. Values are normalized to respective basal conditions.
Basal (GFP) = 1.00 + 0.02; DHPG (GFP) = 1.11 + 0.06; Basal (FMRP“"") = 1.00 + 0.03;
DHPG (FMRP") = 1.29 + 0.13; n = 5 independent cultures. For all four-group
comparisons statistical analysis by two-way ANOVA, Bonferroni post-hoc comparison;
**p < 0.01. For B a student’s t-test was used. (From Niere et al, 2012)
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Figure 16. Phosphomutant constructs of SS00-FMRP differentially affect basal
dendritic Arc and do not rescue the mGluR-induced, rapid dendritic Arc expression

S500D
FMRPGFP

& | koK

O 1.0
E § oBasal
22 "DHPG
i= :; 0.5
=

g

g 00 S500D

=

GER FMRPGFP
B S500A
GFP FMRPGFP

A

—
o 9 1.0
- § oBasal
PE- "DHPG
£ =05
- s
g S
(=T

£

g 0.0

=2 S500A

GER FMRPGFP

Figure 16. Phosphomutant constructs of S500-FMRP differentially affect basal dendritic
Arc and do not rescue the mGluR-induced, rapid dendritic Arc expression. A-B. Fmrl
KO neuron cultures were infected with lentivirus expressing either GFP (control) a
phospho- or dephosphomimetic of FMRP" (S500D- or S500A-FMRP“'").  For
quantification of basal dendritic Arc, values are normalized to GFP-infected, vehicle-
treated (basal, H,O) cells. mGluR activation was induced by applying DHPG (100 uM, 5
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minutes). Scale bar: 20 and 5 pm. A. S500D-FMRP“*, a phosphomimic form of FMRP,
lowers basal dendritic Arc, but does not rescue mGluR-induced increase in dendritic Arc.
Left panel: representative images of infected cells stained for stained for Arc (red) and
GFP (green) under basal condition. Right panel: Basal (GFP) = 1.00 + 0.05; DHPG
(GFP) = 0.87 + 0.05; Basal (S500D-FMRP®"") = 0.76 + 0.04; DHPG (S500D-FMRP“™")
=(0.71 £ 0.05. B. S500A, a dephosphomic form of FMRP, does not affect dendritic Arc
levels under basal condition or upon mGluR stimulation with DHPG. Left panel:
Representative images of infected cells stained for stained for Arc (red) and GFP (green)
under basal conditions. Right panel: Basal (GFP) = 1.00 + 0.05; DHPG (GFP) = 0.99 +
0.06; Basal (S500A-FMRP“?) = 1.00 + 0.05; DHPG (S500A-FMRP“™) = 0.96 + 0.04.
10-15 cells/culture were obtained for each condition, and experiment was repeated in 3-4
independent culture preparations. Statistical analysis by two-way ANOVA, Bonferroni
post-hoc comparison; ***p < 0.001. (From Niere et al, 2012)
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Figure 17. FMRP and its phosphorylation state at S500 affect mGluR-induced
depression of mEPSC:s in dissociated hippocampal neurons
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Figure 17. FMRP and its phosphorylation state at S500 affect mGluR-induced depression
of mEPSCs in dissociated hippocampal neurons. A. Effects of brief mGIluR activation
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DHPG (100 uM, 5 min) on mEPSC frequency (measured at 5-15 minutes after DHPG
onset) in cultured untransfected WT or Fmrl KO and Fmrl KO neurons with a lentiviral-
mediated transfection of FMRP" S500A-FMRP®", or S500D-FMRP®". mEPSC
frequency is normalized to a 5-minute pre-DHPG baseline. WT untransfected = 105 +
8%; Fmrl KO untransfected = 72 + 6%; Fmrl KO transfected with the following: GFP =
76 + 9%; FMRP™" = 114 + 6%; S500A-FMRP°™ = 81 + 6%; S500D-FMRP" = 125 +
17%. Statistical analysis: Paired t-test; *p < 0.05, **p < 0.01. For comparison among
groups, one-way ANOVA, Newman-Keuls post-hoc comparison was used; *p < 0.05,
**p < 0.01. B. Representative mEPSC recordings during baseline and 10 min after
DHPG application from WT, Fmrl KO, and Fmrl KO neurons transfected with GFP,
FMRP" (FMRP), S500A-FMRP™ (S500A FMRP) or S500D-FMRP™" (S500D
FMRP). Scale: 10 pA, 100 ms. (From Niere et al, 2012)
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Table 2. Electrophysiological properties of Fmrl KO neurons with lentiviral-
mediated expression of FMRP®"" and FMRP phosphorylation site mutants

