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Autism is a neurological disorder characterized by repetetive behaviors,
social anxiety and verbal and non-verbal communication. Fragile X Syndrome
(FXS) is the most common genetic cause of autism and inheritable form of
intellectual disability. FXS is caused by the transcriptional silencing of the Fmrl
gene, which encodes for the Fragile X Mental Retardation Protein (FMRP), which
is a Ribonucleic acid (RNA) binding protein. FMRP binds to messenger RNA
(mRNA) and suppresses their translation. FMRP regulates hundreds of mRNAs,

making it a complex disease with several possible dysfunctions causing the many



symptoms, like audiogenic seizures or hypersensitivity. While there are several
studies which rescue phenotypes, there is little known about what causes the
abnormalities, and if it is possible to replicate the symptoms with a single genetic
manipulation. There is also little know about common links between different

genetic causes of autism.

In this study, | manipulate the interaction between metabotropic glutamate
receptor 5 (MGIuR5) and Homer, and report how these interactions are important
in causing some of the phenotypes in FXS. By rescuing disrupted mGIuR5-
Homer interactions with a Homer 1a knock out | can rescue several phenotypes,
and by disrupting mGIluR5-Homer interactions with an mGIuR5 knock-in mouse
that is mutated so it cannot bind to Homer, | was able to mimic them. | was able
to rescue/mimic increased basal translation, altered mGIluR-signaling, increased
neocortical excitability, decreased anxiety, and partial rescue/mimic audiogenic
seizures seen in Fragile X mice. However, | was unable to rescue/mimic the

enhanced mGIuR-LTD.

In this study, I also report how the disrupted mGIluR5-Homer interactions
are caused by Homer being phosphorylation by CaMKIla. CaMKlla is an FMRP
target and elevated in the Fmrl KO mice, causing increased phosphorylation of
Homer. Inhibiting CaMKIlla, rescues mGluR5-Homer interactions, basal protein

synthesis rates and increased neocortical excitability.

Vi



Lastly, I report how in PTEN conditional KO (cKO) mice, another autism
model, also have disrupted mGIluR5-Homer interactions. The PTEN cKO mice
have increased neocortical excitability, which can be rescued by inhibiting
mMGIURS5. This suggests a common mGIuR5 dysfunction in multiple autism

models, which could lead to a common treatment.
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CHAPTER ONE

Introduction

Fragile X Mental Retardation Protein and mGIuRS5 dysfunction in the

Fragile X mouse model

Autism is a prevalent neurological disease

Autism is a neurological disorder that affects tens of millions worldwide
and is becoming increasingly more prevalent (Payakachat et al., 2012). Over the
last twenty years, autism spectrum disorders (ASD) have increased from four to
ten per 10,000 children in the 1980s, up to thirty to fifty per 10,000 children in the
early 2000s (Barbaresi et al., 2005; Kim et al., 2011; Wing and Potter, 2002). In
the United States, the Autism and Developmental Disabilities Monitoring
Network reported an average of one percent of children have ASD (males 1:70;
females 1:315) in 2006 (2007). The disorder takes a toll on the families as well as
an economic cost on the United States of approximately $35 to $60 billion a year
(Ganz, 2007; Jarbrink and Knapp, 2001). Autism is still largely diagnosed based
on behavioral criteria. ASD, as defined by the DSM-V, is characterized by
exhibition of repetitive behaviors, social anxiety and verbal and non-verbal
communication.  ASD has a wide range of symptoms from sensory
hypersensation, seizures, from individuals with intellectual disability to

individuals being savants. Along with this wide range of symptoms are a wide



range of causes and genes making the disease more complicated to treat and
understand (Klauck, 2006; Newschaffer et al., 2007). Because of the large
diversity of ASD types among autistic patients, there is a need for different
treatments. Therefore, finding common links among these many different forms
can improve our understanding of the disease and lead to a more uniform

treatment.

Fragile X Syndrome, the most common genetic cause of autism

Fragile X Syndrome (FXS) is the most common form of inherited mental
retardation affecting approximately 1:4000 males and 1:8000 females (Bassell
and Warren, 2008; Garber et al., 2008). FXS accounts for about two to six
percent of all autism patients and is the most common genetic form of autism
(Abrahams and Geschwind, 2008; Nishimura et al., 2007; Reddy, 2005). With a
range in severity of the disease, thirty to fifty percent of FXS patients are
diagnosed with autism (Hagerman et al., 1986; Hagerman et al., 2005; Kaufmann
et al.,, 2004). Patients have reduced IQs ranging from forty to seventy
(Merenstein et al., 1996). They also experience hypersensitivity to sensory
stimulation, especially to tactile and auditory stimulation (Hagerman and
Hagerman, 2002; Miller et al., 1999). Along with hypersensory stimulation,
fifteen percent of patients also display seizures (Berry-Kravis, 2002; Berry-Kravis

et al., 2010). Patients’ brains also display increased neuronal spine density in



several brain regions, however, they are long and thin, consistent with immature
or underdeveloped spines (Irwin et al., 2000). Along with the neurological
defects, FXS patients typically display peripheral tissue dysfunction in the form of
elongated faces, macroorchidism, and hyperextensible joints (Hagerman and

Hagerman, 2002).

FXS is caused by the transcriptional silencing of the Fmrl gene, which is
located on the X chromosome, therefore FXS is more common among boys than
girls (Pieretti et al., 1991). Fmrl encodes for the Fragile X Mental Retardation
Protein (FMRP). The transcriptional silencing is caused by CGG repeats in the
5’-untranslated region (O'Donnell and Warren, 2002). Normal individuals have
between six and sixty CGG repeats. Fragile X carriers have between sixty and
two hundred repeats, but FMRP expression is unaltered. The trinucleotide repeat
region is unstable during meosis, causing carriers to possibly pass expanded
repeat region copies on to their offspring. FXS manifests when the CGG repeats
exceed two hundred (O'Donnell and Warren, 2002). At that point, Fmrl
undergoes hypermethylation in the 5’-untranslated region, resulting in reduced
transcription and thereby reduced or complete loss of FMRP (Sutcliffe et al.,
1992). In rare cases, some patients have point mutations within the gene, for
example, a substitution of an isoleucine for an asparagine at site 367 (De Boulle et

al., 1993).



FXS can be recapitulated in the mouse model, in which, the Fmrl gene is
knocked out (The Dutch-Belgian Fragile et al., 1994). Because the Fmrl knock
out (KO) mouse recapitulates FXS, it allows researchers to test drugs and better
understand the disease, which cannot be done with patients. Despite several
studies which have involved rescuing of phenotypes, little is known about the
underlying causes of the abnormalities, or wether it is possible to replicate the

symptoms with a single genetic manipulation.

The function and regulation of FMRP

FMRP is a ribonucleic acid (RNA) binding protein, which binds to
messenger RNA (mMRNA) and suppresses its translation (Brown et al., 2001; Li et
al., 2001; Siomi et al., 1994). FMRP interacts with its various mRNAs through
RNA binding motifs. FMRP has an RGG domain and two KH domains, known
as KH1 and KH2, which bind to RNA. The 1304N mutation disrupts the KH2
domain from binding to mMRNA and altering protein expression of FMRP targets
(Siomi et al., 1994). However, while the RGG domain binds RNA, it is not
necessary for some of FMRP’s major functions, like regulating synapse number
(Pfeiffer and Huber, 2007). FMRP binding to mRNA is also regulated by
posttranslational modification. When FMRP is phosphorylated at Serine 499,
FMRP binds to its target mMRNA and stalls ribosomes from translating. Upon

dephosphorylation, FMRP releases the mRNA and ribosomes begin translating



(Ceman et al., 2003). After dephosphorylation, FMRP is ubiquitylated and
degraded (Nalavadi et al., 2012). Since FMRP binds to and regulates its own
MRNA, new FMRP is synthesized and suppresses its targets again. While FXS is
caused by the loss of one protein, FMRP regulates over a thousand mRNAs,
making it a complex disease (Brown et al., 2001; Darnell et al., 2011). FMRP’s
regulation of its targets could indirectly cause several FXS symptoms, like

audiogenic seizures or hypersensitivity.

In the brain, FMRP is thought to transport mMRNAs down the dendrites and
into spines (Dictenberg et al., 2008). Once in the spine, FMRP continues to
suppress the transcripts until signals allow for local translation of the FMRP
targets (Li et al., 2001). FMRP regulates the local translation of proteins that are
associated with long term depression (LTD), like Activity-regulated cytoskeleton-
associated protein (Arc) and Microtubule-associated protein 1B (Map1B) (Bassell
and Warren, 2008; Benoist et al., 2013; Davidkova and Carroll, 2007; Jakkamsetti
et al., 2013; Waung et al., 2008). The local translation of these FMRP targets
leads to changes in spine morphology and synapse elimination (Pfeiffer and
Huber, 2007). Preventing FMRP’s transportation to the synapse results in
increased spine number and more immature spines, similar to what is observed in
the Fmrl KO (Dictenberg et al., 2008). All of this evidence suggests the
important role FMRP plays in spine maintenance and changes in spine

morphology through regulation of its targets.



Altered regulation of metabotropic glutamate receptor 5 in FXS

There is substantial evidence of altered metabotropic glutamate receptor 5
(mGIuR5) functions in FXS. Currently, mGIuR5 antagonists are being used in
clinical trials on Fragile X patients (Jacquemont et al., 2011). So far the evidence
suggests that patients with a complete loss of FMRP see improvements with the
drug. Many of the behavioral phenotypes observed in Fmrl KO mice can be
rescued by the wuse of an mGIuR5 inverse agonist, 2-methyl-6-
(phenylethynyl)pyridine (MPEP) (Thomas et al., 2012). Also, mGIuR5
heterozygous mice crossed with Fmrl KO mice are able to rescue several
behavioral phenotypes (Dolen et al., 2007; Thomas et al., 2011a). This evidence
suggests there is increased mGIuR5 activity in FXS and regulating some of the

phenotypes observed in the disease.

mGIuR5, a G-protein coupled receptor

mMGIuUR5 is a seven transmembrane G-protein coupled receptor. mGIuR5
is one of two receptors belonging to Group 1 mGIuRs, the other being mGIuR1
(Conn and Pin, 1997). mGIuR5 and 1 are able to form heterodimers, but the role
of this heterodimerization is or whether the receptors can affect one another in
this form is unknown (Begollari and Kammermeier, 2010). mGIuR5 expression
is wide spread throughout the brain with its highest expression in olfactory bulb,

cortex, hippocampus, dorsal striatum, and lateral septum (Romano et al., 1995).



mGIuR5 and mGIuR1 have a complimentary expression pattern with areas of low
mGIuR1 expression having high mGIuR5 expression and vice a versa. From ten
to fifty percent of mGIuRS5 is located on the cell surface (Hubert et al., 2001,
Lopez-Bendito et al., 2002), and mGIuR5 must be dimeric in order to be
trafficked to the surface. The internal pool of mGIuRS is primarily located on the
rough endoplasmic reticulum (ER), but a portion is also located on the nuclear
membrane (Hubert et al., 2001; O'Malley et al., 2003). Internal mGIuR5 receptors
are activated by glutamate transported into the cell through excitatory amino acid
transporter 3 (Gonzalez et al., 2007; Jong et al., 2009; O'Malley et al., 2003).
mGIuRS5 is primarily located in the dendrites and external mGIuR5 can be found
in the PSD, concentrated in perisynaptic sites (Baude et al., 1993; Lujan et al.,
1996; Romano et al., 1995; Shigemoto et al., 1993). mGIuRs are only activated
with high frequency presynaptic activity, which is likely due their perisynaptic
location (Batchelor et al., 1994). The theory is that closely timed synaptic
releases causes glutamate to spillover, and therefore activates mGIuRs (Kotecha

et al., 2003).

As mentioned above, mGIuRS5 is a G-protein coupled receptor (GPCR).
G-proteins are heterotrimers consisting of alpha, beta, and gamma subunits
(McCudden et al., 2005; Oldham and Hamm, 2008). There are 5 beta, 13 gamma,

and 20 alpha subunits, which can be expressed in various combinations. In the



inactive state, G-protein heterotrimers are tightly associated. Ligand binding
drives the GPCR interaction with its associated G-protein, and its accompanied by
exchange of GDP for GTP on the alpha subunit and subsequent dissociation of
GTP-alpha from the high affinity dimer of beta and gamma (Katritch et al., 2013;
McCudden et al., 2005; Oldham and Hamm, 2008). In the case of mGIuR5, the
ligand is glutamate, and the coupled G, is Gq, which activates a phospholipase C
(PLC) signaling pathway (Abe et al., 1992; Atkinson et al., 2006; Hermans and
Challiss, 2001).

Activation of the PLC pathway results in an increase in inositol 1,4,5-
trisphosphate (IPs) and stimulation of the IP5 receptor, releasing calcium (Ca®")
from the ER stores (Abe et al., 1992). Ca?* release from the ER activates
Ca**/calmodulin-dependent protein kinase (CaMK), as well as the mitogen-
activated protein kinase (MAPK) pathway (Jong et al., 2009). Another product of
the PLC reaction is diacylglycerol (DAG), an endocannabinoid precursor (lgal et
al., 2001; Johansen et al., 1994). DAG lipase generates 2-arachidonoyl glycerol
(2-AG), which is an endocannabinoid and an endogenous agonist of the
cannabinoid receptor type 1 (CB1R) (Gao et al., 2010; Tanimura et al., 2010).
The endocannabinoid is a retrograde neurotransmitter and is released into the
synapse, affecting the presynapse. The endocannabinoids bind to the CBIR,

inhibiting presynaptic release of vesicles and thereby inducing LTD of both



excitatory and inhibitory synaptic transmission (Kano et al., 2009; Lafourcade,

2009; Peterfi et al., 2012; Turu and Hunyady, 2010).

Altered endocannabinoid signaling in FXS

In Fmrl KO mice, endocannabinoid signaling is altered from mainly
inhibiting excitation to over inhibiting inhibitory synapses. Electron microscopy
of gold stained DAG lipase shows altered location of DAG lipase in the spine of
Fmrl KO mice (Jung et al., 2012). In wild type mice, DAG lipase is located
around the post synaptic density (PSD), where excitatory synapses form.
However, in Fmrl KO mice, DAG lipase is located near the shaft of the spine,
where inhibitory synapses form. This altered location in the spine is consistent
with the change in endocannabinoid signaling seen in Fmrl KO mice. While
basal DAG lipase activity is increased in the Fmrl KO mouse, mGIuR stimulation
of DAG lipase is absent in the Fmrl KO mice (Jung et al., 2012; Maccarrone et
al., 2010). The study also shows there is not altered subcellular localization of
mGIuRS5 in the Fmrl KO, suggesting mGIuR5 is uncoupled from DAG lipase
signaling. mGIuR1/5 and CB1R activation mGIuRS5 induces LTD of GABAergic
inhibition, called iLTD, this then results in E-S potentiation (Chevaleyre and
Castillo, 2003), which is altered in the Fmrl KO mouse. 10 pM (RS)-3,5-

Dihydroxyphenylglycine (DHPG), a group 1 mGIuR agonist, induced strong E-S



coupling potentiation in Fmrl KO, but not in the wild type (Zhang and Alger,

2010).

mGIuR-LTD

LTD is a form of synaptic plasticity driven by synaptic activity that leads
to a decrease in synaptic strength. mGIuR-LTD is driven by the activation of
group 1 mGIuRs, mGIuR1 and mGIuR5 (Huber et al., 2001; Volk et al., 2006).
This form of LTD is not dependent on N-methyl-D-aspartate (NMDA) receptors,
and requires protein synthesis for LTD maintenance, not for the early phase of
MGIUR-LTD (Huber et al., 2000; Huber et al., 2001). The protein synthesis
dependence of mGIuR-LTD is an age dependent phenomenon and is only present
after postnatal day 21 (Nosyreva and Huber, 2005). mGIuR-LTD is caused the
by the internalization of a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors, which cannot be observed in neonates (Nosyreva and Huber,
2005). The internalization of AMPA receptors is dependent on protein synthesis
and requires newly synthesized Arc (Jakkamsetti et al., 2013; Nosyreva and
Huber, 2005; Waung et al., 2008). There is some controversy over whether or not
MGIUR-LTD requires activation of the mTOR pathway. Inhibiting PI3K with
wortmannin or inhibiting mTOR with rapamycin has been shown to attenuate
MGIUR-LTD (Hou and Klann, 2004; Sharma et al., 2010), although others have

failed to replicate these findings (Auerbach et al., 2011). Similarly, S6K2 KOs
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also display attenuated mGIuR-LTD compared to wild type littermates (Antion et
al., 2008). Potter et al. (2013) observes rapamycin dependent mGIuR-LTD in
older mice and not young. In contrast to these data, when TSC1 or TSC2 is
knocked out or reduced, there is attenuated mGIuR LTD (Auerbach et al., 2011,
Bateup et al., 2011; Potter et al., 2013). TSC1/2 inhibits mTOR activity, therefore
with the loss of TSC1 or TSC2, there is an increase in mTOR phosphorylation
and activity (Bateup et al., 2011; Huang et al., 2008b). The evidence suggests
that both increases and decreases in the mTOR pathway can attenuate mGIuR-
LTD. The ERK1/2 pathway also plays a role in regulating mGIuR-LTD, as
ERK1/2 and PI3BK/mTOR pathways converge (Banko et al., 2006). Inhibiting the
ERK1/2 pathway attenuates mGIuR-LTD similarly to the PI3BK/mTOR pathway
(Gallagher et al.,, 2004). Both the ERK1/2 and PI3K/mTOR pathway are

necessary for mGIuR-LTD.

Enhanced mGIuR-LTD in FXS

In Fmrl KO mice, there is no change in NMDA dependent LTD and long
term potentiation (Godfraind et al., 1996; Paradee et al., 1999); however, there is
enhanced mGIuR-LTD (Huber et al., 2002). Enhanced mGIuR-LTD in the Fmrl
KO mice is independent of protein synthesis (lliff et al., 2013; Nosyreva and
Huber, 2006). The enhanced mGIuR-LTD and its independent of protein synthesis

in Fmrl KOs are thought to be due to increased levels of FMRP targets. Synaptic
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proteins like Arc and Map1b are basally high in the Fmrl KO mice compared to
wild type littermates (Hou et al., 2006b; Niere et al., 2012). Normally these
proteins are synthesized after DHPG stimulation, but this does not occur in Fmrl
KO mice (Hou et al., 2006b). However, since the synaptic proteins are basally
elevated in the Fmrl KO, the synaptic proteins are available for use, therefore no

longer require protein synthesis, and leading to the enhanced mGIuR-LTD.