WT Fmrl KO
S500A- S500D-
unirans | unirans GFP |FMRPCFF | FMRP FMREP
B 2412 103 2412 28%3 10%1 102
SR (MQ)
D 26%2 20%3 25%2 26%3 10%1 1811
B 200%22 | 221%26 | 163 %14 | 206124 166 £18 141 %21
R, (MQ)
D 224%22 | 215224 | 171215 | 20420 17024 140%22
B 36k17 6214 75114 -S4 %10 5518 01 £18
Iz (pA)
D 81175 1114 £28++-01 £13++| 6o £10+ Tox0FF (105 k15F
mEPSC B 1.4%0.3 1.0%03 |1.3%02 | 1.2%03 1.6%0.2 1.4%0.2
frequency
(Hz) D 1.5%03 |1.4x0.3**(1.0x0.2*| 15204 (1.3%02%*| 1.6%0.3
mEPSC B 14%1 10%2 1411 151 161 161
amphitude
(pA) D 131++ 18%2 141 15%1 160 15%1
Vi (IIIV}S B 53t S4%1 -50t2 -53t1 531 S2t1
N(#of 11 8 14 11 16 13
cells)

Table 2. Electrophysiological properties of FmrIKO neurons with lentiviral-mediated
expression of FMRPGFP and FMRP phosphorylation site mutants. Electrophysiological
properties were measured before and after application of DHPG (100 mM, 5 minutes).
On average no significant differences were observed in the series resistance within any
experimental group. % not corrected for junction potential. Asterisks indicate that the
DHPG treated condition (D) is different from baseline (B). *p < 0.05; **p < 0.01. (From
Niere et al, 2012)
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Figure 18. Inhibition of Gp 1 mGluR activity partially rescues the elevated basal
dendritic expression in Fmrl KO neurons
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Figure 18. Inhibition of Gp 1 mGIuR activity partially rescues the elevated basal
dendritic Arc expression in Fmrl KO neurons. Top left panel: Representative images of
Arc staining in WT and Fmrl KO neurons from GFP/Fmrl mosaic mice. Scale bar: 5
um. Bottom panel: Representative images of GFP staining to distinguish WT from Fmr]
KO cells and merged images of Arc (red) and GFP (green). Top right panel:
quantification of basal dendritic Arc levels in vehicle (H,O) and MPEP (10 mM, 14-18
hours) and LY367385 (1mM, 14-18 hours). Values are normalized to WT in vehicle.
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Veh: WT = 1.00 + 0.07, Fmrl KO = 2.55 £ 0.21; MPEP/LY367385: WT = 1.11 £ 0.07,
Fmrl KO=1.75+0.14. N =# cells per condition. 10-15 cells/culture were obtained for
each condition and experiment was repeated in 3-4 independent culture preparations.
Statistical analysis by two-way ANOVA, Bonferroni post-hoc comparison; ***p < 0.001.
(From Niere et al, unpublished observations)
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Figure 19. A working model of the acute role of FMRP regulation of Arc translation
and mGluR-LTD
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Figure 19. A working model of the acute role of FMRP regulation of Arc translation and
mGIuR-LTD. A. In wildtype mice, phosphorylated FMRP functions to suppress Arc
translation in dendrites under basal or unstimulated conditions. As yet unknown for Arc
mRNA, the translational suppression by FMRP may occur at the initiation or elongation
step. Gp 1 mGluR agonism stimulates endocytosis of AMPA receptors (GluRA1 and 2)
as well as PP2A mediated dephosphorylation of FMRP (Narayanan et al., 2007). FMRP
dephosphorylation contributes to activation of new synthesis of Arc (Figs. 6, 7, 12, 13
and 16) which is required to maintain the persistent endocytosis of AMPARs that
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underlies LTD (Figs. 6 and 7) (Park et al., 2008; Waung et al., 2008). B. In Fmrl KO
mice the loss of FMRP mediated translational suppression of Arc leads to elevated steady
state levels of dendritic Arc (Fig. 9). Gp 1 mGluR stimulation causes an endocytosis of
AMPARSs; but because of the elevated basal dendritic Arc levels in Fmrl KO dendrites
(Fig. 2), no mGluR-stimulated synthesis of Arc is required to maintain LTD (Hou et al.,
2006; Nosyreva and Huber, 2006). (From Niere et al, 2012)
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CHAPTER FOUR

Discussion

FMRP serves an acute, cell-autonomous role in mGluR-dependent Arc translation and
LTD

The group 1 mGluR-dependent LTD in the Fmr/ KO mouse is enhanced and
unreliant on protein synthesis (Hou et al., 2006; Huber et al., 2002; Nosyreva and Huber,
2006). However, it is unknown whether FMRP plays an acute role in mGluR-LTD or the
nature of FMRP function in this form of synaptic plasticity. The work herein described
provides evidence that FMRP functions as a translational switch to regulate the steady
state dendritic Arc levels and the mGluR-triggered Arc synthesis during LTD.
Furthermore, the collective findings from obtained the WT, Fmrl KO, and GFP/Fmrl
mosaic mice reveal that FMRP functions cell-autonomously. In the hippocampal neurons
of WT and Fmrl KO mice, I have found that Arc levels in the soma and dendrites and are
disparate. The Fmrl KO neurons, in comparison to the cell soma of WT neurons, contain
less Arc. However, the Arc levels in the dendrites of WT neurons are significantly lower
compared to the Fmrl KO (Fig. 8B). Furthermore, I have observed that the activation of
the Gp 1 mGluR swiftly increases the level of Arc in the dendrites of WT neurons but not
of Fmrl KO (Figs. 8B and 12A,). These findings are also apparent in the dissociated
hippocampal neurons of GFP/Fmrl mice, in which WT (GFP+) and Fmri KO (GFP-)
are intermingled (Fig. 9B). The similarity of the basal and the mGluR-stimulated Arc
levels in the dendrites between WT and GFP+ cells and between Fmrl KO and GFP-

cells reveals that FMRP regulates Arc in a cell-autonomous fashion.
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I have also found that an acute, 10-day expression of FMRP in the Fmrl KO
reduces the basal level of Arc in the dendrites and restores the Gp 1 mGluR-triggered
synthesis of dendritic Arc (Fig. 14A,). Additionally, I have observed that FMRP, when
phosphorylated at S500, functions to repress the steady state level of Arc in the dendrites
and attenuate the mGluR-dependent synaptic depression, similar to what I have found in
WT and FMRP-infected Fmrl KO cells (Fig. 16A). In response to Gp 1 mGluR
stimulation by DHPG, FMRP is rapidly dephosphorylated by PP2A (Narayanan et al.,
2007). This process is necessary for the mGluR-triggered, rapid increases in dendritic
Arc and LTD, since Fmrl KO cells that are acutely expressing a phosphomutant form of
FMRP (S500D-FMRP“"™") fail to exhibit an increase in dendritic Arc following DHPG
treatment (Fig. 16A). The phosphorylation of FMRP at S500 has been previously shown
to associate with stalled or translationally-suppressed polyribosomes (Ceman et al.,
2003). The dual translational control of FMRP also occurs with its other target mRNAs,
such as SAPAP3, MAPI1B, and PSD-95 (Coffee et al., 2011; Muddashetty et al., 2011;
Narayanan et al., 2007), suggesting that the switch of FMRP from a phosphorylated to a
dephosphorylated state may be a common mechanism, by which FMRP mediates

translational control.

PP2A and FMRP dephosphorylation are necessary for an immediate, early phase of
mGluR-triggered Arc translation and LTD

The role of the protein serine/threonine phosphatase, PP2A, in mGIluR-LTD is
ambiguous. Okadaic acid has been reported to enhance DHPG-LTD (Schnabel et al.,

2001); however, the study uses OA at a greater concentration — 10X than my working
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concentration of 100 nM — which can likely inhibit PP1 activity (Swingle et al., 2007). In
contrast, another study accounts normal mGIluR-LTD in a transgenic mouse that
expresses the simian virus, SV40 small-t-antigen, which is a PP2A inhibitor (Nicholls et
al., 2008). The level of PP2A activity in this transgenic mouse has not been
demonstrated. The differences in species and slice preparation among studies may also
contribute to these varying results. In my investigation on the role of PP2A in mGluR-
LTD, I have used a low concentration of OA, which selectively inhibits PP2A (Gong et
al., 2000). By using 100 nM OA, I have found that at this concentration an early, but not
a late phase of DHPG-LTD is attenuated (Fig. 6A). Consistent with this finding, OA and
a distinct PP2A inhibitor, fostriecin, block the immediate, mGluR-induced increase in
dendritic Arc levels, but not those at one hour following DHPG treatment. Similar to
what I have observed when PP2A is inhibited, the rapid, mGluR-induced elevation of
dendritic Arc is absent in the hippocampal neurons of Fmrl KO; although, the late
increase in dendritic Arc remains intact.