The major mechanistic theory describing pathogenesis in FXS is the
mGIuR theory of Fragile X (Bear et al., 2004). mGIuR-LTD is known to require
the synthesis of new proteins in order to persist (Huber et al., 2000). FMRP
binds many synaptic mRNA transcripts, which mGIuR stimulation drives protein
synthesis of these FMRP targets (Weiler et al., 1997). FMRP is thought to be
regulating the synthesis of new proteins downstream of mGIuR stimulation at the
synapse. The expectation was that changes in FMRP would result in
deficits in LTD. However, mGIuR dependent LTD in the Fmrl KO is
enhanced rather than reduced (Huber et al., 2002). This suggests that while
mGIuRs stimulate synthesis of new proteins, FMRP works to prevent translation
of synaptic proteins. Therefore in the case of mGIuR-LTD, the loss of FMRP
leads to exaggerated mGIuR activity. In the simplest case, this could be described

by a model in which mGIuRs are the gas and FMRP is the brake.

mGIuR5 induces synaptic plasticity through regulation of translation
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mMGIURS5 also signals to three other pathways, the PI3K/mTOR pathway,
the ERK1/2 pathway, and the eEF2K pathway, which all the pathways affect
translational control (Park et al., 2008; Rong et al., 2003; Thandi et al., 2002; Tu
et al.,, 1998). The phosphoinositide 3-kinase (PI3K)/ mammalian target of
rapamycin (mMTOR) and the ERK1/2 pathway are both activated by the Gg,
subunits of the G-protein (Brock et al., 2003; Dupre et al., 2009). A key
downstream signaling pathway triggered by PI3K activation is: PI3K — AKT —
TSC1/2 —- mTOR —p70S6K. Some of the proteins in the PI3K pathway are
encoded by autism linked genes, including the tuberous sclerosis complex 1 and 2
(TSC1/2) and phosphatase and tensin homolog (PTEN), which are a negative
regulators of the PI3K pathway (Berg and Geschwind, 2012; Lv et al., 2013). The
elF4E-binding protein (4E-BP) binds to eukaryotic initiation factor 4E (elF4E)
inhibiting elF4E and cap dependent translation (Lawrence and Abraham, 1997;
Pause et al., 1994). When 4E-BP is phosphorylated by mTOR, and ERK1/2, 4E-
BP dissociates from elF4E and allows elF4E to bind with other cap dependent
translational proteins, increasing translation (Brunn et al., 1997; Gingras et al.,
1999; Gingras et al., 2001). The PI3K kinase also negatively regulates translation
through p70S6K phosphorylating FMRP, increasing FMRP translational

suppression of its targets (Narayanan et al., 2008).
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An important ERK1/2 pathway is: MEK1/2 — ERK1/2 — Mnk1/2. MAP
kinase-interacting kinase 1 and 2 (Mnk1/2) phosphorylates elFAE, also decreasing
the 4E-BP-elFAE interaction. ERK1/2 also phosphorylates 4E-BP further
decreasing the 4EBP-elF4E interaction. The convergence of the PI3K/mTOR and
ERK pathways on the 4E-BP-elFAE interactions may both be needed for the
dissociation of 4E-BP and elF4E (She et al., 2010). ERK1/2 also regulates
translation via phosphorylation of ribosomal protein S6 kinase, 90kDa,
polypeptide 1 (p9ORSK). Activation of p90RSK phosphorylates eukaryotic
initiation factor 4B (elF4B), which stimulates cap dependent translation (Anjum
and Blenis, 2008; Holz et al., 2005; Shahbazian et al., 2006). Activated elF4B
also potentiates the eukaryotic initiation factor 4A (elF4A) RNA-helicase activity
(Rozen et al., 1990). mRNA’s secondary structure slows down the ribosomes
from translating, and elF4A helicase activity unwinds the mRNA, allowing for
faster translation. p90RSK also phosphorylates 40S ribosomal subunit protein S6
(rpS6) at sites Serine 235 and 236 (Pende et al., 2004; Roux et al., 2007), which
correlates with assembly of the translation pre-initiation complex and increased

cap-dependent translation (Anjum and Blenis, 2008; Roux et al., 2007).

The third signaling pathway that affects translation is the eukaryotic
elongation factor 2 kinase (eEF2K) pathway. The eEF2K pathway is a negative

regulator of translation by inhibiting general elongation. eEF2K phosphorylates
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eukaryotic elongation factor 2 (eEF2) inhibiting eEF2’s activity. eEF2 mediates
the translocation step where translational RNA is moved along in the ribosome so
the next codon in the sequence is brought into the ribosome for translation (Proud,
1994). eEF2K is negatively regulated by p70S6K and p90RSK, decreasing
phosphorylated levels of eEF2 and increasing elongation (Wang et al., 2001).

Translation levels are regulated by integrating all these pathways together.

Increased translation in FXS

FMRP binding to mRNA suppresses the translation of FMRP targets. The
loss of FMRP causes increased in basal levels of the FMRP targets and possibly
cause increased translation rates. In the Fmrl KO mouse, there are increased
basal translation rates in hippocampal slices and synaptoneurosomes (Gross et al.,
2010; Osterweil et al., 2010a). While FMRP’s role as translational suppressor
could be causing the increased translation rates, inhibiting mGIuR5 with MPEP
returns the increased basal translation rates to wild type levels (Gross et al., 2010;
Osterweil et al., 2010a). Similarly, activating mGIluRs with DHPG in a wild type
mouse is able to mimic the Fmrl KO phenotype (Osterweil et al., 2010a).
Inhibition of the ERK pathway is also able to return Fmrl KO translation rates
back to wild type levels (Gross et al., 2010; Osterweil et al., 2010a). However,
there is some dispute regarding whether inhibiting the PI3K pathway can rescue

the increased basal protein synthesis rates in the Fmrl KO. Gross et al. (2010) is
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able to rescue the increased basal protein synthesis rates in synaptoneurosomes,
but Osterweil et al. (2010) is unable to in acute hippocampal slices. This may be
due to differences in the protocols used. FMRP regulates several of the proteins
in the PIBK/mTOR pathway, including the PI3K enhancer (PIKE-L). PIKE-L is a
GTPase that enhances PI3K activity fourfold when bound to PI3K (Ye et al.,
2000). PIKE-L is elevated in the Fmrl KO which leads to increased PI3K
activity and increased basal phosphorylation of the PI3BK/mTOR pathway (Gross
et al., 2010; Sharma et al., 2010). This increased basal phosphorylation level can
be detected in synaptoneurosomes or fresh lysates, but is not maintained in acute
slices (Osterweil et al., 2010a). The increased basal phosphorylation of PI3K
signaling molecules, such as p70S6K, can also be seen in FXS patients (Hoeffer
et al.,, 2012). There is also an increased association of elF4E and eukaryotic
initiation factor 4G (elF4G) in the Fmrl KO mice (Sharma et al., 2010). A
transgenic mouse, over-expressing elF4AE, has increased elF4E-4G association but
normal elF4E-4E-BP interactions (Santini et al., 2013). In these elF4E over-
expressing mice, there are also increased basal translation rates, as seen in the
Fmrl KO mice (Santini et al.,, 2013). The increased elF4E-4G association
suggests that increased cap dependent translation may be causing the increased

basal translation in the Fmrl KO mice.

Altered agonist induced mGluR-signaling in FXS
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While there are changes in basal mGIuR5 signaling, there is also altered
group 1 mGIuR signaling in Fmrl KO mice. As mentioned above, when
stimulation of mGIluRs with DHPG you activates the PI3K/mTOR, ERK1/2, and
eEF2K pathways and promotes translation of FMRP targets. However, in the
Fmrl KO, DHPG is no longer able to stimulate phosphorylation of signaling
molecules in the PI3K pathway (Ronesi and Huber, 2008a). As mentioned above,
eEF2K is inhibited by being phosphorylated by p70S6K and p90RSK (Wang et
al., 2001). Since there is no activation of the negative regulator of eEF2K, one
would expect to see increased eEF2K activity. When eEF2 phosphorylation is
measured after DHPG, there is a large increase in eEF2 phosphorylation in the
Fmrl KO compared to wild types (Ronesi and Huber, 2008a). There are
conflicting results on the status on the ERK1/2 pathway in Fmrl KO mice. Hou
et al. (2006) shows a basal increase in phospho-ERK1/2 levels and no further
increase with DHPG, along with increased phospho-ERK1/2 levels seen in
patients (Wang et al., 2012). However, multiple other labs see no change in
phospho-ERK1/2 levels and normal DHPG activated phosphorylation of ERK1/2
(Gross et al., 2010; Osterweil et al., 2010a; Ronesi and Huber, 2008a), and a
trend, but lacking significance toward increased phosphorylation of ERK1/2
(Hoeffer et al., 2012). Further complicating the debate, there is evidence for
decreased ERK1/2 and MEKL/2 activity in Fmrl KO in cortical

synaptoneurosomes (Kim et al., 2008). Despite all the conflicting evidence
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surrounding the ERK1/2 pathway in the Fmrl KO mice, there is nevertheless
sustained support for the involvement of the ERK1/2 pathway in some of the
phenotypes observed in Fmrl KO mice. As pointed out above, inhibiting the
ERKZ1/2 pathway rescues basal protein synthesis rates, and the use of an ERK1/2
inhibitor, lovastatin, can rescue increased neuronal excitability seen in Fmrl KOs
(Osterweil et al., 2013). Lastly, DHPG stimulates translation of FMRP targets
and synaptic proteins (Todd et al., 2003; Weiler et al., 1997). One thing many
labs can agree on and replicate is that there is no longer DHPG stimulated
synthesis of proteins in Fmrl KO mice (Hou et al., 2006b; Muddashetty et al.,
2007; Ronesi and Huber, 2008a; Todd et al., 2003). This DHPG stimulated

translation is necessary for mGIluR-LTD (Huber et al., 2000).

Increased excitability in the Fmrl KO

There are several pieces of evidence for increased excitability in FXS
patients. As mentioned before, patients experience hypersensitivity to sensory
stimulation, especially to tactile and auditory stimulation, and several have
seizures (Berry-Kravis, 2002). Altered EEG patterns are also commonly observed
in FXS patients. The irregularities in activity often include focal frontal rhythmic
slow waves and most commonly centrotemporal spikes, which are a spike

discharge followed by slow waves (Berry-Kravis, 2002). The seizures and
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changes in EEG patterns in FXS reflect the hyperexcitable networks that occur

with the loss of FMRP.

There is also some evidence that FMRP affects intrinsic neuronal
properties. Input resistance is a neuronal property that represents the sum of open
channels, or leakiness, of a cell, which when increased is typically predictive of
increased excitability. In layer IV, input resistance is increased in Fmrl KO spiny
stellate cells compared to wild types (Gibson et al., 2008). This change is
accompanied by an increase in spiking frequency in Fmrl KO neurons. This
data suggests an increased excitability in Fmrl KO neurons. Similarly in the
basolateral amygdale, Fmrl KO cells fire more action potentials in response
to depolarizing current steps than wild type counterparts (Olmos-Serrano et al.,
2010). Alterations in intrinsic neurological properties can affect cognitive

function.

Alterations in intrinsic currents could have significant effects on circuit
function and behavior in the Fmrl KO. One major network change in Fmrl KO
is disrupted neuronal connectivity. In layer IV of the somatosensory cortex, the
connection probability between fast spiking inhibitory neurons and excitatory
spiny stellate neurons is reduced in the Fmrl KO (Gibson et al., 2008). Along
with reduced connectivity within-layers, Fmrl KO mice display a deficit in

between layer connections. An experiment, using photostimulation of layer 1l
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neurons, have a decreased response in layer IV neurons in the same barrel column
(Bureau et al., 2008). At older ages, differences in the connection probability
disappear between genotypes (Bureau et al., 2008; Gibson et al., 2008; Testa-
Silva et al., 2012). FMRP may a role in circuit development regulating
connectivity, however, even without FMRP; the circuit is ultimately able to

mature normally.

One way to measure changes in circuit excitability is look at UP states, a
circuit phenomenon that underlies slow oscillation. The slow oscillation is
prominent during sleep, but can occur spontaneously under anesthesia and in vitro
brain slices preparations (Sanchez-Vives and McCormick, 2000; Steriade et al.,
1993). The slow oscillation is comprised of two major states: UP states and
DOWN states. UP states are cyclic periods of depolarization accompanied by a
concurrent increase in both excitatory and inhibitory synaptic barrages (Haider et
al., 2006; Sanchez-Vives and McCormick, 2000). The depolarizing shift in
membrane potential will make it more likely for neurons to fire action potentials.
Interspersed between the UP states are DOWN states, which are periods of
quiescence (Sanchez-Vives and McCormick, 2000; Steriade et al., 1993). DOWN
states are characterized by a return to resting membrane potential and a cessation
of most synaptic input. UP state durations varies depending on the subject and

the preparation, but typically lasts around one second (Bazhenov et al., 2011).
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The frequency of UP states is rhythmic with UP states occurring at a rate between

0.1 and 1 Hz.

The Fmrl KO mouse have increased UP state durations and a decrease in
frequency in vivo and in vitro (Hays et al., 2011). Inhibiting mGIuR5 does not
affect the wild type, but rescues the Fmrl KO durations to wild type levels.
Similarly, crossing a mouse heterozygous for mGIuR5 with the Fmrl KO mouse
also rescues the prolonged UP state durations (Hays et al., 2011). Inhibiting
mGIuR1, does not rescue the prolonged UP state durations, however, it does
dramatically reduce the UP state durations in wild types and Fmrl KO slices,
while still maintaining the difference between genotypes (Hays et al., 2011).
There is also evidence of mGIUR5 dependent enhanced excitability in CA3
hippocampal neurons. Hippocampal slices exhibit spontaneous synchronized
bursting activity, or epileptiform activity, in the presence of bicuculline, gamma-
aminobutyric acid (GABA) receptor antagonist, which are prolonged with DHPG
(Merlin and Wong, 1997). The epileptiform activity in Fmrl KO mice is
prolonged and is restored to WT levels by inhibiting mGIuR5 (Chuang et al.,
2005). Because network function is critically important for information
processing, one direct consequence of disruption of network activity is behavioral

alterations.

Behavioral changes in Fmrl KO mice
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Fmrl KO mice display several behavioral changes; however, they are not
always consistently seen between labs or strains of mice. One phenotype is
audiogenic seizures, which occur to Fmrl KO mice are subjected to a 120 decibel
sound for five minutes. Wild type mice rarely have audiogenic seizures, whereas
about sixty percent of Fmrl KO mice seize (Chen and Toth, 2001; Yan et al.,
2005). Of that sixty percent, half undergo status epilepticus. Reducing mGIuR5
levels or inhibiting mGIuR5 with MPEP can partially rescue seizures (Thomas et
al., 2012; Yan et al., 2005). High concentrations of MPEP can completely rescue
seizures. However, high concentrations of MPEP start to block NMDA receptors
(O'Leary et al., 2000), and inhibiting NMDA receptors has an anticonvulsant
effect (Lea et al., 2005). Therefore, the full rescue at the higher MPEP
concentrations likely do not completely have to do with mGIuR5, but NMDA

receptors.

There are ways to measure changes in auditory response in mice by
looking at the startle response and pre-pulse inhibition (PPI). The startle response
IS measures how much a mouse jumps to increasing decibel sounds, detecting
changes in their basal auditory response. PPl is where a weaker prestimulus
(prepulse) inhibits a mouse’s reaction to a successive strong startling stimulus
(pulse). The reduced amplitude of startle reflects the nervous system’s ability to

adapt to a strong sensory stimulus when a preceding weaker stimulus is provided
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to the mouse. Fmrl KO mice have a reduced startle response with an increased
PPI (Chen and Toth, 2001; Frankland et al., 2004; Nielsen et al., 2002). The
altered auditory response can also been seen in patients (Frankland et al., 2004).
The altered PPI in the Fmrl KO mice can be rescued with the administration of
MPEP (de Vrij et al.,, 2008). The same group is currently using AFQO056, a
selective mGIuR5 antagonist, in clinical trials with promising results (Jacquemont
et al., 2011). AFQO056 was also able to rescue the altered PPI in the Fmrl KO
mice (Levenga et al., 2011). However, MPEP is unable to rescue the reduced
startle response (Thomas et al., 2012). The data suggest that some of the altered
auditory responses, including audiogenic seizures, are in part due to increased

mGIuRS5 activity.

Fmrl KO mice also show repetitive behaviors mimicking those seen in
autistic patients. To measure repetitive behaviors, mice can be observed
grooming themselves or burying marbles. Mice that spend more time grooming
themselves are considered to be displaying a repetitive behavior. Similarly, mice
like to bury marbles in bedding, and mice who bury more marbles are thought to
show repetitive behavior as well. Fmrl KO mice have been shown to have an
increased grooming phenotype, suggesting repetitive behaviors in the mice
(Pietropaolo et al., 2011). However, the data surrounding marble burying is

inconclusive. The Fmrl KO mice have been reported to bury more, less, and the
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same amount of marbles as wild type mice (Dansie et al., 2013; Henderson et al.,
2012; Spencer et al., 2011; Thomas et al., 2012; Westmark et al., 2011).
Inconsistency among behavioral studies makes it difficult to interpret data and
their underlying meaning. One study suggests that mGIuR5 may play a role in
marble burying. While there is no difference between Fmrl KO mice and wild
type mice in this study, MPEP reduces the number of marbles buried by wild type
mice (Thomas et al., 2012). However, this result could also be due to the action
of MPEP on NMDA receptors (O'Leary et al., 2000). While the marble burying
data are inconclusive, the grooming phenotype suggests a repetitive phenotype,

and it is unknown whether mGIuR5 regulates the phenotype.

FXS patients have problems with social interaction, and Fmrl KO mice
also display social deficits (Goebel-Goody et al., 2012; Pietropaolo et al., 2011,
Spencer et al., 2005). There are multiple ways to measure social interaction in
mice. One is the three box social interaction method, which tests social
preference and social recognition. The test mouse is put in the center box and is
able to explore the two connected boxes. In one box is placed a novel object, and
in the other box is a novel mouse. Mice normally want to spend time with the
mouse over an object, and mice with social deficits tend to spend equal time with
the object and mouse. Next, they replace the object with a novel mouse, and the

original novel mouse is now familiar. Mice will spend more time with the novel

24



mouse versus the mouse they already met. Fmrl KO mice display no social
preference for a novel mouse over a familiar mouse (Pietropaolo et al., 2011).
However, Spencer et al. (2005) showed the Fmrl KO mice had no defects in
social interest and social recognition. The same study showed the Fmrl KO mice
display abnormal social responses consistent with social anxiety. Fmrl KO mice
spend decreased center mirror ratio in the mirrored chamber test, an earlier retreat
in the tube test and decreased investigation of an unfamiliar partner in a familiar
cage experiment (Spencer et al., 2005). The mirrored chamber test has one side
with mirrors in it, tricking the mouse into thinking there are more mice in the
chamber. The appearance of multiple animals in the mirrored chamber is thought
to create an artificial social stimulus. Decreased center mirror ratio suggests
Fmrl KO mice have social anxiety (Spencer et al., 2005). The tube test sets two
mice down a tube heading toward one another. When they meet in the center, one
mouse will push the other mouse out. If two different sets of wild type mice
challenge each other, each would win fifty percent of the time in the tube test.
The tube test is generally associated with social dominance. Fmrl KO mice win
fewer times only with unfamiliar and not with cagemates, again suggesting social
anxiety in Fmrl KO mice (Goebel-Goody et al., 2012; Spencer et al., 2005).
Again, Fmrl KO mice show decreased investigation of an unfamiliar partner in a
familiar cage suggests social anxiety. All the data suggests the Fmrl KO have

social anxiety towards novel mice, not familiar mice or cage mates.
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While the Fmrl KO mice show social anxiety, they show decreased
general anxiety. One way to measure anxiety is with an open field test. Mice are
placed in a large box, which is unfamiliar to them. In this situation, mice usually
spend more time around the edges than in the center. Highly anxious mice will
almost exclusively spend time along the edges. Fmrl KO mice spend more time
in the center of the open field arena than wild type littermates (Dansie et al., 2013;
Spencer et al., 2011; Yan et al., 2004). Similar results have been seen in the
elevated plus maze as well. The elevated plus maze has two open arms and two
closed arms. Just like mice do not like to spend time in the center of the open
field area, mice do not like being in the open arms. Fmrl KO mice spend more
time in the open arms compared to wild type littermates (Dansie et al., 2013;
Goebel-Goody et al., 2012; Liu and Smith, 2009). The last anxiety experiment
performed on the Fmrl KO mice, is the light-dark box. There are two boxes, one
lit and the other dark. Mice are placed in the dark side and do not like to spend
time in the light side. The Fmrl KO mouse spends more time in the light side of
the box than wild types and enters more often (Goebel-Goody et al., 2012; Peier
et al., 2000; Spencer et al., 2011). While the Fmrl KO mice have social anxiety,

they also clearly have reduced anxiety outside of social situations.

One possible phenotype that could confound the reduced general anxiety

observed in Fmrl KO mice is their increased locomotion. To measure
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locomotion, a mouse is placed in a new cage and their movement is tracked or
there are light beams across the cage, which are broken when the mouse moves
through them. The more an animal moves around the cage, the more light beams
are broken. When Fmrl KO mice are placed in a new cage, they cover a larger
distance or have more beam breaks than wild type mice (Dolan et al., 2013; Peier
et al., 2000; Pietropaolo et al., 2011; Spencer et al., 2011). Since the Fmrl KO
mice have an increased locomotion phenotype, the increased time Fmrl KO mice
spend in the open arms, light side, or center of the open field area could just be
due to increased movement. However, some studies normalize the distance the
mice travel in the center to the total distance the mouse travelled (Peier et al.,

2000), and the phenotype can still be seen.

Homer-mGIuR5 interactions in Fmrl KO mice

In FXS mice, there is altered mGIuR5 function and inhibiting mGIuR5 can
rescue several FXS phenotypes. The molecular basis of some of these altered
mGIuR5 functions in Fmrl KO mice is unclear. However, it is known that
mGIuR5-Homer interactions are altered in Fmrl KO mice. mGIuR5 in Fmrl KO
mice have an increased association with Homer la (H1a), the Homer short form,
and a decreased association with long forms of Homer (Giuffrida et al., 2005).

What this altered interaction means was unknown and is the topic of my thesis.

Homer, an mGIuR5 scaffolding protein
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Homer is a scaffolding protein comprised of an Ena/\VASP homology 1
(EVH1) domain and a coiled-coil domain. The EVH1 domain is the ligand
binding domain, which interacts with a proline-rich sequence, the PPXXF motif
(Shiraishi-Yamaguchi and Furuichi, 2007). Among the known Homer binding
proteins are mGIuR5, mGIluR1a, PIKE, IP3R, transient receptor potential (TRP)
channels, Shank, and dynamin 3 (Brakeman et al., 1997; Gray et al., 2003; Guhan
and Lu, 2004; Tu et al., 1999; Tu et al., 1998; Yuan et al., 2003). The coiled-
coiled domain is the domain mediates Homer self-association and allows Homer
to serve as a scaffold for its binding partners (Sun et al., 1998; Tadokoro et al.,
1999). The coiled-coil domain has also been shown to bind to Syntaxin 3
(Minakami et al., 2000). There are 3 Homers found throughout the body. Of
these, only Homer 1 contains a P-motif, which binds to the EVH1 domain (lIrie et
al., 2002). Although the role the P-motif in Homer 1 is unclear, the evidence
suggests it does not bind to the EVH1 domain in the same Homer protein (Irie et

al., 2002).

Of the three Homer proteins, only Homer 2 is expressed all throughout the
brain (Shiraishi et al., 2004). Homer 1 is also widely expressed in the brain, but is
not found in the cerebellum. Homer 1 is expressed in the cerebellum early in
development, but is lost completely in adulthood (Shiraishi et al., 2004). Homer 3

is the most sparsely distributed Homer in the nervous system. Homer 3 is only
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expressed in the cerebellum, hippocampus, and the olfactory bulb early in
development (Shiraishi et al., 2004). The same study showed that Homer family

proteins are also expressed in most peripheral tissues, except the spleen.

Not much is known about the differences between three types of Homer
proteins. The greatest role in the brain is played by Homer 1, which is divided
into three isoforms 1a, 1b and 1c. Homer 1b and 1c (H1b/c) are the long,
constitutive forms, and H1a is the short, activity-dependent form. Hla does not
contain a coiled-coil domain and is unable to bind to other Homers. Its basal
expression is very low, but dramatically increases two hours after a seizure, as
well as after exploration of a novel environment (Li et al., 2012; Potschka et al.,
2002; Vazdarjanova et al., 2002). H1la acts as a dominate-negative, binding to all
the same targets as H1b/c, and thereby disrupting complexes scaffolded by H1b/c.
Hla has been shown to lead to the ubiquitylation of Shank (Bangash et al.,
2011b). Shank and long Homers form a matrix in the PSD that is disrupted by
Hla (Hayashi et al., 2009). Mutations in the coiled-coil domain of H1lb of
isoleucine 332 to arginine and isoleucine 337 to glutamate cause H1b to form
only stable dimers and not tetramers (Hayashi et al., 2009). The mutation disrupts
the matrix formation and causes a decrease in spine density. This is consistent

with data that shows Hla over-expression leads to a decrease in spine number,
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and over-expression of H1b/c and Shank leads to more mature spines (Sala et al.,

2003; Sala et al., 2001).

Homer binding can also regulates protein trafficking and function. H1b
and H2b inhibit the trafficking of mGIuR5 from the ER to the cell surface, and
cluster mGIuR5 molecules, confining their movement (Kammermeier et al., 2000;
Roche et al., 1999; Serge et al., 2002). When mGIuR5 and H1a are co-expressed,
the distribution of mGIuR5 is more diffuse. Similar results are observed in the
subthalamic nucleus of Homer 2 KOs. With the loss of long Homers, there is an
increase in synaptic mGIuR5 at symmetric synapses (Kuwajima et al., 2007).
Homer has similar regulation of mGIuR1 with the long forms of Homer induce

clustering of mGluR1 (Kammermeier, 2006).

Along with Homer regulating mGIluRs mobility and trafficking, Homer
can also regulate mGIuRS’s activity. mGIuR5 is constitutively active, not
requiring agonist to induce activity, when not bound to a long Homer or bound to
Hla (Ango et al., 2001). Ca**-dependent big K* (BK) channel are activated when
mGIuRs are activated by DHPG. When Homer 3 is knocked down or H1la is
overexpressed, the BK channels are open more often (Ango et al., 2001).
Expression of a point mutant of mGIuR5 (phenylalanine (F) 1128 to arginine (R))
that fails to bind Homer also induces increased opening of the BK channels (Ango

et al., 2001). In the same study, IP3 production was also shown to increase with
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DHPG and the mGIuR5™?%% mutant, both which can be reversed to control levels
by MPEP. mGIluR5-Homer interactions may regulate neuron excitability through
these BK channels, as well as M-type potassium current and N-type calcium
current. M-type potassium current is a noninactivating, delayed rectifier-type
potassium current, which is thought to play role in regulating cell excitability
(Marrion, 1997). Group 1 mGIuRs regulate the M-type current by inhibiting it,
however, co-expression of the long Homers reduces this inhibition (Kammermeier
et al., 2000). The same study also shows the same modulation of the N-type
calcium current by group 1 mGIluRs and Homer. Group 1 mGIluRs and Homer

may play an important role in regulating neuronal excitability.

While Homers interaction with its target proteins affects their trafficking
and signaling, there are ways to affect Homers ability to bind to its targets.
mGIuR5 phosphorylated on the c-terminus by ERK1/2 increases mGIluR5-Homer
interactions (Hu et al., 2012). However, this phosphorylation also increases Hla
binding and required for Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1
(Pinl) binding. Pinl enhances Hla binding to mGIuR5 and cannot bind when
long Homers are bound to mGIuR5 (Park et al., 2013). While Hla acts as a
dominant negative, Homer 3 can be phosphorylated by CaMKIlla and ERK1/2
(Mizutani et al., 2008). The study only examined the role CaMKlla sites affect

Homer binding; showing phosphorylation at the CaMKIlla sites reduces Homer’s
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affinity for its targets. Homer binding in T cells is also reduced when activated
and requires protein kinase B (AKT) activation (Huang et al., 2008a). This
suggests AKT also can regulate Homer binding. Phosphorylation of Homer has

the potential to regulate Homer targets.

Disrupted mGluR5-Homer interactions in FXS

In Fmrl KO mice, Giuffrida et al. (2005) showed there is a change in the
balance of long Homers bound to mGIuR5 to Hla bound mGIuR5. One can
mimic disrupted mGIluR5-Homer interactions in the Fmrl KO by using a peptide
of the Homer binding domain in c-terminus of mGIuR5 (CT). The CT peptide
binds to Homer and acts as a sink, disrupting all Homer interactions. Disrupting
Homer interactions artficially with the CT peptide is able to recapitulate some of
Fragile X phenotypes. DHPG induced PI3BK/mTOR signaling is absent in the
Fmrl KO mouse as well as in wild type slices treated with the CT peptide (Ronesi
and Huber, 2008a). Also, DHPG stimulated protein synthesis is absent in the CT
peptide treated slices. However, it is unable to mimic the enhanced mGIuR-LTD
in the Fmrl KO. Instead, disrupting Homer interactions attenuates mGIuR-LTD
(Ronesi and Huber, 2008a). The reasoning behind the differences is FMRP
remains in wild type slices treated with the CT peptide, and therefore FMRP
targets are not elevated. Without mGIuR induced protein synthesis, there are is

no increase in synaptic proteins to remove AMPA receptors. If disrupted Homer
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interactions are able to mimic some Fmrl KO phenotypes, it is possible other

phenotypes may also be regulated by disrupted Homer interactions.

The disrupted mGIuR5-Homer interactions in Fmrl KO mice could be
regulated by FMRP targets. CaMKIla, which phosphorylates Homer, is an
FMRP target (Mizutani et al., 2008). CaMKIlla is elevated in the Fmrl KO
mouse (Hou et al., 2006b; Osterweil et al., 2010a; Zalfa et al., 2003). With
elevated CaMKlla, it is possible for increased phosphorylation of Homer and
therefore causing the disrupted mGIluR5-Homer interactions. There is also an
increase in AKT phosphorylation in the Fmrl KO, and has been shown to
regulate Homer interactions in T cells (Gross et al., 2010; Huang et al., 2008a;
Sharma et al., 2010). Therefore it is possible that the increased AKT

phosphorylation may also be regulating the mGluR5-Homer interactions as well.

PTEN deletion, another model of autism

Recently a link between PTEN mutations and children with ASD and
macrocephaly has been found (Butler et al., 2005; Herman et al., 2007). About
5% of children diagnosed with ASD and macrocephaly have a mutation in PTEN
(McBride et al., 2010). Children with the PTEN mutations have macrocephaly,
which is an enlarged head. Mouse models with PTEN deleted, also display
macrocephaly as well as enlarged neurons and dendrites (Kwon et al., 2006a;

Kwon et al., 2001). PTEN has also been linked to seizures, which can be found in
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some ASD patients (Backman et al., 2001; Kwon et al., 2006a; Ogawa et al.,
2007). Kwon et al. have also shown PTEN conditional KO (cKO) mice, with
deletion in layers I11-V of the cortex and the dendate in the hippocampus, display
altered social interactions (Kwon et al., 2006b). PTEN cKO mice did not display
social preference by spending equal time with an inanimate object and mouse.
The PTEN cKO mice could also not recognize the difference between a novel
mouse and a familiar mouse (Kwon et al., 2006a). This study also showed the
PTEN cKO mice had a problem with learning and memory in the Morris water
maze, which is consistant with patients having intellectual disability (McBride et
al., 2010; Varga et al., 2009). The Morris water maze test an animal’s locational
memory. The mouse is placed in a pool with four quadrants, a platform in one of
the quadrants, and spacial ques on the wall to learn the location of the platform.
The mouse is taught overseveral days where the platform is located. On the probe
day, the platform is removed and mouse is tested to see if it remembers where it
was. Normal mice spend most of their time in the quadrant where the platform
was located. The PTEN cKO mice spend equal time in all the quadrants,
suggesting the mice never learned the task (Kwon et al., 2006a). The PTEN

mouse model is a good representation of patients.

PTEN and the PI3K pathway
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PTEN is a is a tumor suppressor gene, frequently mutated in human
cancers, and plays an important role in brain development (Endersby and Baker,
2008; Li et al., 1997). PTEN is important for embryonic development as the
complete KO mice are embryonic lethal (Suzuki et al., 1998). PTEN is a
phosphatase which catalyzes the dephosphorylation of phosphatidylinositol
(3,4,5)-trisphosphate (PIP3) to phosphatidylinositol (4,5)-bisphosphate (PIP2)
(Maehama and Dixon, 1998). PTEN contains a C2 domain, which bind
phospholipid membranes and enables PTEN to inhibit cell migration (Lee et al.,
1999; Raftopoulou et al., 2004). PTEN also contains a short N-terminal PIP2-
binding domain and a PDZ domain-interaction motif. While it is not understood
what these regions contribute to the function of PTEN, they are likely important
due to the many PTEN mutations found in pateints all through out the protein

(Song et al., 2012).

PI3K performs the reverse reaction phosphorylating PIP2 into PIP3
(Vanhaesebroeck and Waterfield, 1999). Therefore, PTEN is a negative regulator
of PI3K. PTEN’s negative regulation of the PI3K/mTOR pathway is important,
because the PI3BK/mTOR pathway is involved in cell survival, cell proliferation,
cell growth, angiogenesis and cellular metabolism (Manning and Cantley, 2007).
The vast many cellular functions PTEN regulates through the PI3SK/mTOR

pathway make it an important gene and easy to understand why it underlies so
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many disease, like ASD, intellectual disability, childhood seizures and highly
prevelant in cancers (Ali et al., 1999; Backman et al., 2001; Butler et al., 2005;

Endersby and Baker, 2008; Rosen and She, 2006).

Fragile X and PTEN

While both Fragile X patients and those with PTEN mutations both show
autism and intellectual disability in patients, there are other molecular similarties
seen between the two mouse models. Since PTEN is a negative regulator of the
PIBK/mTOR pathway, the PTEN cKO mice have increased phosphorylation of
downstream proteins (Kwon et al., 2006a; Kwon et al., 2001). As mentioned
before, Fmrl KO mice have elevated levels of PIKE-L and therefore increased
PI3K activity and phosphorylation of downstream proteins (Gross et al., 2010;
Sharma et al., 2010). While PTEN cKO mice have a much more dramatic
increased in phosphorylation of proteins, like AKT, it still illustrates some of the

molecular similarities between the two mouse models.

The two mouse models are not completely identical either. The loss of
FMRP causes increases in spine density, as well are more immature filapodia like
spines (Comery et al., 1997; Irwin et al., 2000; Nimchinsky et al., 2001). PTEN
deletion on the other hand has no change in spine density, but creates more
matures spines (Haws et al., 2013). Consistent with the different spine

phenotypes, Fmrl KO shows enhanced mGIuR-LTD, while the PTEN cKO
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mouse decreased mGIUR-LTD and increased long term potentiation (Huber et al.,

2002; Takeuchi et al., 2013).

While there are clear differences between the two mice models, they still
produce similar behavior results. It is possible that these similar behavioral
phenotypes may have more commonalities than increased PI3K/mTOR signalling.
As mentioned above, AKT can regulate Homer interaction in T cells, and
inhibiting AKT increases Homer binding to its target (Huang et al., 2008a). AKT
phosphorylation is increased in the PTEN cKO mice and possible that mGIuR5-
Homer interactions are disrupted in the PTEN cKO mice, and mGIuR5 may be
contributing to some of its phenotypes (Kwon et al., 2006a; Kwon et al., 2001).
Inhibiting mGIURS in other autism mouse models had improved behavioral
phenotypes, so there could be a common link between autism models (Silverman
etal., 2010).

Motivation for studies

Autism affects tens of millions worldwide and is becoming increasingly
more prevalent (Payakachat et al., 2012) with a couple hundred of genes linked to
the disease. However, there is very little linking these many genes and other
causes of ASD. It is important to start finding underlying mechanisms of ASD.
Therefore, finding common links between these many different forms can

improve our understanding of the disease and lead to a more uniform treatment.
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FXS is the most common genetic form of autism (Abrahams and
Geschwind, 2008; Nishimura et al., 2007; Reddy, 2005) providing a good model
to start from. Enhanced mGIuR5 function is causally associated with the
pathophysiology of FXS, but the mechanism behind the mGIuR5 dysfunction is
largely unknown. Many researchers have reduced mGIuR5 levels and used
antagonist or reverse agonists to inhibit mGIuR5 activity. While these studies
have been able to rescue some of the phenotypes seen in the Fmrl KO and now
patients, it is still unknown what causes the enhanced mGIuR5 activity. mGIuR5
is less associated with the long Homer isoforms and more associated with Hla in
Fmrl KO mice (Giuffrida et al., 2005). Homer binding has been shown to
regulate mGIuRS5 activity and function. H1a acts to disrupts mGIluR5-long Homer
complexes, alters mGIuR signaling and causes constitutive, agonist-independent
activity of mGIuR1/5 (Ango et al.,, 2001). Homer also effects mGIuR5s
trafficking and motility. Long Homers cluster mGIuR5 together and confining its
movement (Kammermeier et al., 2000; Roche et al., 1999; Serge et al., 2002),
while Hla causes mGluRS5’s distribution to be more diffuse. With the effects
Homer binding has on mGIuR5, it is possible that the altered mGluR5-Homer

interactions play a role in FXS.