The expression of the wildtype FMRP, but not S500A- or SS00D-FMRP, rescues
the mGluR-induced, rapid synthesis of Arc (Figs. 14, 15 and 16). These findings
implicate the necessity of the dephosphorylating step of FMRP in the mGluR-mediated
translation. PP2A and mGlus directly interact (Mao et al., 2005a); and upon activation of
mGlus, PP2A quickly dephosphorylates FMRP within 1-2 minutes (Narayanan et al.,
2007). If phosphorylated FMRPs are bound to mRNAs that are already initiated and
FMRP functions to stall translating ribosomes as has been suggested (Ceman et al., 2003;
Darnell et al., 2011), the swift dephosphorylation of FMRP by PP2A would provide a

rapid mechanism to stimulate the synthesis of specific proteins within minutes of



99

activating mGlus. The data presented in this work and the published results from this lab
support this proposed idea as the activation of the Gp 1 mGluR by DHPG induces —
within five minutes following DHPG washout — a rapid synthesis of Arc in dendrites
(Waung et al., 2008). The data that I have obtained from using the phosphomimic and
dephosphomimic mutants of FMRP provide additional support for the relevance of rapid
dephosphorylation in modulating translation, as other investigators and I have determined
that the dephosphorylation of FMRP is vital in the mGluR-dependent translation of Arc.
First, although it suppresses basal dendritic Arc, the expression of S500D-FMRP* in
Fmrl KO neurons does not restore the Gp 1 mGluR-triggered elevation of Arc in the
dendrites (Fig. 16A). Second, Fmrl KO neurons that have been infected with a
dephosphomutant construct of FMRP (S500A-FMRP®"), which associates with
translating polyribosomes, fail both in suppressing basal dendritic Arc and in expressing
DHPG-induced increase in dendritic Arc (Fig. 16B) (Ceman et al., 2003). Third, the
expression of FMRP in Fmrl KO restores the suppression of basal Arc and mGluR-
dependent increase of Arc in the dendrites (Fig 14A). These three findings collectively
implicate the necessity of shifting FMRP from a phosphorylated to a dephosphorylated
form in the Gp 1 mGluR-mediated translation of Arc. It is solely the presence of a
phospho-switchable FMRP and not of a permanently phosphorylated or
dephosphorylated FMRP at S500 that promotes the Gp 1 mGluR-dependent synthesis of
Arc in neuronal dendrites. The phosphorylation of FMRP suppresses basal dendritic Arc
levels and mGluR-LTD in cultured mouse neurons. The activation of Gp 1 mGluR can
also stimulate translation initiation and regulate elongation, which are required for

mGluR-triggered translation of Arc¢ and mGluR-LTD (Banko et al., 2006; Hou and
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Klann, 2004; Park et al., 2008). These general translational control mechanisms likely
work in concert with the dephosphorylation of FMRP to achieve the rapid and robust
translational activation of specific mRNAs in response to the activation of mGlu; and

mGlU.5 .

Phosphorylated FMRP suppresses basal dendritic Arc levels and mGluR-LTD in
cultured mouse neurons

I have found that the activation of the Gp 1 mGluR in cultured Fmrl KO
hippocampal neurons induces a robust depression of synaptic function, which is
reminiscent of the exaggerated mGIluR-LTD that is observed in acute Fmrl KO
hippocampal slices (Fig. 17) (Huber et al., 2002). In the complete WT and Fmrl KO
cultures as well as in the GFP/Fmrl mosaic cultures, I have documented enhanced Arc
levels in the dendrites, but not in the soma of Fmr/ KO neurons (Figs. 8B, 9B and 14A).
The compartment-dependent changes in Arc protein of Fmrl KO neurons may explain
why differences in the total Arc protein between WT and Fmrl KO mice are not
observed with western blots (Fig. 8A). As addressed earlier, the elevated dendritic Arc
levels detected in Fmrl KO cells are due to a cell autonomous function of FMRP; and the
enhanced basal Arc expression in the dendrites are not mediated by changes in dendritic
Arc mRNA or neuronal activity (Figs. 10 and 11). Because basal dendritic Arc is
decreased by a lentiviral-mediated expression of FMRP*" and S500D-FMRP*", but not
S500A-FMRP", 1 infer that the phosphorylation of FMRP at S500 suppresses Arc in the
dendrites. This conclusion is likewise supported by the finding that A4rc mRNA in the

dendrites is associated with the exon junction complex (EJC), suggesting it has not
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undergone a pioneer round of translation (Giorgi et al., 2007). If there were increased
activity, based on the interaction of Arc and the EJC, I would expect to have less Arc in
the Fmrl KO compared to WT neurons as the translation of Arc coupled to the EJC
promotes the degradation or destabilization of the transcript. Because 41% of Arc mRNA
is not associated with the EJC, it is untenable to rule out the possibility that there is a
higher translation rate of Arc that is not coupled with the EJC in Fmrl KO (Giorgi et al.,
2007). FMRP and the EJC components elF4IIl and UpF1 can be immunoprecipitated
together. Therefore, it is plausible that FMRP may be necessary for the stabilization of
Arc and the EJC; and the absence of FMRP may abrogate the nonsense-mediated RNA
decay that couples Arc to a limited or pioneer round of translation. Additionally, it has
not been determined how many ribosomes are involved in the pioneer round of
translation. Although the phosphorylation state of FMRP does not alter its binding to
mRNAs, FMRP-target mRNAs are more translatable, which may be due to a loss of
ribosomal stalling, in the absence of FMRP, suggesting that the increased Arc expression
in the dendrites may be due to an upregulation of the translation rate of Arc (Ceman et al.,
2003; Darnell et al., 2011; Zalfa et al., 2006). Altogether, my findings implicate a cell-
autonomous role for phosphorylated FMRP in mediating the dendritic translational
suppression of Arc mRNA. However, the mechanism that promotes the exaggerated
basal translation of Arc in the dendrites of Fmr1 KO requires determination.

The differential effects of FMRP in the levels of somatic and dendritic Arc are
unexpected. In agreement with previous results (Figs. 8B and 9B) (Dictenberg et al.,
2008; Steward et al., 1998a), I have not observed a difference in the levels of dendritic

Arc mRNA in the WT and Fmrl KO neurons (Fig. 10). It is plausible however that
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FMRP does not regulate or interact with 47c mRNA in the cell soma either due to a
change in the phosphorylation state Ar7c and/or FMRP or due to competitive interactions
of FMRP with other proteins and RNA. Additional experiments are required to define
the mechanisms of Arc regulation in the soma.

Similar to basal Arc levels, the acute lentiviral-mediated expression of FMRP™"
or S500D-FMRP“**, but not S500A-FMRP"", suppresses the DHPG-induced LTD in
Fmrl KO neurons (Fig. 17). These findings import that the enhanced mGIuR-LTD in the
Fmrl KO neurons stems from the exaggerated dendritic Arc levels and that a
phosphorylated FMRP in WT neurons functions to suppress Arc levels and synaptic
depression. To correlate the effects of mGluR activation on dendritic Arc levels and
mGIuR-LTD, we stimulated the Gp 1 mGluR by applying DHPG for five minutes to WT
and FMRP""-transfected FmrI KO neurons to induce synaptic depression (Huber et al.,
2002; Nosyreva and Huber, 2006; Waung et al., 2008). Using this protocol which elicits
LTD in the acute hippocampal slices in rats, WT and Fmr! KO mice, and in cultured rat
hippocampal neurons, I have observed an increase in dendritic Arc levels in cultured WT
neurons and FMRP“"-infected FmrI KO neurons (Figs. 6, 9B, 12A and 14A). Although
the activation of the Gp 1 mGIluR increases dendritic Arc in these neurons by 50%, a
depression in mEPSCs is not apparent (Fig. 17). These results imply that the mGluR-
induced Arc increases are insufficient to support mGluR-LTD in cultured WT and

FMRP-expressing Fmrl KO hippocampal neurons.
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FMRP may function as translational switch in mGluR-LTD

The dual regulation of translation by RNA-binding proteins is vital in mediating
specific as well as localized protein expression in several types of polarized cells (Besse
and Ephrussi, 2008). To attain site-specific synthesis of proteins, mRNA transcription
must be restrained immediately after the production of the transcripts as well as their
transport to the appropriate neuronal compartments. With the relevant cues, the
translation of quiescent mRNAs is stimulated or reprieved. Because neurons are
morphologically complex with thousands of distal synapses, local protein synthesis is
vital for regulating individual synapses to ensure proper cellular function, thereby
promoting normal development, plasticity, and cognition (Sutton et al., 2006). The
cytoplasmic polyadenylation element-binding protein (CPEB) and the Zip code binding
protein (ZBP) are examples of other RNA binding proteins that differentially regulate the
translation or their mRNA -targets in response to extracellular signals and changes in their
phosphorylation state (Huttelmaier et al., 2005; Richter, 2007). Importantly here, the
phosphorylation of CPEB-1 by Aurora-A kinase is required for mGluR- and translation-
dependent LTD in the Purkinje cells of the cerebellum and motor coordination (McEvoy
et al., 2007). The work that I have described here implicates a similar repressor/activator
function for the phospho/dephosphorylation switch of FMRP in regulating mGluR-LTD
and the levels of Arc in the dendrites. Such dual regulation by RNA-binding proteins
may serve as a common mechanism for translation-dependent synaptic plasticity.