MGIuR5 antagonists have also been used on other forms of autism and
been able to rescue phenotypes. However, there is no follow up as to why these

inhibitors helped other models (Silverman et al., 2010). What is the common
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mechanism between FXS and other forms of autism that allows mGIuRS5
inhibitors to rescue phenotypes in both models? Homer binding can be regulated
by phosphorylation. Homer 3 is known to be phosphorylated by CaMKlIlo and
ERK1/2 (Mizutani et al., 2008), and phosphorylation at the CaMKIla sites
reduces Homer’s affinity for its targets. Homer binding in T cells is reduced
when activated, requiring AKT activation (Huang et al., 2008a), and suggesting
AKT can also regulate Homer binding. AKT phosphorylation is increased in the
PTEN cKO mice, another autism model, and possible that mGIluR5-Homer
interactions are disrupted in the PTEN cKO mice, and mGIuR5 may be
contributing to some of its phenotypes (Kwon et al., 2006a; Kwon et al., 2001).
The Fmrl KO mice, PTEN cKO mice and possibly other autism mouse models
may share a common mechanism of mGIuR5 dysfunction due to altered Homer

binding.
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CHAPTER TWO
Results

Disrupted mGIluR5-Homer scaffolds mediate abnormal mGIuR5 signaling,

circuit function and behavior in a mouse model of Fragile X Syndrome

This chapter contains data that was collected as a collaborative effort
between several colleagues, Jennifer Ronesi, Seth Hays, Nien-pei Tsai, and
Weirui Guo. | contributed the real time PCR, a portion of the signaling data, and
a portion of the basal protein synthesis data. However, the other data described in
this chapter is important in understanding the mechanism of Homer-mGIuR
scaffold disruption in the Fmrl KO. Work published in Nature Neuroscience.
Summary

Enhanced mGIuR5 function is causally associated with the
pathophysiology of Fragile X Syndrome (FXS), a leading inherited cause of
intellectual disability and autism. Here we provide evidence that altered mGIuR5-
Homer scaffolds contribute to mGIuR5 dysfunction and phenotypes in the FXS
mouse model, Fmrl KO. In Fmrl KO mice mGIuRS5 is less associated with long
Homer isoforms, but more associated with the short Homerla. Genetic deletion
of Homerla restores mGIuR5- long Homer scaffolds and corrects multiple
phenotypes in Fmrl KO mice including altered mGIuR5 signaling, neocortical
circuit dysfunction, and behavior.  Acute, peptide-mediated disruption of

mGIuR5-Homer scaffolds in wildtype mice mimics many Fmrl KO phenotypes.
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In contrast, Homerla deletion does not rescue altered mGluR-dependent long-
term synaptic depression or translational control of FMRP target mRNAs. Our
findings reveal novel functions for mGIluR5-Homer interactions in the brain and
delineate distinct mechanisms of mGIuR5 dysfunction in a mouse model of

cognitive dysfunction and autism.

Introduction

Fragile X Syndrome (FXS) is the most common inherited form of
intellectual disability and a leading genetic cause of autism (Abrahams and
Geschwind, 2008; Bassell and Warren, 2008). FXS is caused by transcriptional
silencing of the FMRL1 gene that encodes the Fragile X Mental Retardation protein
(FMRP) — an RNA binding protein, that regulates translation of its interacting
MRNAs (Bassell and Warren, 2008). Most patients exhibit multiple neurological
deficits, including reduced 1Q, seizures, sensory hypersensitivity, social anxiety,
hyperactivity and other characteristics of autism (Berry-Kravis, 2002; Hagerman,
2002). In the mouse model of FXS, Fmrl knockout (KO), group 1 metabotropic
receptor (MGIuR1 and mGIuR5) and protein synthesis- dependent plasticity is
enhanced and dysregulated (Luscher and Huber, 2010). These findings motivated
the “mGluR theory of FXS” which posits that altered mGluR-dependent plasticity
contributes to the pathophysiology of the disease (Bear et al., 2004; Dolen et al.,

2010; Dolen et al., 2007). In support of the mGIuR theory, many phenotypes in
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animal models of FXS are reversed by pharmacological or genetic reduction of
mGIUR5 or downstream signaling pathways (Dolen et al., 2010; Dolen et al.,
2007). Importantly, a recent report indicates that mGIuR5 antagonism can be an

effective therapeutic strategy in FXS patients (Jacquemont et al., 2011).

Group 1 mGIluR activation stimulates de novo protein synthesis in neurons
and evidence suggests that FMRP suppresses translation of specific mRNA
targets downstream of mGIuR activation (Bassell and Warren, 2008). In FXS, the
loss of an FMRP-mediated “brake” is proposed to lead to excess mGluR5-driven
translation of many FMRP target mRNAs which in turn, leads to an excess of
mGIluR-dependent plasticity (Bear et al., 2004; Dolen et al., 2010). Although
mGIUR5 antagonism rescues many phenotypes associated with FXS, it is

unknown if this is due to excess mGIluR5-driven translation.

Other evidence suggests there may be altered mGIuR5 function that is
upstream of translation in Fmrl KO brains. Although total mGIuR5 levels are
normal in Fmrl KO forebrain, there is less mGIuRS5 in the postsynaptic density
(PSD) fraction and an altered balance of mGIuR5 association with short and long
isoforms of the postsynaptic scaffolding protein Homer (Giuffrida et al., 2005).
The N-terminal EVH1 (Ena-VASP homology) domain of Homer proteins, binds
the intracellular C-terminal tail of group 1 mGIluRs (mGIuR5 and mGluR1a) and

affects their trafficking, localization and function (Shiraishi-Yamaguchi and
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Furuichi, 2007) Long, constitutively expressed forms of Homer (Homerlb, 1c, 2
and 3) multimerize through their C-terminal coiled-coil domain and localize
mGIuRs to the PSD through interactions with SHANK, as well as scaffold
mGIuRs to signaling pathways through Homer interactions with the PI3 Kinase
enhancer (PIKE), Elongation Factor 2 kinase (EF2K) and the IP3 receptor (Park
et al., 2008; Shiraishi-Yamaguchi and Furuichi, 2007). Homerla (H1a), a short,
activity-inducible, form of Homer lacks the coiled-coiled domain and cannot
multimerize with other Homers. Consequently, Hla disrupts mGIluR5-long
Homer complexes, alters mGIuR signaling and causes constitutive, agonist-

independent activity of mGIuR1/5 (Ango et al., 2001).

In Fmrl KO mice mGIuR5 is less associated with the long Homer
isoforms and more associated with Hla (Giuffrida et al., 2005). We hypothesized
that the altered balance in mGIuR5 interactions with Homer isoforms contributed
to the mGIuR5 dysfunction and pathophysiology of FXS. To test this hypothesis,
we crossed Fmrl KO mice with Hla KO mice and determined if Hla deletion
restored mGIuR5 function and Homer interactions as well as neurophysiological
and behavioral phenotypes of Fmrl KO mice. In addition, we determined if acute
peptide-mediated disruption of mGIuR5-Homer scaffolds in wildtype mice
mimicked phenotypes of Fmrl KO mice. Our results indicate that altered Homer
isoform interactions are responsible for much, but not all, of the mGIuR5

dysfunction and pathophysiology of FXS. Specifically, Hla deletion did not
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rescue the protein synthesis independence of mGIuR-LTD or altered translational
control of FMRP target mMRNAs. The latter results support an essential role for
FMRP in translational control of its mMRNAs and mGIuR-LTD. Our results
provide new evidence for altered mGIuR5-Homer scaffolds in Fmrl KO
phenotypes and implicate different mechanisms of mGIuR5 dysfunction in
distinct phenotypes. Modulation and restoration of mGIluR5-Homer interactions
may represent a novel therapeutic strategy for Fragile X and related cognitive and
autistic disorders.

Methods

Animals
Congenic Fmrl KO mice (Consortium, 1994) were bred on the C57/BL6J

background. Homerla specific KO mice were generated as described (Hu et al.,
2010) and backcrossed at least 5 generations onto the C57/BI6J mice from the UT
Southwestern mouse breeding core facility. All experiments were performed on
littermate controls and blind to mouse genotype. Long Evans Hooded rats were
obtained from Charles River Laboratories, Wilmington, MA. The animal use
protocols used in this manuscript were approved by the UT Southwestern IACUC
committee.

Reagents
Drugs were prepared as stocks and stored at -20°C and used within two

weeks. Tat-mGluR5ct (YGRKKRRQRRR-ALTPPSPFR) and tat-mGIluR5mu

(YGRKKRRQRRR-ALTPLSPRR; 5 uM) (Mao et al., 2005) were synthesized at
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the UT Southwestern Protein Chemistry Technology Center. The peptide was
dissolved in H,0 at a concentration of 5mM, aliquoted and stored at -20°C.
Frozen aliquots were used within 10 days. The mixed group I mGIuR agonist
(RS)-3,5-dihydroxyphenylglycine (DHPG), U0126 and wortmannin were
purchased from Tocris Bioscience and prepared as described (Gross et al., 2010;
Osterweil et al., 2010b). Cycloheximide was purchased from Sigma, and freshly

prepared daily by dissolving directly in ACSF.

Hippocampal slice preparation and LTD recordings
Acute hippocampal brain slices were prepared from 3-6 wk old rats or

wildtype (WT), Fmrl knockout (Fmrl KO), Homerla knockout (Hla-KO), or
Homerla/Fmrl double knockout (Hla/Fmrl KO) littermates as described
previously (Ronesi and Huber, 2008a). LTD recordings were performed and

analyzed as described (Ronesi and Huber, 2008a).

mGIuR signaling in slices and western blotting
Western blotting on slices was performed as described(Ronesi and Huber,

2008a). Hippocampal slices were preincubated in a static incubation chamber in
ACSF containing 5 pM tatmGIuR5CT or MU for 4 hours prior to DHPG
treatment (Fig. 1) or 30 min in MPEP (10pM; Fig. 3F). Blotting membranes were
incubated with the following antibodies according to the manufacturer's
instructions: phospho-T56 EF2, total-EF2, phospho- T389 p70S6K, phospho-

S2448 mTOR, total mTOR, phospho-T202/Y204 ERK, total-ERK, phospho
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S209-elF4E, phospho S65-4EBP, 4EBP, elF4G, elF4E (all from Cell Signaling
Technology), Homer (Sc-8921; Santa Cruz), mGluR5 (Millipore), f3 tubulin
(Abcam), Arc (Synaptic Systems), Maplb (gift from Dr. Itzhak Fischer, Drexel
University), CaMKIlla (Santa Cruz, sc-5391), actin (Millipore, MAB1501). For
comparison of phosphoprotein levels across conditions or genotypes
immunoreactive phosphoprotein bands were normalized to total protein levels
from the same slice homogenates (e.g. P-mTOR/mTOR), each of which was first

normalized to loading control (either tubulin, actin or total ERK where indicated).

Coimmunoprecipitation
Hippocampus was lysed in co-immunoprecipitation buffer (50 mM Tris,

pH 7.4, 120 mM NaCl, 0.5% NP40), and protein was tumbled overnight at 4°C
with 1 ug of antibody (either Homer (Santa Cruz, D-3), Homerla (Santa Cruz, M-
13) or elF4G (Cell Signaling)). Protein A/G agarose bead slurry
(Thermoscientific) was added for one additional hour and the beads were then
washed with co-i.p. buffer. Western blotting was performed with the Homer
(Santa Cruz, E-18 sc-8921), Homerla (Hu et al., 2010), mGIuR5 (Millipore),

elF4E (Cell Signaling) or elF4G (Cell Signaling).

Real-time RT-PCR
Hippocampi were homogenized in TRIzol reagent (Invitrogen) followed by

RNA extraction according to manufacturer’s protocol. 2 pg RNA from each

sample was subjected to first-strand cDNA synthesis by SuperScript HI First-
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Strand synthesis system (Invitrogen) with two independent primers targeting on
the 3’UTR of the mRNAs (Homerla: 5°-GTG GTA AAG CTT TCC TTC AGA
G-3” and 5’-GGC ACC TCT GTG GGC CTG TGG-3’; GAPDH: 5’-GGT ATT
CAA GAG AGT AGG GAG-3’ and 5’-GGG TGC AGC GAA CTT TAT TG-3).
PCR reaction was performed by GoTag Green DNA polymerase (Promega) with
specific primers against Homerla: (5’-TGA TTG CTG AAT TGA ATG TGT
ACC-3’ and 5’-GAA GTC GCA GGA GAA GAT G-3”) (Potschka et al., 2002)
and GAPDH: (5’-AGG TCG GTG TGA ACG GAT TTG-3’ and 5’-TGT AGA

CCATGT AGT TGA GGT CA-3’).

Metabolic labeling of hippocampal slices
Hippocampal slices were prepared as described(Ronesi and Huber,

2008a), (Osterweil et al., 2010b). For these experiments (Fig. 3) the most ventral
slices (2 per hippocampus) were used since basal protein synthesis rates differ
between dorsal and ventral hippocampal slices (Osterweil et al., 2010b). Slices
recovered for 3.5 hours in ACSF at 32°C, and then were incubated in actinomycin
D (25 puM) for 30 min. Where indicated, 20 uM U0126, or 100 nM wortmannin
was added at this step. For experiments with tatmGIuR5 peptides, slices were
preincubated in ACSF containing 5 uM tatmGIuR5CT or MU for 4 hours prior to

actinomycin incubation.

Neocortical Slice preparation and UP state recordings
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UP state experiments in neocortical slices were performed and analyzed as
described (Hays et al.,, 2011).To allow time for the tatmGIuR5 peptides to
permeate slices, the peptide containing ACSF was perfused onto the slices in the
interface chamber for 4 hr prior to recording and was supplemented with 10 uM
HEPES pH7.4, 0.05% BSA, and 5 uM of the appropriate peptide. The peptide-
BSA containing ACSF was not oxygenated directly, but slices were oxygenated in

the interface recording chamber.

Audiogenic seizures
In order to evaluate audiogenic seizures, mice were placed in a plastic

chamber (30X19X12cm) containing a 120 decibel siren (GE 50246 personal
security alarm) and covered with a Styrofoam lid. A 120 dB siren was presented
to mice for 5 minutes. Mice were videotaped and scored for behavioral
phenotype: 0=no response, 1=wild running, 2=tonic-clonic seizures, 3=status

epilepticus/death as described (Dolen et al., 2007).

Behavioral measurements
Open Field Activity: Mice were placed individually into the periphery of a novel

open field environment (44 cm x 44 cm, walls 30 cm high) in a dimly lit room and
allowed to explore for 5 min. The animals were monitored from above by a video
camera connected to a computer running video tracking software (Ethovision 3.0,
Noldus) to determine the time, distance moved and number of entries into two

areas: the periphery (5 cm from the walls) and the center (all areas excluding the
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periphery). The open field arenas were wiped and allowed to dry between mice.

Time in the center was used as a measure of anxiety.

Locomotor Activity: Mice were placed individually into a new, plastic mouse
cage (18 cm x 28 cm) which was located inside a dark Plexiglas box. Movement
was monitored by 5 photobeams in one dimension (Photobeam Activity System,
San Diego Instruments) for 2 hours, with the number of beam breaks recorded
every 5 min. Data were analyzed with an ANOVA with genotype and time as the

dependent variables.

Statistics:
Data plotted in the figures represents the mean £ SEM. Significant differences

were determined using independent or paired t-tests (for determining effects of
MGIURS5CT peptide). For comparisons between WT, Fmrl KO, Hla KO and
Hla/Fmrl KO a 2-way ANOVA and Bonferroni posttests were used. Statistics
on nominal data, such as seizure severity and incidence (Fig. 6A; Supplementary
Table 3), a Chi squared (Fisher’s Exact test) was used. Group data is presented in

the figures as mean +SEM. *p< 0.05; **p< 0.01; ***p<0.001.

Results

Disruption of mGluR5-Homer regulates signaling to translation

To investigate if the altered mGIluR5-Homer scaffolds contribute to the

MGIuRS5 dysfunction in Fmrl KO mice we determined if disruption of mGIluR5-

49



Homer scaffolds with a peptide in wildtype (WT) mice mimicked mGIuR5
signaling alterations in the Fmrl KO mice. The rationale for this approach is
based on data that Hla-bound mGIuR5, which is increased in Fmrl KO, is
functionally equivalent to mGIuRS5 that cannot interact with any Homer isoform
(Ango et al., 2001; Tu et al., 1998; Xiao et al., 1998). To disrupt mGIuR5-
Homer, we incubated acute hippocampal slices from WT mice in a cell permeable
(Tat-fused) peptide containing the Proline-rich motif (PPxxF) of the mGIuR5 C-
terminal tail that binds the EVH1 domain of Homer, mGIuR5CT (CT; 5 uM)
(Mao et al., 2005; Ronesi and Huber, 2008b; Tu et al., 1998). mGIuR5CT
reduced mGIluR5-Homer interactions to 41+6% of that observed in slices with no
peptide treatment (n = 3 mice; p = 0.003) as determined by co-
immunoprecipitation of mGIuR5 and Homer (Fig. 1A). Importantly, CT peptide
treatment roughly mimics the 50% decrease in mGluR5-long Homer interaction
observed in Fmrl KO hippocampal lysates (Fig. 2A). As a control, slices were
incubated in a peptide with a mutated Homer binding motif, mGIuR5SMU (MU)
(Mao et al., 2005; Tu et al., 1998). mGIuR5MU peptide had no effect on mGIluR-
Homer in comparison in slices with no peptide treatment (103+£8% of untreated; n

=3; Fig. 1A).

Fmrl KO mice display a deficit in mGIuR1/5 stimulation of protein

synthesis which may be a result of altered mGIuR5- Homer interactions.
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Previously, we reported that CT-peptide mediated disruption of mGIluR5-Homer
interactions in rat hippocampal slices inhibited group 1 mGIuR activation of the
PI3K-mTOR pathway and translation initiation, but not ERK (Ronesi and Huber,
2008b). Here we observed similar effects in hippocampal slices from WT mice.
MGIURSCT peptide incubation blocked activation of PI3K-mTOR in response to
the group 1 mGIuR agonist, (RS)-3,5-Dihydroxyphenylglycine (DHPG; 100 puM;
5 min) as measured by phosphorylation of mTOR (S2448) and S6K (Thr389) (P-
MTOR: MU: 196£27% of basal, n=8; CT: 94+20% of basal, n=8; p< 0.01; P-
S6K; MU: 300+80% of basal, n=6; CT: 114+13% of basal, n=6; p< 0.05; Fig.
1B,C) and had no effect on ERK activation (Thr202/Tyr204; P-ERK; MU:
495+117% of basal, n=4; CT: 477£162% of basal, n=4; n.s.; Fig. 1D) (Ronesi and
Huber, 2008b). The CT peptide did not affect basal levels of P-mTOR, P-S6K or

P-ERK (Supplementary Table 1) (Ronesi and Huber, 2008a)

Homer and mGIuR5 each directly interact with another translational
regulatory factor, Elongation Factor 2 kinase (EF2K) (Park et al., 2008).
Although phosphorylation of elongation factor 2 (EF2) by EF2K inhibits
translation elongation globally, EF2K is required for translational activation of
MRNASs such as such as Arc (activity-regulated cytoskeleton associated protein),
and aCaMKII(Park et al., 2008). A moderate inhibition of elongation globally by
EF2K is thought to release translation factors that are then available for

translational activation of poorly initiated transcripts. Surprisingly, mGIuR5CT-
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treated slices displayed a robust increase in phosphorylation of EF2 (T56) in
response to DHPG (590£118% of basal; n = 15 slices, Fig. 1E) in comparison to
MGIUR5MU treated slices (294+63% of basal; n = 15; p< 0.05;.Supplementary
Fig. 1). The CT peptide did not affect basal levels of P-EF2 (Supplementary
Table 1). Taken together, our data suggest that Homer interactions facilitate
mGIuR activation of the PIBK-mTOR pathway to translation initiation, but
dampen mGIluR-induced phosphorylation of P-EF2 and thus restrain inhibition of
global elongation rates. Consequently, disruption of mGIluR5-Homer would be
expected to block mRNA translation by blocking activation of the PI3K-mTOR
pathway and translation initiation and enhancing inhibition of elongation to a
level that may block elongation of all transcripts, including Arc. Consistent with
this model, disrupting mGIluR5-Homer interactions in hippocampal slices with CT
peptide blocks DHPG-induced synthesis of Arc (MU: 122+/-5% of untreated,
n=7; CT: 95+/-7% of untreated, n=7; Supplementary Fig. 1) and Elongation factor

lo (EF1a)(Ronesi and Huber, 2008b).

Deletion of Homerla rescues mGIuR signaling in Fmrl KO
mGIuR5-long Homer interactions are reduced in Fmrl KO mice and we

hypothesize that this contributes to altered mGIuR5 function. If so, then mGIuR
signaling to translation in Fmrl KO slices may mimic what is observed with CT
peptide treatment of WT slices (as in Fig. 1). In support of our hypothesis,

DHPG-induced activation of PI3K, mTOR and p70 ribosomal S6 kinase (S6K) is
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deficient in Fmrl KO hippocampal slices and ERK activation is unaffected (Fig.
2B; (Osterweil et al., 2010b; Ronesi and Huber, 2008a; Sharma et al., 2010)).
Furthermore, DHPG-induced phosphorylation of EF2 is enhanced in Fmrl KO
slices relative to WT littermates (WT: 787£135% of untreated, n=7 mice; Fmrl
KO: 1452+176% of untreated, n=6 mice; Fig. 2C). Remarkably, these alterations
in mGIuR signaling parallel what is observed with CT peptide treatment of WT
slices (Fig. 1). Basal levels of Phospho- or total EF2 or S6K are unchanged in
Fmrl KO slices (Supplementary Table 2) (Ronesi and Huber, 2008a). These
results indicate that mGIuR5 function is not generally enhanced or decreased in
Fmrl KO mice, but is changed in a complex way that is mimicked in WT mice by

disruption of mGluR5-Homer interactions.

In Fmrl KO mice, mGIuR5 is more associated with Hla (Giuffrida et al.,
2005) (Supplementary Fig. 2a). Because long Homers compete with Hla for
interactions with their effectors (Tu et al., 1998; Xiao et al., 1998), we
hypothesized that genetic deletion of Hla in Fmrl KO mice may restore normal
mGIuR5-long Homer interactions and mGIuR5 function. To test this idea, Fmrl
KO mice were bred with mice with a genetic deletion of Hla to create Hla/Fmrl
double knockouts (Hu et al., 2010). Hla KOs have normal levels of the long
Homer isoforms 1, 2 and 3 (Hu et al., 2010). In agreement with Giuffrida et al.,
(2005), co-immunoprecipitation of long Homer isoforms from Fmrl KO forebrain

revealed a reduced association of mGIuRS5 in comparison to WT littermates (Fig.
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2A), whereas, co-IP of Hla revealed an increased association with mGIuR5
(Supplementary Fig. 2). Total levels of mGIuR5, long Homers and H1a (protein
and mRNA) in Fmrl KO hippocampi were not different from WT (Fig. 2A;
Supplementary Fig. 2). Genetic deletion of Hla restored normal mGIluR5-Homer
interactions in Fmrl KO mice (n = 4 mice per genotype; Fig. 2A) but did not
affect levels of mGIuRS, long Homers or their interactions on a WT background
(Fig. 2A; Supplementary Fig. 2)(Hu et al., 2010). To determine if Hla deletion
restored normal mGIuR5 signaling in Fmrl KO mice, we examined mGIuR
signaling to the mTOR and EF2K translational regulatory pathways. The deficit
in mGIuR5 signaling to mTOR in Fmrl KO, as measured by S6K (T389)
phosphorylation, (WT: 242+34% of basal, n=21; Fmrl KO: 135+15%, n=19; Fig.
2B) was restored in Hla/Fmrl KO (220+28% of untreated, n=18). Similarly,
enhanced mGIuR activation of EF2K was rescued to wildtype levels by Hla
deletion (H1a/Fmrl KO; 826+192% of basal, n=7; Fig. 2C). Hla KOs exhibited
normal DHPG-induced phosphorylation of EF2 (796+£159% of untreated, n=6)
and S6K (227+34% of treated, n=14). There was no effect of Fmrl or Hla
genotype on basal levels of phosphorylated or total EF2 or S6K (Supplementary
Table 2). Furthermore, DHPG treatment did not alter levels of total EF2 or S6K
in any genotype (Supplementary Table 2) (Ronesi and Huber, 2008b; Sharma et

al., 2010)

H1la deletion rescues enhanced translation rates in Fmrl KO
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Although DHPG-induced translation is absent in Fmrl KO mice, basal
translation rates in brain are elevated (Bassell and Warren, 2008; Dolen et al.,
2010; Gross et al., 2010; Osterweil et al., 2010b). Enhanced protein synthesis in
hippocampal slices is reversed by pharmacological blockade of mGIuR5 or ERK
activation, but not by an inhibitor of PI3K or mTOR (Osterweil et al., 2010b)
(Fig. 3C; Supplementary Fig. 4). Another consequence of mGluR5-Hla
interactions is constitutive, or agonist-independent mGIuR5 activity (Ango et al.,
2001) which may drive translation rates through ERK activation, a pathway that
remains intact in Fmrl KO mice and with Homer disruption (Fig. 1D) (Osterweil
et al., 2010b; Ronesi and Huber, 2008a). In support of this hypothesis, genetic
deletion of Hla rescues enhanced translation rates as measured by *S Met
incorporation in hippocampal slice proteins (Fmrl KO 122+4% of WT, n=14
slices from 7 mice; Hla KO 102+4% of WT, n=8 slices from 4 mice; double
Hla/Fmrl KO 106+6% of WT, n=7 slices from 4 mice; Fig. 3A). Furthermore,
CT peptide-mediated disruption of mGIluR5-Homer in WT slices is sufficient to
mimic enhanced protein synthesis rates to that observed in Fmrl KO slices (CT
=123 + 6% of MU treated, n=16 slices per peptide from 10 mice; p = 0.002; Fig.
3B). In contrast, mGIURS5CT has no effect on protein synthesis rates in Fmrl KO
slices (CT =106 + 8% of MU treated, n=14 (CT) or 15 (MU) slices from 8 mice; p

=0.5; Fig. 3B).

55



Translation initiation is the rate limiting step in translation (Proud, 2007).
To determine if enhanced translation rates in Fmrl KO stem from increased
initiation, we measured elF4F translation initiation complexes in hippocampal
slices prepared from WT, Fmrl KO, Hla KO and Hla/Fmrl KO mice. The
elF4F complex is composed of the 5’ cap binding protein elF4E, a scaffolding
protein elF4G, and the RNA helicase elF4A (Proud, 2007). elF4F complex
assembly can be measured by co-immunoprecipitation of elF4G and elF4E and is
stimulated by DHPG in WT animals (Banko et al., 2006). Therefore, we also
measured elF4F complex in DHPG-stimulated slices from each genotype.
Consistent with previous reports, elFAF complex levels are enhanced basally in
Fmrl KO slices and no longer stimulated by DHPG (Fig. 3D) (Sharma et al.,
2010). Like *S Met incorporation, elF4F complex levels in Fmrl KO slices are
restored to WT levels by Hla deletion (Fig. 3D; n = 3 mice per condition).
Genetic deletion of Hla also rescues the deficit in DHPG-stimulated elF4F
complex assembly in the Fmrl KO (Fig. 3D). These results suggest that elevated
protein synthesis rates in Fmrl KO mice are due to enhanced translation initiation
that is driven by Hla-bound mGIuR5. The deficit in mGIluR-stimulated
translation initiation in Fmrl KO mice may be because elF4F complex levels are
saturated basally. Furthermore, mGluR-activation of mTOR is rescued in Fmrl
KO mice by Hla deletion (see Fig.2) which may also contribute to restoration of

DHPG-induced elF4F complex assembly (Banko et al., 2006).
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To determine how increased H1la-mGIuR5 interactions lead to enhanced
signaling to translation downstream of ERK, we examined phosphorylation of
initiation factors known to be regulated by ERK in WT and Fmrl KO cortical
homogenates and the effects of Hla deletion. ERK phosphorylates and activates
MAPK-interacting kinase (Mnk) which in turn phosphorylates the cap-binding
protein elF4E (S209) (Proud, 2007). ERK also phosphorylates elF4E binding
protein (4EBP) at S65, a distinct site from mTOR regulated sites (T36/45)
(Herbert et al., 2002). ERK- dependent phosphorylation of elF4E and 4EBP (S65)
is associated with increased translation rates in neurons and other cell types
(Banko et al., 2006; Kelleher et al., 2004). Consistent with a role for ERK in
phosphorylation of these initiation factors in hippocampal slices, Phospho-(S209)-
elF4E and (S65)-4EBP, was strongly reduced or abolished by U0126 treatment
(Supplementary Fig. 3). P-4EBP and P-elF4E levels were enhanced in cortical
homogenates from Fmrl KO mice, an effect that was rescued by Hla deletion
(Fig. 3E). As reported in hippocampal slices (Fig. 1D) (Osterweil et al., 2010b;
Ronesi and Huber, 2008b), P-ERK levels were unchanged in Fmrl KO lysates
(Fig. 3E). To determine if mGIuRS activity abnormally drives phosphorylation of
ERK, elF4E and 4EBP (S65) in Fmrl KO mice, hippocampal slices from both
WT and Fmrl KO mice were treated with the mGIuR5 inverse agonist, MPEP (10
HM). MPEP treatment did not affect P-4EBP or P-elF4E in WT slices. However,

in Fmrl KO slices, MPEP reduced P-4EBP and P-elF4E by ~50% (Fig. 3F).
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Surprisingly, MPEP had no effect on P-ERK levels in either WT or Fmrl KO
slices. These results support our hypothesis that Hla-mediated mGIuR5 activity
drives translation initiation through ERK phosphorylation of initiation factors.
Because P-ERK levels are not affected in Fmrl KO or with MPEP, this suggests
that mGIuR5 may regulate accessibility or localization of elF4E or 4EBP with

ERK, as opposed to ERK activity per se.

Altered LTD is not rescued by deletion of Homerla
In wildtype animals, mGluR-dependent long-term synaptic depression (mGIuR-

LTD) within the CA1 region of the hippocampus requires dendritic protein
synthesis of FMRP-interacting mRNAs such as Arc and MAP1b (Luscher and
Huber, 2010; Park et al., 2008; Waung et al., 2008). Although mGIuR activation
induces robust LTD in Fmrl KO mice, mGluR-induced synthesis of Arc and
MAP1b is deficient and LTD is independent of new protein synthesis (Luscher
and Huber, 2010; Park et al., 2008). From this work it has been suggested that
loss of FMRP-mediated translational suppression leads to enhanced steady state
levels of “LTD proteins” which allow mGluR-LTD to persist without new protein
synthesis (Luscher and Huber, 2010). Consistent with this hypothesis, elevated
levels of MAP1b and Arc have been reported in Fmrl KO neurons (Luscher and
Huber, 2010; Zalfa et al., 2003). Alternatively, Hla bound, and constitutively
active mGIluR5 which drives total protein synthesis rates (Fig. 3) (Osterweil et al.,

2010b) could elevate “LTD protein” levels and lead to protein synthesis-
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independent LTD. To distinguish between these possibilities, we determined if
genetic deletion of Hla reversed the protein synthesis independence of mGIuR-
LTD and enhanced levels of specific FMRP target mMRNAs. To test the protein
synthesis dependence of mGIuR-LTD, slices were preincubated in the translation
inhibitor cycloheximide (60 puM). Although mGIuR-LTD was reliably induced
with DHPG in the double Hla/Fmrl KO (81+3% of baseline 60-70 min after
DHPG application, n=11 slices), LTD was not sensitive to cycloheximide (78+1%
of baseline, n=9), similar to the Fmrl KO (control: 74+4% of baseline, n=7,;
cycloheximide: 79£3% of baseline, n=9; Fig. 4B,C) (Park et al., 2008). LTD was
inhibited by cycloheximide treatment in both WT (control: 76x1% of baseline,
n=7; cycloheximide 92+4% of baseline, n=8; p = 0.002) and Hla KO mice
(control: 65+5% of baseline, n=6; cycloheximide: 88+5% of baseline, n=6; p =
0.01; Fig. 4A, D). These results suggest that the altered mGluR5-Homer scaffolds
in Fmrl KO mice do not mediate the protein synthesis independence of mGIluR-

LTD.

To determine if Hla deletion in Fmrl KO mice rescued elevated steady
state levels of LTD-promoting proteins or other FMRP target mRNAs we
performed western blots of MAPIb, Arc and oaCaMKIIl in hippocampal
homogenates of WT, Fmrl KO, Hla KO and Hla/Fmrl KO mice (Fig. 4E).
MAPI1b and aCaMKII, were elevated in both Fmrl KO mice and Hla/Fmrl KO

mice in comparison to WT and Hla KO mice (Fig. 4E) indicating that Hla
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deletion does not restore normal levels of Maplb and aCaMKII in Fmrl KO
mice. Although we did not detect elevated steady state protein levels of Arc in
hippocampal homogenates of Fmrl KO mice, we observed a deficit in DHPG-
induced synthesis of Arc in hippocampal slices from Fmrl KO mice in
comparison to WT (WT: 140£17% of basal or untreated, n=12; Fmrl KO:
98+12% of untreated, n=12; Fig. 4F). However, Hla deletion did not restore
mGIuR-induced synthesis of Arc in Fmrl KO mice (Park et al., 2008) (H1a/Fmrl
KO: 91+12% of untreated, n=11). DHPG induced synthesis of Arc was normal in
Hla KO mice (139+£11% of untreated, n=11). These results reveal that altered
mGIuR5-Homer scaffolds in the Fmrl KO mice do not mediate abnormal
MGIUR-LTD or altered translational control of specific FMRP target mRNAs.
Instead, these results support an essential role for FMRP interactions with its
target mMRNAs in mGIuR-LTD and translational control of these mMRNAs

(Supplementary Fig. 6B) (Bassell and Warren, 2008; Muddashetty et al., 2011).

mGIluR5-Homer and hyperexcitable neocortical circuits
FXS patients and Fmrl KO mice exhibit sensory hypersensitivity,

epilepsy and/or audiogenic seizures suggestive of an underlying sensory circuit
hyperexcitability (Berry-Kravis, 2002; Dolen et al., 2010). We recently
discovered synaptic and circuit alterations indicative of hyperexcitability in the
somatosensory, barrel neocortex of Fmrl KO mice. Neocortical slices of Fmrl

KO mice have decreased excitatory drive onto layer IV fast-spiking interneurons
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and prolonged thalamically-evoked and spontaneously-occurring persistent
activity, or UP, states (Gibson et al., 2008; Hays et al., 2011). UP states represent
a normal physiological rhythm generated by the recurrent neocortical synaptic
connections and is observed in alert and slow-wave sleep states in vivo as well as
neocortical slice preparations (Haider and McCormick, 2009; Sanchez-Vives and
McCormick, 2000). Importantly, genetic or pharmacological reduction of
mGIURS5 in Fmrl KO mice rescues the prolonged UP states in acute slices and in
vivo (Hays et al., 2011). To determine if altered mGIluR5-Homer interactions
contribute to altered neocortical circuit function and hyperexcitability in Fmrl
KO mice we measured spontaneously occurring UP states in acute slices from
somatosensory, barrel cortex using extracellular multiunit recordings (Sanchez-
Vives and McCormick, 2000). As previously reported (Gibson et al., 2008; Hays
et al., 2011), UP states are longer in slices of Fmrl KO mice in comparison to
WT littermates (WT: 797.4+31.47 ms, n=22 slices; Fmrl1-KO: 1212+87.9 ms,
n=13; Fig. 5A,B). In support for a role for altered Homer interactions, UP state
duration was shortened to WT levels by H1a deletion (Hla/Fmrl KO; 872.2+42.1
ms, n=44; Fig. 5A, B). Loss of Hla alone does not affect UP states, ruling out

general alterations in excitability (H1a-KO: 767.7+35.8 ms, n=18).

We next determined if CT peptide-mediated disruption of mGIluR5-Homer
was sufficient to prolong UP states in WT slices. Preincubation of WT

neocortical slices in CT peptide increased the duration of UP states in comparison
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to control peptide (MGIuUR5MU) treatment (WT+MU: 909.8+103.7 ms, n=13
slices; WT+CT: 1408.8+156.4 ms, n=15; Fig. 5C,D). Therefore, acute disruption
of mGIluR5-Homer complexes is sufficient to mimic the circuit hyperexcitability
in Fmrl KO mice. In contrast, mGIUR5CT had no effect on the duration of UP
states in Fmrl KO slices (KO+MU: 2014.9+117.9 ms, n=15; KO+CT:
1819.8+163.8 ms, n=12; Fig. 5C,D), likely because Homer complexes are already

disrupted in these mice.

H1la deletion reverses behavioral phenotypes in Fmrl KO

To determine if H1la deletion rescued any in vivo or behavioral phenotypes
in Fmrl KO mice, we measured the incidence of audiogenic seizures and anxiety
as measured using the open field activity test across the 4 genotypes. We chose
these phenotypes because they are robust in the C57BL6 strain of Fmrl KO mice
and sensitive to mGIuR5 antagonists (Dolen et al.,, 2010). Consistent with
previous reports, Fmrl KO display increased seizure incidence and severity
following exposure to a loud sound relative to WT and Hla KO mice whom
exhibited little or no incidence of seizure (Seizure score (0-3; 3 being most
severe; see methods); WT = 0.12+0.12; n = 16 mice; Hla KO = 0.04+0.04; n =
24; Fmrl KO=1.6 £0.2; n = 39; p< 0.001 (Fmrl KO vs. WT or Hla KO; Fig. 6A;
Supplementary Table 3)). Hla/Fmrl KO mice responded with a reduced

incidence and severity of seizure in comparison to Fmrl KO littermates
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(H1la/Fmrl KO mice = 1.1+0.2; n = 37; p < 0.05 (H1a/Fmrl KO vs. Fmrl KO)).
However, Hla/Fmrl KO mice displayed an increased level of seizures in
comparison to WT or Hla KO (p< 0.001; Fig. 6A). Such a partial rescue of the
audiogenic seizures by Hla deletion is similar to what is observed with genetic

reduction of mGIuR5 in Fmrl KO mice (Dolen et al., 2007).