The findings that the phospho/dephosphorylation states of FMRP have opposite
effects on the translation of Arc suggest that FMRP possesses a dual repressor/activator

function in protein synthesis. The phosphorylation of FMRP suppresses both basal and
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mGluR-dependent Arc synthesis and mGluR-LTD, while the dephosphorylation of
FMRP has the opposite effects. As with other FMRP-target mRNAs, the mGIluR-
triggered translation of Arc in the dendrites is absent in the Fmr/ KO neurons (Hou et al.,
2006; Muddashetty et al., 2007; Park et al., 2008; Westmark and Malter, 2007). This
deficit may persist because basal Arc levels are at a “ceiling” or FMRP may be required
for the mGluR-stimulated translation. In contrast to the wildtype FMRP, the S500D-
FMRP"" suppresses basal Arc, but does not rescue the mGluR-induced Arc synthesis.
Therefore, these data implicate a requirement for FMRP dephosphorylation in the
mGluR-dependent elevation of dendritic Arc. The early phase of mGIuR-LTD in rat
hippocampal slices relies in part on PP2A, the FMRP phosphatase, and Arc synthesis
(Narayanan et al., 2007; Waung et al., 2008). Because the mGluR-triggered Arc
synthesis requires PP2A and the dephosphorylation of FMRP at S500, my findings
suggest that FMRP dephosphorylation regulates the early phase of mGluR-LTD in WT
neurons. Interestingly, okadaic acid has a small effect on the magnitude of mGluR-LTD,
but completely blocks the mGluR-triggered synthesis of Arc in cultured neurons. This
observation could be due to the protein-synthesis independent component of mGluR-LTD
(Hou et al., 2006; Huber et al., 2000; Nosyreva and Huber, 2006) that may be mediated
by the existing Arc protein (Park et al., 2008; Waung et al., 2008) or posttranslational
modifications (Moult et al., 2006). Additionally, FMRP may have other functions in
translational control that are independent of its phosphorylation state (Napoli et al.,
2008).

The influence of FMRP phosphorylation in controlling the translation of its

mRNA-targets is evident in recent studies. The phosphorylation of FMRP at S499 in
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mouse and S500 in humans suppresses the synthesis of PSD-95 by promoting a complex
of the microRNA (miR-125a) and AGO2 with the 3’UTR of the Psd95 mRNA. Upon
mGluR stimulation, FMRP is dephosphorylated and releases AGO2 from the mRNA
(Muddashetty et al., 2011). For the majority of its mRNA-targets, FMRP interacts with
the coding sequence of the transcript where FMRP stalls polyribosomes and inhibits
translation elongation (Darnell et al., 2011). It has been previously reported that the
S500D-FMRP associates more with stalled polysomes while the SSO0A-FMRP associates
more with translating polysomes (Ceman et al., 2003) suggesting that the

phosphorylation of FMRP may contribute to ribosomal stalling.

An FMRP-mediated translational switch may function as a form of metaplasticity in
response to Arc-inducing experience

Arc, an immediate early gene, is induced in hippocampal neurons in response to
novelty and spatial exploration (Guzowski et al., 1999; Link et al., 1995; Lyford et al.,
1995) and required for hippocampal-dependent learning (Guzowski et al., 2000; Plath et
al., 2006). Upon induction, 4rc mRNA is rapidly transported to the dendrites (Steward et
al., 1998b), where evidence suggests it is translationally suppressed (Giorgi et al., 2007),
likely by FMRP (this manuscript). Subsequent synaptic activation of the Gp 1 mGluR
and PP2A may stimulate dendritic Arc translation and promote synaptic plasticity, but
only in recently activated neurons that have suppressed dendritic Arc mRNA. An FMRP-
mediated translational switch may function as a mechanism for metaplasticity (Abraham
and Bear, 1996), in which the activation history of a neuron, as determined by the

induction of Arc, affects subsequent synaptic plasticity of its inputs. Such metaplasticity
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may contribute to the encoding of Arc-inducing experiences. In the absence of FMRP, as
in Fragile X Syndrome patients, a deficit in this metaplastic mechanism may result in

abnormal plasticity to sensory experiences or learning.



CHAPTER FIVE
Conclusion and Future Directions

The debilitating manifestations of FXS warrant a thorough examination of the
FMRP-associated molecular changes that promote the pathology of neuronal
dysfunctions. The results of my investigations have identified that FMRP and PP2A
work synergistically to regulate Gp 1 mGluR-dependent translation of Arc and synaptic
depression of excitatory transmission or LTD. By hindering the dephosphorylation of
FMRP, either by manipulating the activity of PP2A or the phosphorylation site of FMRP
at Ser500, the mGluR-induced expression of Arc in the dendrites is abrogated,
corroborating earlier findings and predictions that FMRP in its phosphorylated form
functions as a translational suppressor. Additional evidence that gives credence to the
translationally suppressive nature of a phosphorylated FMRP is our finding that the
S500D-FMRP reduces the basal level of dendritic Arc and prevents the mGluR-induced
synthesis of Arc. Because a dephosphorylated FMRP does not affect the steady state or
the mGluR-induced increase of Arc in the dendrites, these findings highlight the
necessity of the phosphorylation of FMRP in regulating the steady state level of dendritic
Arc, while the process of dephosphorylating FMRP is vital for the activity-induced
translation of Arc in the dendrites. In the Drosophila model of FXS, dfmrl, FMRP and
S500D-FMRP, but not S500A-FMRP, can rescue the elevated basal level of chickadee
(Coffee et al., 2010). Together with the data herein, only a phosphorylated form of
FMRP at Ser500 or a phosphorylatable FMRP can suppress protein synthesis. It is worth
noting that 96% of FMRP is basally phosphorylated; and upon mGluR activation, all of