As previously reported, Fmrl KO mice spend more time in the center of a
lit open field in comparison to WT littermates which has been interpreted as
reduced generalized anxiety in the mice(Liu and Smith, 2009) (Fig. 6B; WT =
8548 sec; n = 18 mice; Fmrl KO = 138+12; n = 24; p< 0.01). Hla KO mice were
not different than WT mice in this behavior (Hla KO = 7510 sec; n = 17).
Importantly, Hla/Fmrl KO behave as WT mice (Hla/Fmrl KO = 91+10 sec; n =
17), spending significantly less time than Fmrl KO mice (p< 0.01) in the center
of an open arena. There were no differences in locomotor activity between any
genotype (Supplementary Figure 4). Therefore, Hla deletion completely rescued
the open field activity phenotype and suggests that altered mGIuR5- Homer
interactions contribute to altered behavior in Fmrl KO mice and may be relevant

for altered behaviors in FXS patients.

Discussion

Two mechanisms for mGluR dysfunction in Fragile X Syndrome
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Here we demonstrate a causative role for reduced Homer scaffolds in
mGIuRS5 dysfunction in a model of human neurological disease. MGIURS
dysfunction in animal models of FXS is well established and genetic or
pharmacological reduction of mGIuR5 activity reduces or rescues many disease
phenotypes in animal models (Dolen et al., 2010) and most recently in patients
(Jacquemont et al., 2011). However, the molecular basis for mGIuR5 dysfunction
in FXS was essentially unknown. It has been suggested that loss of an FMRP
mediated translational ‘“brake” downstream of mGluR5 leads to enhanced
mGIuRS5 function (Bear et al., 2004; Dolen et al., 2010), but this mechanism
cannot account for the deficits in mGIuRS5 signaling or translation independent
dysfunction of mGIuR5 associated with FXS (Hays et al., 2011; Ronesi and
Huber, 2008a). Our results reveal two mechanisms for mGIuR5 dysfunction in
Fmrl KO mice. First, an imbalance of mGIuRS5 interactions from long to short
Homerla isoforms, leads to altered mGIuR5 signaling, enhanced basal translation
rates, neocortical hyperexcitability, audiogenic seizures and open field activity
(Supplementary Fig. 6A). Because Hla bound mGIuR5 is constitutively active or
agonist-independent, our results strongly suggest that the therapeutic action of
mMGIuURS5 inverse agonists, such as MPEP (Ango et al., 2001), in FXS phenotypes
are due, in part, to inhibition of Hla-bound, constitutively active mGIuRS5.
Second, our results reveal that disrupted Homer scaffolds in Fmrl KO mice

cannot account for altered mGIuR-LTD or abnormal translational control of
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FMRP target mRNAs (Fig. 4; Supplementary Fig. 6B) and implicate an essential
role for FMRP binding to and translational regulation of specific mRNAs in
MGIUR-LTD. The discovery that altered Homer scaffolds account for much of
the complex dysfunction of mGIuRS5 in FXS will help to develop alternative,
targeted therapies for the disease and provide mechanistic links to other genetic

causes of autism.

Homer scaffolds coordinate mGIuR regulation of translation
Our data demonstrate novel functional roles for Homer scaffolds in

coordination of mGIluR-stimulated translation by facilitating activation of the
PI3BK-mTOR pathway and translation initiation (Ronesi and Huber, 2008a), as
well as limiting activation of EF2K and subsequent inhibition of elongation (Figs.
1,2). Homer scaffolds with the PI3K enhancer (PIKE), a small GTPase which
binds and activates PI3K in response to mGIuR activation (Shiraishi-Yamaguchi
and Furuichi, 2007). The PI3K pathway stimulates mTOR to phosphorylate
elFAE binding protein (4EBP) which in turn releases elF4E to interact with elF4G
and form the elF4F translation initiation complex(Proud, 2007). Furthermore,
mTOR phosphorylates p70 S6K to stimulate translation of 5’ terminal
oligopyrmidine tract (5° TOP) mRNAs that encode ribosomes and translation
factors, thus increasing the translational capacity of the cell (Proud, 2007).
mGIuR activation of PI3K-mTOR-S6K pathway is blocked by mGIuR5CT and

the deficits in mGluR-activation of mTOR and initiation complex (elF4F)
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formation in Fmrl KO mice are restored by Hla deletion indicating a key role for
Homer scaffolds in mGIluR-stimulated translation initiation (Ronesi and Huber,

2008a).

Although somewhat counterintuitive, mGIuRs stimulate phosphorylation
of EF2 which in turn inhibits elongation rate (Park et al., 2008). EF2K and
moderate inhibition of elongation are necessary for mGluR-induced synthesis of
Arc, as well as mGIUR-LTD (Park et al., 2008). Submaximal inhibition of global
elongation may make available rate limiting factors to translate mMRNAs that are
poorly initiated and cannot compete effectively for these factors (Scheetz et al.,
2000). Long Homer interactions limit EF2K activation by mGIuRs and thus
would be expected to temper mGluR-mediated inhibition of general elongation,
and in turn, promote translation of poorly initiated mRNAs (Park et al., 2008).
Consequently, disruption of mGluR5-Homer enhances EF2K activity and would
be expected to strongly inhibit elongation and block translational activation.
Although we do not rescue abnormal mGIUR-LTD in Fmrl KO neurons by
deletion of Hla, in WT slices mGIuUR5Ct peptide treatment blocks mGIuR-
induced synthesis of Arc (Supplementary Fig. 1C) and mGIuR-LTD (Ronesi and
Huber, 2008a). These results indicate that in WT neurons, where mGIuR-LTD
requires de novo protein synthesis, mGluR5-Homer interactions are necessary to

properly stimulate translation and induce LTD.
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In Fmrl KO mice there is a deficit in mGIuR stimulation of PI3K-mTOR
and elF4F initiation complex formation, whereas EF2K activation is dramatically
enhanced.  These changes would be expected to block mGIluR-induced
translational initiation and strongly inhibit elongation. mGIuR-induced rapid
synthesis of many proteins (e.g. PSD-95, EFla, APP, Arc, CaMKII, MAP1b), is
absent in Fmrl KO mice (Bassell and Warren, 2008) that may be mediated, in
part, by disrupted mGluR-Homer scaffolds and altered signaling to translation
machinery. Alternatively or in addition, because FMRP interacts with these
mMRNAs, it is likely required for mGIluR-triggered translational activation of
specific target mRNAs (Bassell and Warren, 2008; Muddashetty et al., 2011).
The fact that H1a deletion rescues mGluR-mediated translation initiation complex
formation (Fig. 3D) but not synthesis of Arc (Fig. 4), suggests a requirement for

both mGIuR5-Homer scaffolds and FMRP in mGluR-triggered Arc translation.

Altered mGluR5-Homer scaffolds increase translation rates
Although there is a deficit in mGIuR agonist-stimulated translation in

Fmrl KO mice, steady state translation rates and levels of specific proteins are
elevated (Osterweil et al., 2010b; Sharma et al., 2010), thus reflecting the
complexity of translational control. Because one function of FMRP is to suppress
translation of its mMRNA targets (Bassell and Warren, 2008), an obvious
possibility was that the elevated protein synthesis rates and levels directly result

from loss of FMRP-mediated suppression of mRNA targets. In support of this
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hypothesis, Hla deletion does not reverse enhanced protein levels of Maplb and
CaMKII (Fig. 4). However, elevated total protein synthesis rates and translation
initiation (elF4F) complexes were rescued by Hla deletion and mimicked in WT
mice by mGIuR5CT peptide treatment (Fig. 3). Thus, increased steady state
translation rates in Fmrl KO tissue are a result of altered mGIluR5-Homer
scaffolds that are a secondary consequence of FMRP loss. Elevated protein
synthesis rates in Fmrl KO hippocampal slices are reversed by the genetic
reduction of mGIuR5 (Grmb5het), the mGIuR5 inverse agonist MPEP, and
inhibitors of ERK (Dolen et al., 2010; Osterweil et al., 2010b) (Fig. 3C). In Fmrl
KO cortical lysates, we observed enhanced phosphorylation of translation
initiation factors that are downstream of ERK (elF4E and 4EBP) which was
reversed by Hla deletion (Fig. 3E). Furthermore, blocking mGIuRS5 activity with
MPEP strongly reduced P-elF4E and P-4EBP in Fmrl KO, but not WT,
hippocampal slices (Fig. 3F). Together these results suggest that Hla-bound and
constitutively active mGIuR5 in Fmrl KO neurons (Ango et al., 2001) drives
ERK-dependent phosphorylation of elF4E and 4EBP which enhances elF4F
initiation complex formation and translation rates. Because we do not observe an
effect of Fmrl KO or MPEP on Phospho-ERK levels as detected by western blot,
this suggests that mGIuR5 drives ERK activity that is either not detectable by
phosphorylation at T202/Y204 and/or regulates accessibility of elF4E and 4EBP

to ERK.
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In contrast to hippocampus, recent results from neocortical
synaptoneurosomes of Fmrl KO mice demonstrate a role for PI3K activity in
enhanced protein synthesis rates (Gross et al., 2010). We observed that the PI3K
inhibitor wortmannin equalized translation rates between WT and Fmrl KO
hippocampal slices, but this was because wortmannin increased translation rates
in WT, but not Fmrl KO, slices (Supplementary Fig. 4). Furthermore, elevated
basal phosphorylation of PI3K, mTOR and 4EBP (at the mTOR sites) was
recently reported in fresh hippocampal lysates of Fmrl KO mice, perhaps a result
of increased PIKE levels (Osterweil et al., 2010b; Sharma et al., 2010). Although
we are unable to detect elevated basal activation of PI3K-mTOR pathway in our
slice preparation (Ronesi and Huber, 2008a) (Supplementary Table 2), persistent
activation of downstream effectors of PI3K and mTOR together with constitutive
mGIuR5-driven ERK may elevate translation rates in Fmrl KO. P-EF2 levels
are unchanged in Fmrl KO slices (Supplementary Table 2) suggesting that basal
or constitutive mGIuR5 activity is not sufficient to activate EF2K. The detailed
mechanisms by which ERK, PI3K and mTOR, and EF2K contribute to elevated,
basal protein synthesis rates in Fmrl KO mice requires further study and may

differ depending on the brain region, subcellular compartment or preparation.

An essential role for FMRP in proper regulation of LTD
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Hla deletion and restoration of mGIluR5-Homer scaffolds in Fmrl KO
mice did not rescue the protein synthesis independence of mGIuR-LTD nor
elevated steady state protein levels of FMRP target mRNAs, MAP1b and
aCaMKII (Fig. 4). This supports the hypothesis that the protein synthesis
independence of mGIuR-LTD in Fmrl KO mice is a result of loss of FMRP-
mediated translational suppression of LTD promoting proteins, such as Maplb
(Waung and Huber, 2009). Because Hla deletion rescued the elevated **S Met
incorporation, but not altered mGIuR-LTD and enhanced MAP1b and CaMKIlI
levels, this suggests that altered LTD and elevated Maplb and CaMKII are not a
result of elevated total protein synthesis rates. Furthermore, the fact that mGIluR-
triggered Arc synthesis was not rescued by Hla deletion supports an essential role
for FMRP in mGluR-triggered translational activation of Arc. Recent work has
implicated mGIluR-triggered dephosphorylation of FMRP in translational
activation of FMRP target mRNAs, such as SAPAP3 and PSD-95 (Bassell and

Warren, 2008; Muddashetty et al., 2011).

Altered mGluR5-Homer and neocortical network dysfunction
Altered neocortical circuit function and hyperexcitability have been

predicted to contribute to cognitive disorders and autism (Rubenstein and
Merzenich, 2003; Uhlhaas and Singer, 2006). The epilepsy and EEG
abnormalities observed in FXS patients are indicative of brain hyperexcitability

(Berry-Kravis, 2002; Dolen et al., 2010). Furthermore, FXS patients display
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hypersensitivity to sensory stimuli, and Fmrl KO mice have audiogenic seizures
reflecting hyperexcitability of sensory circuits (Berry-Kravis, 2002; Dolen et al.,
2010). Although UP states are a normal physiological rhythm and are not
epileptiform activity, they provide an effective readout of the state of circuit
function and excitability (Sanchez-Vives and McCormick, 2000). Furthermore,
UP states underlie the slow oscillations that occur during slow wave sleep and are
implicated in memory consolidation as well as sensory processing in waking
states (Haider and McCormick, 2009). Therefore, altered neocortical UP states in
the Fmrl KO (Gibson et al., 2008; Hays et al., 2011) may be relevant to the

sensory processing and cognitive abnormalities in FXS patients.

Our findings indicate that the longer UP states in Fmrl KO neocortex are
mediated by enhanced, likely constitutive, activity of Hla-bound mGIuR5(Hays
et al., 2011). In support of this conclusion, prolonged UP states in the Fmrl KO
are reversed by genetic or acute, pharmacological blockade of mGIuR5 (Hays et
al., 2011) and genetic deletion of Hla (Fig. 5A). Peptide-mediated disruption of
mGIuR5-Homer interactions prolongs UP states in WT, but not Fmrl KO, slices
(Fig. 5C) which suggests that regulation of Homer scaffolds, by Hla or other
means, may regulate neocortical slow oscillations in the normal brain.
Interestingly, Hla is induced in neocortex with sleep deprivation and contributes
to the homeostatic increase in slow wave sleep that occurs in response to sleep

deprivation (Mackiewicz et al., 2008). Consequently, altered UP states, Homer
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interactions and responses to Hla may contribute to the reported sleep problems

in FXS patients (Hagerman, 2002).

How does mGIuR5 activity lead to longer UP states? Prolonged UP states
are not due to mGIluR5-driven translation because the protein synthesis inhibitor
anisomycin does not affect UP state duration in either WT or Fmrl KO slices
(Hays et al., 2011). Therefore, mGIuR5 activity likely leads to prolonged UP
states through posttranslational regulation of the intrinsic excitability and/or

synaptic function of neocortical neurons.

Altered behavior in Fmrl KO mice is rescued by H1la deletion
Genetic reduction of mGIuR5 (heterozygosity), or Hla deletion,

completely rescue neocortical hyperexcitability (e.g. long UP states) in Fmrl KO
mice, but only partially rescue audiogenic seizures (Fig. 6A) (Dolen et al., 2007;
Hays et al., 2011). This suggests that hyperexcitability in other brain regions,
such as the auditory brain stem, also contribute to audiogenic seizures in Fmrl
KO mice, through mGIuR5 and Hla independent mechanisms (Brown et al.,
2010). Importantly, mGIuR5 antagonism and H1la deletion (Fig. 6B) rescue the
increased open field activity in Fmrl KO mice suggesting that abnormal Homer
scaffolds contribute to behavioral symptoms associated with FXS and may
represent a new therapeutic target for the disease. In contrast to initial

studies(Dolen et al., 2010; Dolen et al., 2007; Osterweil et al., 2010b), recent
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reports have failed to rescue some Fmrl KO mouse behaviors by reduction of
MGIUR5 activity(Thomas et al., 2011a; Thomas et al.,, 2011b), suggesting
mGIuR5-independent mechanisms in FXS pathology. Interestingly, in these
studies inhibition of mGIuR1 proved efficacious in reducing some Fmrl KO
phenotypes (Thomas et al., 2011a; Thomas et al., 2011b). MGIuR1a, is a Homer
binding protein, and mGluR1a-Homer scaffolds may also be affected in Fmrl KO
mice. Alternatively, because of the diverse mMRNA targets of FMRP (Darnell et
al., 2011) other signaling pathways are likely affected in FXS. However, because
mGIuUR5 antagonism has proven effective in some FXS patients (Jacquemont et
al., 2011) the understanding mGIuR5 function in the normal brain and its
dysfunction in FXS may provide additional and more targeted treatments for the

disease and provide insight into autism.

For the phenotypes we studied here, Hla deletion had no effect on the WT
background, but only on the Fmrl KO background. This is likely because Hla
expression is typically low under basal conditions and is strongly induced in
response to neuronal activity and experience (Shiraishi-Yamaguchi and Furuichi,
2007). The effects of H1a induction in WT mice are expected to be mimicked by
the mGIuRS5CT peptide, where we observe effects on mGIuRS5 signaling, protein
synthesis rates, LTD (Ronesi and Huber, 2008a) and UP state duration (Figs.
1,3,5). In contrast, CT peptide had no effect on these measures in Fmrl KO mice

(Ronesi and Huber, 2008a) (Figs. 3,5) . Therefore, we would expect that
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experience-dependent Hla induction would affect mGIuR5 function in WT, but
not Fmrl KO mice. Such insensitivity to experience-induced Hla could
contribute to deficits in experience-dependent plasticity associated with FXS

(Dolen et al., 2007).

Mechanism of disrupted Homer scaffolds in Fmrl KO
How does loss of FMRP lead to altered mGluR5-Homer scaffolds?

Protein levels of long Homers and Hla are unchanged in total homogenates of
Fmrl KO hippocampi (Giuffrida et al., 2005) (Supplementary Fig. 2) and FMRP
is not reported to interact with mRNA for any Homer isoforms (Darnell et al.,
2011). Previous work reported a decrease in Tyr phosphorylation of long Homer
in Fmrl KO forebrain (Giuffrida et al., 2005), but it is unknown if or how this
affects interactions with mGIuR5.  Phosphorylation of Homer3 regulates
interactions with other Homer effectors (Huang et al., 2008a; Mizutani et al.,
2008). Similarly, phosphorylation of mGIuR5 at the C-terminal Homer
interaction domain reduces the affinity of mGIuR5 for Homer (Orlando et al.,
2009). Therefore, posttranslational modification of mGIuR5 and/or Homer in

Fmrl KO mice may underlie the decreased interactions.

Disrupted or destabilized synaptic scaffolds that affect Homer and/or
mGIuR5 may also contribute more generally to cognitive disorders and autism
behaviors. Mutations in the Homer binding domain of SHANK3 and the Homer

binding protein oligophrenin 1 are implicated in autism and intellectual disability,
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respectively (Bangash et al., 2011a; Billuart et al., 1998). Expression of a
truncated SHANKS3 without the Homer binding domain in mice results in
degradation of SHANKS and autistic behaviors in mice. Importantly, reduction
of long Homers or induction of Hla recapitulates the degradation of synaptic
SHANKS3 (Bangash et al., 2011a). An interesting possibility is that mGIuR5
dysfunction, of the kind we describe here, may occur in individuals with

mutations in SHANKS3 or other genes that destabilize Homer scaffolds.
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Figure 2.1: Peptide- mediated disruption of mGIluR5-Homer scaffolds in
wildtype mice hippocampus bidirectionally regulates group 1 mGIuR
signaling to translation initiation and elongation.
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Figure 2.1: Peptide- mediated disruption of mGIluR5-Homer scaffolds in
wildtype mice hippocampus bidirectionally regulates group 1 mGIuR
signaling to translation initiation and elongation. A. Pretreatment of acute
hippocampal slices from wildtype (WT) mice with a tat-fused peptide containing
the Homer binding motif of the mGIURS (tat-mGIuR5CT; CT;
YGRKKRRQRRR-ALTPPSPFR; 5 hours; 5 pM) reduces mGIluR5-Homer
interactions as determined using co-immunoprecipitation (co-IP) with a Pan-
Homer antibody and immunoblotting for mGIuR5. A control peptide containing
point mutations in the Homer binding motif (tat-mGIluR5-MU;
YGRKKRRQRRR-ALTPLSPRR; 5 hours; 5 uM) has no effect on mGIuR5-
Homer co-IP in comparison to untreated slices (”-°). One-half of the input for the
co-IP was run on separate blots. B-E. Disruption of mGIluR5-Homer interaction
alters signaling to translation. Western blots of (B) phosphorylation of mTOR
(S2448), (C) phosphorylation of S6K (T389), (D) phosphorylation of ERK
T202/Y204 and (E) phosphorylation of EF2 (T56), in the basal (B) condition and
DHPG (D) treated hippocampal slices (100 uM; 5 min) from WT mice. Slices
were pretreated with the CT or MU peptide as indicated.  Left: Representative
Western blots of each phosphorylated and total protein as well as B-tubulin in the
conditions as indicated. Right: Group data (averages + SEM) of each protein
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monitored (phosphorylated/total) (normalized to basal, or untreated, slices from
the same mouse). n = 4-15 slices/per condition from 3-8 mice. *p< 0.05; **p <
0.01. Full length western blots for this figure are shown in Supplementary Fig. 7.
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Figure 2.2. mGIluR5-Homer scaffolds and Group 1 mGIuR signaling are
altered in Fmrl KO mice and rescued by genetic deletion of Homerla.
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Figure 2.2. mGIluR5-Homer scaffolds and Group 1 mGIuR signaling are
altered in Fmrl KO mice and rescued by genetic deletion of Homerla. A.
Decreased mGIluR5-long Homer interactions in Fmrl KO hippocampus are
restored to WT levels in the Hla/Fmrl double knockout littermates. The level of
mGIuR5 that coimmunoprecipitated with Homer was quantified and normalized
to levels of immunoprecipitated Homer. Left: Representative blots from 1 set of
littermates reveals a decrease in Homer/mGIuR5 in Fmrl KO that is reversed in
the Hla/Fmrl KO. One-fifth of the input for the immunoprecipitation was run on
separate blots and demonstrates normal levels of mGIuR5 and Homer across all
genotypes. Right: Group data from independent co-IPs in 4 litters reveals a
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reliable decrease in mGIluR5-Homer co-IP in Fmrl KO mice and rescue by Hla
deletion. B. Treatment of acute hippocampal slices from littermates of each of
the four genotypes with DHPG (100 pm; 5 min) reveals a deficit in
phosphorylation of p70S6K in Fmrl KO mice that is restored to wildtype levels
in Hla/Fmrl KO. Left: Representative Western blots of P-S6K and total ERK
(loading control) in the basal (B) condition and DHPG (D) treated slices. Right:
Group data of P-S6K/ERK (normalized to basal levels in untreated slices from the
same mouse). n = 14-21 slices/per condition from 14-21 mice. C. DHPG induced
P-EF2 is enhanced in Fmrl KO slices, an effect that is reversed in the Hla/Fmrl
KO. Left: Representative western blot of P-EF2 and B-tubulin in the basal (B), or
untreated, condition and DHPG (D) treated slices from each genotype. Right:
Group data (averages = SEM) for P-EF2/tubulin (normalized to basal levels). n =
6-7 slices and mice per genotype). *p< 0.05, **p< 0.01; ***p<0.001. Full
length western blots for this figure are shown in Supplementary Fig. 8.
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Figure 2.3: Altered mGIluR5-Homer scaffolds in Fmrl KO mice mediate
enhanced basal translation rates and initiation complex formation.
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Figure 2.3: Altered mGIluR5-Homer scaffolds in Fmrl KO mice mediate
enhanced basal translation rates and initiation complex formation. A. Acute
hippocampal slices from Fmrl KO mice display elevated protein synthesis rate in
comparison to WT littermates as measured by incorporation of **S Met/Cys into
total protein (n = 14 slices from 7 mice/genotype). Elevated protein synthesis
rates in Fmrl KO slices are reversed by Hla deletion (Hla/Fmrl KO; n = 7
slices/ 4 mice), whereas Hla KO alone (n = 8 slices/4 mice) has no effect. B.
Pretreatment of WT hippocampal slices with mGIUR5CT (CT; 5 uM; 5 hours; n =
16 slices/4 mice) enhanced **S Met/Cys incorporation in comparison to control
(mGIUR5MU; MU; n = 16 slices/ 4 mice) peptide. In contrast, pretreatment of
Fmrl KO hippocampal slices (n = 15 slices/ 4 mice) with CT peptide had no
effect. C. Preincubation of WT or Fmrl KO slices with an inhibitor of the
upstream kinase of ERK (MAP/ERK kinase; MEK) U0126 (20 uM; 30 min) prior
to 3°S Met/Cys incorporation (n = 12 slices/ 6 mice per condition) equalizes
protein synthesis rates. D;. Representative Western blots of elF4E that co-
immunoprecipitated with elF4G from hippocampal slices reveal that DHPG (D)
induces an increase in elFAE association with elF4G, forming the translation
initiation (elF4F) complex, in WT but not in Fmrl KO littermates despite an
elevated level of elF4F complex under basal (B) conditions. Hla deletion alone
has no effect on elFAE/AG levels under basal or DHPG stimulated conditions,
whereas, H1la deletion on the Fmrl KO background reverses the enhanced elF4F
complex levels and restores DHPG induced elF4F complex formation. D..
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Quantified group data of the levels of elF4E that coimmunoprecipitated with
elF4G (elFAE/AG) in DHPG treated samples (normalized to the levels of
elFAE/AG in basal, or untreated slices). n = 3 mice per genotype. E;.
Representative Western blots of phospho- and total ERK and translation initiation
factors that are regulated by ERK, (phospho- and total elFAE and 4EBP) from
cortical homogenates in each of four genotypes. E,. Quantified group data
reveals elevated P-4EBP and P-elF4E in Fmrl KO brains as compared to WT,
which is rescued by Hla deletion. P-ERK levels were not different across any
genotype (n = 4-6 mice per genotype). F;. Representative Western blots from
acute hippocampal slices prepared from WT and Fmrl KO mice treated with
MPEP (10 pM) or vehicle (H,O). F,. Quantified group data of the level of
phosphoproteins in MPEP treated slices expressed as a percent of basal
(untreated) slices reveals a genotypic difference in P-4EBP (S65) and P-elF4E,
but not P-ERK (n = 2 slices/mouse; 4- 8 mice/condition). *p< 0.05; **p< 0.01,;
***p<0.001. Full length western blots for this figure are shown in
Supplementary Fig. 9.
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Figure 2.4: Genetic deletion of Homerla does not reverse the protein
synthesis-independence of mGluR-induced LTD or altered protein levels of

FMRP target mRNA:s.
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Figure 2.4: Genetic deletion of Homerla does not reverse the protein
synthesis-independence of mGluR-induced LTD or altered protein levels of

FMRP target mRNA:s.

A. Brief DHPG (100 puM; 5 min) induces long-term

depression (LTD) of synaptic transmission in WT hippocampal slices that is

reduced by the protein synthesis inhibitor cycloheximide (60uM;

p<0.01).

Plotted are group averages of field excitatory postsynaptic potential (fEPSPs)
slope (averagexSEM) normalized to pre-DHPG baseline as a function of time.
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Inset, average of 10 fEPSPs taken during the baseline period (1) and 55-60 min
after DHPG treatment (2). Calibration = 0.5 mV, 5 ms. B, C. In Fmrl KO and
Hla/Fmrl KO mice, DHPG-induced LTD is unaffected by cycloheximide. D.
In Hla KO DHPG-induced LTD is normal and blocked by cycloheximide (p <
0.05). n = number of slices. E. Maplb and aCaMKI| levels are elevated in Fmrl
KO mice, and are unaffected by Hla deletion. Left: Representative western blots
of Maplb, aCaMKII and actin (loading control) from hippocampal homogenates
of each genotype. Right: Quantified group data of MAP1b/actin and
aCaMKIlI/actin ratios in each genotype. (MAP1b/actin ratio; WT = 0.92+0.06;
Fmrl KO = 1.440.1; Hla KO = 0.8+0.06; Hla/Fmrl KO = 1.28+0.08;
aCaMKlI/actin ratio;, WT = 1.0+0.04; Fmrl KO = 1.23+0.02; Hla KO =
1.0+0.03; Hla/Fmrl KO = 1.17+0.01; n = 3-4 mice per genotype). F. DHPG-
induced Arc synthesis is deficient in Fmrl KO mice and is not rescued by Hla
deletion. Left: Representative western blots of basal (B) Arc levels and DHPG
(D) induced Arc from hippocampal slices of each genotype. Full length western
blots for this figure are shown in Supplementary Fig.10. Group averages reveal a
deficit in DHPG-induced Arc synthesis slices taken from Fmrl KO (n = 10 mice)
and Hla/Fmrl KO (n = 11) mice. DHPG induces Arc synthesis in both WT (n =
12) and Hla KO (n = 14) littermates. *p< 0.05; **p< 0.01; ***p<0.001.
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Figure 2.5. Disruption of mGIluR5-Homer interactions mediates prolonged
neocortical UP states in Fmrl KO mice.
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Figure 2.5. Disruption of mGIluR5-Homer interactions mediates prolonged
neocortical UP states in Fmrl KO mice. A,B. Genetic deletion of Hla rescues
prolonged UP states in the Fmrl KO. A. Representative extracellular multiunit
recordings of spontaneous, persistent activity or UP states from layer 4 of
somatosensory, barrel neocortical slices from each genotype. B. Group averages
reveal that the UP state duration is prolonged in the Fmrl KO slices (n = 13) in
comparison to WT (n = 22) UP state duration in the Hla/Fmrl KO (n = 44 slices)
is reduced from the Fmrl KO and is not different from WT. There is no
difference between WT and H1a single KO (n = 18), suggesting that the rescue is
dependent on Fmrl, and not a general decrease in excitability due to loss of Hla.
C. Representative UP state recordings from WT and Fmrl KO slices treated with
the appropriate peptide. D. Pretreatment of WT neocortical slices with
MGIURSCT peptide (CT; 4 hours; 5 pM; n = 15 slices) to acutely disrupt
mGIuR5-Homer interactions increases UP state duration in comparison to slices
pretreated with control (mGluR5SMU; MU; 5 uM; n = 13) peptide. In contrast,
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treatment of Fmrl KO slices (n = 12) with CT peptide had no effect on UP state
duration in comparison to MU treated slices (n = 15). **p<0.01; ***p<0.001.
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Figure 2.6. Homerla deletion reduces audiogenic seizures and corrects open
field activity in the Fmrl KO.
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Figure 2.6. Homerla deletion reduces audiogenic seizures and corrects open
field activity in the Fmrl KO. A. The incidence and severity of audiogenic
seizures was scored as described in methods. Fmrl KO mice have an increased
seizure score that was reduced in Hla/Fmrl KO mice. (N = 16, 39, 24, 37 mice
for WT, Fmrl KO, Hla KO and Hla/Fmrl KO, respectively). B. Open field
activity, measured as time spent in the center of a lit open arena was increased in
Fmrl KO mice and reversed to WT levels in the Hla/Fmrl KO mice. (N = 18,
24, 17, 17 mice for WT, Fmrl KO, Hla KO and Hla/Fmrl KO, respectively)
*p< 0.05; **p< 0.01; ***p<0.001.
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Supplementary Table 2.1: mGIUR5CT peptide treatment does not affect the
basal levels of phosphoproteins examined or total levels of EF2 or Arc in
comparison to mGIuR5MU.

Wildtype mouse slices | MU CT
Basal Mean | SEM | Mean | SEM | n
P-mTOR/mTOR 1.39 0.37 2.08 0.64 15
P-p70S6K/p70S6K 1.07 |04 089 |[016 |7
P-EF2/EF2 0.97 146 | 0.7 0.69 14
P-ERK/ERK 0.4 011 | 048 |013 |4
Rat slices MU

Basal DHPG
Basal (% of
MU) Mean | SEM | n | Mean | SEM | n
P-EF2 100 9 13
Total EF2 100 11 9 116 18 10
Arc 100 5 11
Rat slices cT

Basal DHPG
Basal (% of
MU) Mean | SEM | n | Mean | SEM | n
P-EF2 121 24 13
Total EF2 131 16 10 | 98 8 9
Arc 102 10 14

Supplementary Table 2.1: mGIuUR5CT peptide treatment does not affect the
basal levels of phosphoproteins examined or total levels of EF2 or Arc in
comparison to mGIuR5MU. Related to Figure 2.1. Upper: Quantitative western
blotting of acute hippocampal slices from WT mice demonstrates that mGIUR5CT
peptide (CT) treatment has no effect on basal levels P-mTOR, P-p70S6K, P-EF2
and P-ERK in comparison to mGIuR5MU (MU) control peptide treated slices.
For this analysis phosphoprotein levels were normalized to total protein levels
from the same slice homogenates (e.g. P-mTOR/mTOR), each of which was first
normalized to tubulin loading control. Lower: mGIuR5CT peptide treatment of
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rat hippocampal slices has no effect on basal levels of Phospho-EF2, total EF2, or
Arc in comparison to MU treated slices. Previous work demonstrated no effect of
the CT peptide basal Phospho or total S6K (Ronesi and Huber, 2008a). DHPG
treatment does not affect total EF2 levels. Data is normalized to within animal,
mMGIUR5MU peptide treated slices and expressed as the mean = SEM; n = # slices.
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Supplementary Figure 2.1. Disruption of mGIuR5-Homer scaffolds in rat
hippocampal slices bidirectionally regulates mGIuR signaling to translation

initiation and elongation and blocks synthesis of Arc.
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Supplementary Figure 2.1. Disruption of mGIluR5-Homer scaffolds in rat
hippocampal slices bidirectionally regulates mGIuR signaling to translation
initiation and elongation and blocks synthesis of Arc. Related to Fig. 2.1 A.
Pretreatment of rat hippocampal slices with a peptide that disrupts mGIuR5-
Homer interactions (tat-mGIUR5CT; CT; 5 hours; 5 puM) results in enhanced
DHPG-induced (100 pM; 5 min) phosphorylation of EF2 in comparison to slices
treated with a control peptide that does not disrupt mGluR5-Homer interactions
(tat-mGIuR5MU; MU) (CT; 2876+633% of basal; n = 7 rats; MU; 1060£87% of
basal; n = 6). Left: Representative western blot of Thr56 phosphorylated (P)-EF2
and B-tubulin (loading control) in the basal (B), or untreated, condition and
DHPG (D) treated slices. Right: To obtain group data for panels A-C, in each rat,
levels of P-EF2 or P-p70S6K or Arc in DHPG treated slices were normalized a
loading control (tubulin or actin) and expressed as a percentage of basal levels (as
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measured in untreated slices) and averaged across animals. B. For a subset of the
samples analyzed in panel A, DHPG-induced Thr389 phosphorylation of p70S6K
was evaluated. MU pretreated slices exhibited robust DHPG- induced
phosphorylation of p70S6K, whereas in CT pretreated slices DHPG induced P-
p70S6K was blocked (CT; 91+£15% of basal, n=5; MU: 337£83% of basal, n=4).
C. In a separate set of animals, DHPG-induced increases in total Arc protein is
blocked with CT peptide (CT: 95£7% of basal, n=7; MU: 122+5% of basal, n=7).
*p< 0.05.
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Supplementary Table 2.2: Hla or Fmrl genotype does not affect basal
levels of P-p70S6K, P-EF2 or total EF2.