the FMRP is dephosphorylated at five minutes while 40% remain dephosphorylated at 30
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minutes following DHPG application (Narayanan et al., 2007). In the dendrites, I have
observed that the dephosphorylation of FMRP, immediately after DHPG treatment,
significantly increases the level of Arc by 30-60%. Although I do not detect elevated
total Arc protein in the hippocampal homogenates of the Fmr/ KO mice, the dendritic
Arc level in the Fmrl KO CAl and CA3 neurons is two-fold higher compared to WT
neurons. The somatic analysis reveals that the Fmr! KO neurons have 20% less Arc
protein than WT.

The findings described in this exhibit the importance of FMRP in the rapid
synthesis of Arc following Gp 1 mGluR stimulation. However, the relevance of FMRP
in regulating the mGluR-induced, immediate translation of Arc may only be relevant in
the dendrites, since DHPG increases Arc in the soma of Fmr! KO and WT cells. The
compartment-dependent difference between the levels of Arc in the dendrites and soma
of Fmrl KO and WT cells suggest another layer of complexity in Arc expression and
perhaps another role of FMRP in regulating Arc that may be pertinent in FXS. Do these
compartment-dependent differences reflect a dysregulation of Arc at the level of
translation, protein transport or protein degradation? Are these differences mediated by
the loss of FMRP or by the phosphorylation state of FMRP?

Zalfa and colleagues have previously demonstrated that the 47c mRNA is more
translatable in the Fmrl KO than WT as measured by the percent of messenger in
polysomes (PMP) (Zalfa et al., 2003). In light of the data that | have presented, it may be
worth considering whether the 4r¢ mRNA is more permissive for translation in the Fmrl
KO. One way to examine this is by measuring the synthesis rate of Arc using the time-

specific tag for the age measurement of proteins (TIME-STAMP). Fusing Arc and
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hemagglutinin (HA) with a hepatitis C virus (HCV) protease, which is sandwiched by the
cognate protease recognition site, the Arc-HCV-HA fusion protein quickly undergoes a
cis-regulated scission by the HCV protease. The cleavage results in the removal of the
HA tag. Addition of a cell-permeable, small-molecule HCV protease inhibitor, BILN-
2061, prevents the default cleavage, allowing the visualization and quantification of the
newly synthesized Arc-HCV-HA protein. This method is useful because it provides a
way to measure the basal or the activity-dependent translation of Arc-HCV-HA (Lin and
Tsien, 2010).

The data which demonstrate that Arc is elevated in the dendrites but reduced in
the soma of Fmrl KO neurons suggest that this compartment difference may arise from
an aberrant transport of Arc from the soma to the dendrite or vice versa. Currently, there
are no published reports regarding the trafficking of Arc protein. The general consensus
is that a translationally-suppressed Arc is transported as part of an RNA granule to the
dendrites, whereby neuronal activity can stimulate Arc synthesis. Since my work and
that of others do not observe a difference in Arc between WT and Fmrl KO and do not
detect elevated Arc in Fmrl KO, it is plausible that a deficiency in Arc transport develops
in the absence of FMRP (Dictenberg et al., 2008; Krueger et al., 2011; Steward et al.,
1998a). One possible scenario of increased somatic Arc in the WT is that FMRP or
translation of an FMRP-target protein(s) that is involved in the transport of Arc is
suppressed, thereby preventing the movement of Arc into the dendrites. In the absence of
FMRP, Arc protein can easily travel to the dendrites as a result of losing the translational
suppression exerted by FMRP. This hypothesis can be tested by expressing Arc that is

tagged with a photoconvertible fluorescent protein in WT and Fmrl KO. Arc trafficking
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can then be measured by performing live-cell imaging of with the aid of fluorescence
photobleaching (Raab-Graham et al., 2006). As of now, Arc has been shown to interact
with very few proteins in neurons — Endophilin, Dynamin, BIV spectrin splice variant
BSpIVXS, and Presinilin (Bloomer et al., 2007; Chowdhury et al., 2006; Wu et al.,
2011b). It is unknown if FMRP and Arc interact either directly or through some proteins;
and it will be worth pursuing the mechanisms of Arc trafficking as Arc plays a vital role
at the synapse and a novel role of Arc in the nucleus has recently been described
(Bloomer et al., 2007; Chowdhury et al., 2006; Irie et al., 2000; Park et al., 2008; Waung
et al., 2008). One enticing proposition regarding the influence of FMRP in Arc
distribution throughout the neuron is through the regulation of FMRP in the expression of
the catalytic subunit of PP2A (PP2Ac) as Pp2ac is an mRNA-target of FMRP (Castets et
al., 2005). PP2A controls the dephosphorylation of Cofilin, hence affecting the
arrangement of actin. Arc has been previously shown to regulate the phosphorylation of
Cofilin, and through this interaction Arc effects the expression of LTP (Messaoudi et al.,
2007).

One possible explanation for the elevated Arc expression in dendrites is that the
absence of FMRP alters the degradation of Arc, perhaps by modulating the exon-junction
complex. FMRP physically interacts with elF4IIl, a vital EJC factor, and colocalizes
with UpF1, a nonsense-mediated decay factor. Because EJC is instrumental in limiting
the number of translation occurring on a particular transcript, disruption of EJC removes
the translation brake beyond the pioneer round by preventing Arc decay. The
phosphorylation state of FMRP has been demonstrated to influence the translation of its

target mRNAs either through the association of FMRP with the translation machinery or
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components of RISC. A current report documents that a phosphorylated FMRP, unlike
its dephosphorylated form, is less susceptible to ubiquitination and degradation (Nalavadi
et al., 2012). The dysregulated ubiquitination and degradation of Arc are implicated
in a mouse model of the Angelman syndrome, a disease that presents intellectually
disability. In this disease model, the loss of function of the ubiquitin protein E3 ligase,
UBE34, leads to excess global Arc, which is a substrate of Ube3A (Greer et al., 2010).
Here, the authors observe that the absence of Ube3A results in an increase of total Arc
protein by two-fold, a reduction of surface AMPAR expression, and a depression of
mEPSC frequency. In light of these findings investigating whether the compartment-
dependent difference of Arc expression relies on the ubiquitination and degradation of
Arc or other proteins involved in its trafficking may be worthwhile.

The dysregulated expression of Arc and its contribution in altering normal
electrophysiological functions are observed in several disease models of autism
(Auerbach et al., 2011; Greer et al., 2010). However, the dysregulated Arc expression
and its consequential effects on function that others and I see have not been documented
in humans. Therefore, the question, how relevant is Arc expression is in human disease,
still looms. It will be useful and informative to examine whether the observed molecular
and electrophysiological changes in the Fmr/ KO mouse neurons exist in human cells
using neurons derived from induced pluripotent stem cells (iPSC) (Dolmetsch and
Geschwind, 2011).

It is fascinating that the elevated Arc level observed in Fmr! KO neurons does
not affect the basal synaptic transmission since overexpression of Arc greatly alters the

synaptic landscape and function (Park et al., 2008; Waung et al., 2008). The stated
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observations in this work together with previous findings bespeak that an exaggerated
Arc level in the dendrites without a global increase in Arc protein may not be
pathologically significant basally, but only upon LTD-inducing stimulus, which requires
a rapid synthesis of proteins. Exposure to novelty induces Arc transcription and Arc
translation; LTD is thought to encode novel objects in a spatial context (Kemp and
Manahan-Vaughan, 2004, 2007; Kemp and Bashir, 1999). Because neurons with
elevated dendritic Arc are more permissive to LTD, is an Fmrl KO mouse deficient in
detecting or determining novelty? In addition, does the phosphorylation of FMRP alter
novelty-related behaviors? Because the steady state expression of Arc in the dendrites
affects a neuron’s susceptibility to LTD, examining the degradation of Arc protein,
whether it is compartment-dependent, may be worthwhile. As the rapid translation of
Arc is implicated in the expression of LTP, it may be profitable to examine whether the
elevated level of dendritic Arc in the Fmrl KO affects LTP (Messaoudi et al., 2007).
Furthermore, it may be worth pursuing whether the phosphorylation state of FMRP
regulates LTP, since the Fmrl KO mouse displays deficits in this form of synaptic
plasticity (Desai et al., 2006; Hu et al., 2008; Shang et al., 2009; Yun and Trommer,
2011; Zhao et al., 2005).

The work entailed in this dissertation presents the necessity of FMRP in the
mGluR-mediated translation of Arc and LTD. Particularly, findings from my studies
describe the suppressive nature of a phosphorylated FMRP in the synthesis of Arc both
basally and upon Gp 1 mGIluR stimulation. The absence of FMRP is associated with
several dysfunctions at the levels of translation to neuronal networks. I have provided

evidence that FMRP is intricately linked to the expression of Arc and mGluR-dependent
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synaptic plasticity. However, the extent of Arc function and its regulation, the nature of
the compartment-dependent changes in FXS, and the functional role of these changes as

well as the phosphorylation of FMRP at the behavioral level remain warranted.
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