WT Fmrl KO
% of WT | Mean | SEM | n | Mean | SEM | n
P-p70S6K | 100 9 12 | 125 23 13
P-EF2 100 11 9 86 16 9
T-p70S6K | 100 5 4 101 5 4
Hla KO Hla/Fmrl KO
% of WT | Mean | SEM | n | Mean | SEM | n
P-p70S6K | 90 7 13 | 123 25 11
P-EF2 89 25 8 | 106 16 8
T-p70S6K | 102 10 4 102 9

WT Fmrl KO
% of WT basal | Basal DHPG Basal DHPG
Mean | SEM |n | Mean | SEM | n | Mean | SEM | n| Mean | SEM | n
T-EF2 100 |7 5(130 |15 5(94 19 5(109 |31 |4
Hla KO Hla/Fmrl KO
% of WT basal | Basal DHPG Basal DHPG
Mean | SEM | n | Mean | SEM | n | Mean | SEM | n | Mean | SEM |n
T-EF2 118 |29 41120 |24 5(117 |13 41141 |22

Supplementary Table 2.2: Hla or Fmrl genotype does not affect basal
levels of P-p70S6K, P-EF2 or total EF2. Upper: Basal levels of phosphorylated
or total EF2 or p70S6K are not different in acute hippocampal slices across
genotypes (WT, Fmrl KO, Hla KO, or Hla/Fmrl KO). Data is normalized to
levels in slices from WT littermates and expressed as the mean = SEM; n = #
slices. Lower: There is no effect of genotype or DHPG treatment on total EF2
levels in acute hippocampal slices. Data is normalized to levels from untreated
slices of WT littermates and expressed as the mean + SEM; n = # slices.
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Supplementary Figure 2.2: Hla-mGIuRS5 interactions are elevated in Fmrl

KO mice, but total levels of H1a, long Homers or mGIuR5 are unchanged.
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Supplementary Figure 2.2: Hla-mGIuRS5 interactions are elevated in Fmrl
KO mice, but total levels of Hla, long Homers or mGIuR5 are unchanged.
Related to Figure 2.2. A. mGIuR5-Homerla interactions are increased in
hippocampal homogenates of Fmrl KO mice. Homerla was immunoprecipitated
from total mouse hippocampal lysate. The level of mGIuRS5 that
coimmunoprecipitated with Homerla was quantified and normalized to levels of
immunoprecipitated Homerla. Arrowhead indicates specific Hla band that is
absent in the Hla KO lysates. There is a low level of mGIuR5 that
nonspecifically pulls down with goat IgG. Group data from 4 set of littermates
reveals an increase in Homerla/mGIuR5 in Fmrl KO. *p< 0.05. B. Total
mGIuR5 and long Homer (with pan-Homer antibody) is normal in WT, Fmrl KO,
Hla KO and Hla/Fmrl KO. C. Homerla protein levels (normalized to actin) are
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unaffected in total lysates of whole hippocampus of Fmrl KO mice. D.
Quantitative RT-PCR hippocampal Hla and GAPDH mRNA reveal there is no
change in Hla mRNA levels in Fmrl KO mice. Note: Homogenates prepared
from H1la KO mice demonstrate the specificity of the Hla RT-PCR primers.
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Supplemental Figure 2.3: Effects of the PI3K inhibitor, wortmannin, on
protein synthesis rates in WT and Fmrl KO hippocampal slices.
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Supplemental Figure 2.3: Effects of the PI3K inhibitor, wortmannin, on
protein synthesis rates in WT and Fmrl KO hippocampal slices. Related to
Figure 2.3C. Acute hippocampal slices from Fmrl KO mice display elevated
protein synthesis rate in comparison to WT littermates as measured by
incorporation of %S Met/Cys into total protein. Slices from WT or Fmrl KO
mice were preincubated in the PI3K inhibitor wortmannin (100 nM; 30 min) prior
to **S Met incorporation (n = 12 slices/ 6 mice per condition). Inhibition of PI3K
using wortmannin (100 nM) pathway equalizes protein synthesis rates between
WT and Fmrl KO slices, but this may be due to an increase in protein synthesis
rates in WT slices (p< 0.05; t-test), as opposed to a decrease of protein synthesis
rates in Fmrl KO slices.
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Supplementary Figure. 2.4. Inhibition of ERK activation in hippocampal
slices reduces or abolishes phosphospecific antibody detection of P-ERK,
P(S209) el F4E, and P(65) 4EBP

A. B.
Vehicle U0126

P-ERK1/2 a i WT Fmrl KO
. MPEP | % of Basal | SEM | % of Basal | SEM
ERK112 a — ERK | 81 2 | 106 14
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sz o
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Supplementary Figure. 2.4. Inhibition of ERK activation in hippocampal
slices reduces or abolishes phosphospecific antibody detection of P-ERK,
P(S209) elF4E, and P(65) 4EBP. Related to Fig. 2.3. Acute hippocampal slices
from WT mice were preincubated in the MEK inhibitor U0126 (20 uM) or
vehicle (0.01% DMSO) for 30 min prior to lysis and western blotting. B. MPEP
treatment of hippocampal slices from WT or Fmrl KO mice has no effect on
total levels of ERK, elF4E or 4EBP. Related to Fig. 2.3F. Acute hippocampal
slices were incubated in MPEP (10 puM) or untreated (basal). Total protein levels
for ERK, elF4E, 4EBP were normalized to a loading control (tubulin) on the same
blot each for MPEP and untreated slices. Representative blots of this data are
shown in Fig. 3F;. (n = 2 slices/mouse; 4- 8 mice/condition).
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Supplemental Figure 2.5: Fmrl, Hla, or Hla/Fmrl KO do not affect
locomotor activity and therefore do not underlie the rescue of open field
activity.
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Supplemental Figure 2.5: Fmrl, Hla, or Hla/Fmrl KO do not affect
locomotor activity and therefore do not underlie the rescue of open field
activity. Related to Fig. 2.6. Locomotor activity, as measured by number of
beam breaks per unit time, is unaffected by Fmrl KO, Hla KO or Hla/Fmrl KO.
N = # of mice is indicated on each bar.
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Supplementary Table 2.3.
KO, Hla KO and Hla/Fmrl KO genotypes.

Seizure occurrence and severity in WT, Fmrl

Wwild Seizure Status
% Incidence
running (clonic/tonic) Epilepticus
WT 1/17 1/17 0/17 5.8%
Fmrl KO 29/41 25/41 14/41 61.0%
Hla KO 1/24 0/24 0/24 0.0%
Hla KO/Fmrl
20/38 13/38 8/38 34.2%*
KO

Supplementary Table 2.3. Seizure occurrence and severity in WT, Fmrl
KO, Hla KO and Hla/Fmrl KO genotypes. * p< 0.05 Fisher’s Exact test.
Related to Fig. 2.6.
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Supplementary Figure 2.6. Model illustrating two mechanisms for mGIuR5
dysfunction in Fragile X Syndrome A. An altered balance of long and short
Homer isoforms bound to mGIuR5 accounts for many Fmrl KO mouse
phenotypes.
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Supplementary Figure 2.6. Model illustrating two mechanisms for mGIuR5
dysfunction in Fragile X Syndrome A. An altered balance of long and short
Homer isoforms bound to mGIuR5 accounts for many Fmrl KO mouse
phenotypes. There is a competition and equilibrium and between long and short
Homer (Homerla) isoforms bound to mGIuR5. When bound to the long Homer
isoforms, mGIuR5 is scaffolded to its effectors (other Homer interacting proteins)
and normally gated by glutamate. Free mGIuR5 (no Homer bound) or H1a bound
mGIuR5 is uncoupled from its effectors and constitutively active (MGIUR5“")
(Ango et al.,, 2001) . Therefore, free mGIuR5 and Hla bound mGIuR5 are
functionally equivalent. In WT mice, there is more mGIuR5 bound to long
Homer isoforms, in comparison to WT mice (Fig. 2.2A). In contrast, in Fmrl KO
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mice, more mMGIUR5 is bound to the short Homer isoform, Homerla
(Supplementary Fig. 2.2). The imbalance in long Homer and H1a bound mGIuR5
in Fmrl KO mice can be reversed by genetic deletion of Hla which reestablishes
the normal levels of long Homer bound mGIuR5, mGIuR5 signaling (Fig. 2.2)
and many Fmrl KO phenotypes. (Figs. 2.3, 5, 6). In WT mice, a peptide
consisting of the C-terminal Homer interacting motif of mGIUR5 (mGIuR5CT)
disrupts both short and long Homer interactions with mGIuR5 and shifts the
balance from long Homer bound mGIuR5 to free mGIuR5 which would be
expected to mimic Hla bound mGIuR5 with respect to decreased scaffolding to
effectors and constitutive activity. mGIUR5CT peptide mimics the altered
mGIuR5 signaling, enhanced protein synthesis rates and neocortical
hyperexcitability observed in Fmrl KO mice (Figs. 2.1, 3,5). B. Alterations in
MGIUR-LTD are hypothesized to be due to loss of FMRP-mediated
translational control of dendritic mMRNAs such as Arc and Maplb and not
altered mGIluR5-Homer scaffolds. In WT mice, brief activation of mGIuR5
causes a rapid endocytosis of postsynaptic AMPARs (primarily GIuAl) as well
translation of Arc and Maplb which are required for LTD and/or the prolonged
decrease in surface AMPARs (Davidkova and Carroll, 2007; Waung and Huber,
2009). FMRP interacts with Arc and Maplb mRNA and is thought to suppress
steady state translation of these and perhaps other LTD promoting proteins
(reviewed in (Waung and Huber, 2009)). mGIuRs rapidly stimulate
dephosphorylation of FMRP through PP2A as well as ubiquitylation and
degradation of FMRP which results in translational activation of FMRP
interacting mRNAs (Muddashetty et al., 2011) (reviewed in (Bassell and Warren,
2008)). mGIuR5-triggered Arc translation requires both mGIluR5-Homer
interactions (to trigger translation initiation and regulate EF2; Fig. 2.1; Supp. Fig.
2.1), as well as FMRP (Fig. 2.4) indicating multiple levels of translational control
of Arc (Niere and Huber, 2010; Zalfa et al., 2003). In Fmrl KO neurons, loss of
steady state translational suppression of Maplb and other mRNAs leads to
elevated protein expression Fmrl KO neurons (Niere and Huber, 2010; Park et
al., 2008; Zalfa et al., 2003) which may allow mGIUR-LTD to persist in the
presence of protein synthesis inhibitors. Restoration of mGIuR5-Homer scaffolds
in Fmrl KO mice by deletion of Hla does not rescue elevated MAP1b levels,
altered mGIuR-LTD or mGluR-stimulated Arc synthesis (Fig. 2.4).
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CHAPTER THREE

Results

Specific disruption of mGIluR5-Homer is sufficient to mimic some Fragile X
phenotypes

This chapter contains data that was collected as a collaborative effort
between several colleagues Weirui Guo, Gemma Molinaro, Seth Hays, and Nien-
pei Tsai. | contributed the signaling, basal protein synthesis, the UP states, the
audiogenic seizure, immunohystochemistry, and surface biotinylation data.
However, the other data described in this chapter is important in understanding
the contribution of disrupted Homer-mGIuR scaffold to the Fmrl KO phenotypes.
Summary

Enhanced mGIuR5 function is causally associated with the
pathophysiology of Fragile X Syndrome (FXS), a leading inherited cause of
intellectual disability and autism. Here we provide evidence that altered mGIuR5-
Homer scaffolds contribute to mGIuR5 dysfunction and phenotypes in the FXS
mouse model, Fmrl KO. In Fmrl KO mice mGIuRS5 is less associated with long
Homer isoforms, but more associated with the short Homerla. Genetically
disrupting only mGIluR5-Homer interactions with a mutant form of mGIuR5,
which cannot bind to Homer, mimics multiple phenotypes in Fmrl KO mice
including altered mGIuRS5 signaling, translational control of FMRP target mMRNAs

neocortical circuit dysfunction, and behavior. In contrast, disrupting mGIluR5-
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Homer interactions does not mimic altered mGluR-dependent long-term synaptic
depression. Our findings reveal novel functions for mGluR5-Homer interactions
in the brain and delineate distinct mechanisms of mGIuR5 dysfunction in a mouse
model of cognitive dysfunction and autism.
Introduction

In the mouse model of FXS, Fmrl knockout (KO), group 1 metabotropic
receptor (mGIuR1 and mGIuR5) and protein synthesis-dependent plasticity is
enhanced and dysregulated (Luscher and Huber, 2010). These findings motivated
the “mGluR theory of FXS” which posits that altered mGluR-dependent plasticity
contributes to the pathophysiology of the disease (Bear et al., 2004; Dolen et al.,
2010; Dolen et al., 2007). In support of the mGIuR theory, many phenotypes in
animal models of FXS are reversed by pharmacological or genetic reduction of
mGIuR5 or downstream signaling pathways (Dolen et al., 2010; Dolen et al.,
2007). Importantly, a recent report indicates that mGIuR5 antagonism can be an
effective therapeutic strategy in FXS patients (Jacquemont et al., 2011).
Although mGIuR5 antagonism rescues many phenotypes associated with FXS, it
is unknown if this is due to excess mGIuR5-driven translation and/or altered
mGIuR5 function itself in Fmrl KO brains. There is an altered balance of
mGIuR5 association with short and long isoforms of the postsynaptic scaffolding
protein Homer (Giuffrida et al., 2005). Long, constitutively expressed forms of

Homer (Homerlb, 1c, 2 and 3) multimerize through their C-terminal coiled-coil
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domain forming scaffolds, while Homerla (H1a), a short, activity-inducible, form
lacking the coiled-coiled domain cannot multimerize with other Homers.
Consequently, Hla disrupts mGIluR5-long Homer complexes, alters mGIuR
signaling and causes constitutive, agonist-independent activity of mGIuR1/5
(Ango et al., 2001). Hla bound mGIuRS is functionally equivalent to mGIuR5
unbound to any Homers (Ango et al., 2001). In Fmrl KO mice, mGIuRS5 is less
associated with long Homers and more associated with Hla (Giuffrida et al.,
2005). By deleting Hla, we were able to restore the balance of mGIuR5
association with short and long forms of Homer, as well as, several phenotypes in
Fmrl KO mice are rescued. Deleting Hla was able to rescue the decreased
anxiety in the open field test, increased basal translation rates, and altered mGIuR
signaling, as well as, partially rescuing the audiogenic seizures in the Fmrl KO
mice (Ronesi et al., 2012b). However, the mGIUR-LTD in the Fmrl KO mice is
insensitive to protein synthesis inhibitors and was not rescued by deleting Hla.
Hla deletion was also unable to rescue the inability of mGIuRs to stimulate
translation in the Fmrl KO mice. The Hla deletion was able to rescue much of
the mGIuR dysfunction seen in the Fmrl KO mice, but some phenotypes, like
MGIUR-LTD, are due to other changes caused by the loss of FMRP. Disrupted
Homer interactions contribute to Homer interactions, but there could be other
altered Homer interactions than just with mGIuR5, and deleting H1a could rescue

those interactions as well.

102



It is still unknown if disrupting mGIluR5-Homer interactions alone is
sufficient to cause some of the phenotypes seen in Fmrl KO mice. Previous, we
have shown disrupting mGluR5-Homer interaction with an mGIuR5 C-terminus
peptide can mimic some Fmrl KO phenotypes, and deleting Hla rescues these
phenotypes (Ronesi et al., 2012b; Ronesi and Huber, 2008a). However, based on
the conserved sequences of the proline rich motif in Homer binding proteins, it
may be expected that mGIuR5 C-terminus peptide would disrupt many or most
interactions with Homer (Ronesi et al., 2012a). Similarly, it is currently unknown
if other Homer interactions are disrupted in the Fmrl KO mice, and if present,
they would be predicted to be rescued by deleting Hla. While we were able to
rescue phenotypes in the Fmrl KO mice by restoring the mGIluR5-Homer
scaffoldings, can the reverse, disrupting the scaffolds, cause the phenotypes? We
hypothesized that the altered balance in mGIuR5 interactions with Homer
isoforms contributed to the mGIuR5 dysfunction and pathophysiology of FXS.
Since mGIuR5 bound to Hla is functionally equivalent to unbound mGIuR5, as
measured by Calcium-Activated Potassium channels and phosphatidylinositol
hydrolysis (Ango et al., 2001), we can utilize a mutant form of mGIuR5 which
does not bind to Homer. The Homer binding mutant of mGIuR5 has a point
mutation in the Homer binding domain from a phenylalanine to an arginine at site
1128 (Ango et al., 2001; Cozzoli et al., 2009; Tu et al., 1998). To test this

hypothesis, we utilized the mGIUR5F1128R knock-in mice (MGIUR5™®) to
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determine if disrupting only mGIluR5-Homer interactions is sufficient to mimic
phenotypes of the Fmrl KO mice. Our results indicate that altered Homer
isoform interactions are responsible for much, but not all, of the mGIuR5
dysfunction and pathophysiology of FXS. Specifically, the mGIuR5™® did not
mimic the enhanced mGIuR-LTD and partially mimicked the audiogenic seizure
rate and severity. Our results confirm our previous results that altered mGIuR5-
Homer interactions regulate mGIuR5 dysfunction in Fmrl KO mice (Ronesi et
al., 2012a), and specifically disrupting mGIluR5-Homer is sufficient to cause
mGIuR5 dysfunction.

Methods

Animals
Congenic mGIuR5F1128R Knock-in mice were generated as described

(Cozzoli et al., 2009) and backcrossed at least 5 generations onto the C57/BI16J
mice from the UT Southwestern mouse breeding core facility. Congenic Fmrl
KO mice (Consortium, 1994) were bred on the C57/BL6J background. All
experiments were performed on littermate controls and blind to mouse genotype.

Reagents
Drugs were prepared as stocks and stored at -20°C and used within two

weeks. The mixed group I mGIuR agonist (RS)-3,5-dihydroxyphenylglycine
(DHPG), U0126, MPEP, and Rapamycin were purchased from Tocris Bioscience
and prepared as described (Gross et al., 2010; Osterweil et al., 2010b; Ronesi et

al., 2012b).
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Hippocampal slice preparation and LTD recordings
Acute hippocampal brain slices were prepared from 3-6 wk old mGIuR5™"

and mGIUR5RR littermates as described previously (Ronesi and Huber, 2008a).
LTD recordings were performed and analyzed as described (Ronesi and Huber,

2008a).

mGIuR signaling in slices and western blotting
Western blotting on slices was performed as described (Ronesi et al.,

2012b; Ronesi and Huber, 2008a). Blotting membranes were incubated with the
following antibodies according to the manufacturer's instructions: phospho-T56
EF2, total-EF2, phospho- T389 p70S6K, phospho-S2448 mTOR, total mTOR,
phospho-T202/Y 204 ERK, total-ERK, phospho S209-elF4E, phospho S65-4EBP,
4EBP, elF4G, elF4E (all from Cell Signaling Technology), Homer (Sc-8921;
Santa Cruz), mGluRS5 (Millipore), B3 tubulin (Abcam), Arc (Synaptic Systems),
Map1lb (gift from Dr. ltzhak Fischer, Drexel University), aCaMKII (Santa Cruz,
sc-5391), actin (Millipore, MAB1501). For comparison of phosphoprotein levels
across conditions or genotypes immunoreactive phosphoprotein bands were
normalized to total protein levels from the same slice homogenates (e.g. P-
MTOR/MTOR), each of which was first normalized to loading control (either

tubulin or actin where indicated).

Coimmunoprecipitation
Hippocampus was lysed in co-immunoprecipitation buffer (50 mM Tris,

pH 7.4, 120 mM NaCl, 0.5% NP40), and protein was tumbled overnight at 4°C
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with 1 pg of antibody (either Homer (Santa Cruz, D-3), or elF4G (Cell
Signaling)). Protein A/G agarose bead slurry (Thermoscientific) was added for
one additional hour and the beads were then washed with co-i.p. buffer. Western
blotting was performed with the Homer (Santa Cruz, E-18 sc-8921), mGIuR5
(Millipore), mGIuR1 (BD Biosciences), Shank3 (gift from Paul Worley, John
Hopkins University), EF2K (Cell Signalling), PIKE (Cell Signaling), elF4E (Cell

Signaling) or elF4G (Cell Signaling).

Immunocytochemistry
All experiments were performed on at least three independent litter mate

cultures with two to three different coverslips per condition. Neurons were fixed
in 4% paraformaldehyde (37°C, 15 min) and permeabilized in 0.2% Triton X (10
min). Fixed cells were incubated in primary anti-mGIuR5 (1:500; Millipore),
primary anti-p3-tubulin (1:600; Abcam). Primary antibodies were detected with
subsequent application of the appropriate Alexa Fluor 555 (AF555)-, AF546-,
AF488-, or AF633-conjugated secondary antibody (Invitrogen). Fluorescence
images were acquired on a Nikon TE2000 microscope with a cooled CCD camera
(CoolSnap HQ; Roper Scientific) and quantified with MetaMorph Meta Imaging

Series software (Molecular Devices) as described as in Niere et al. (2012).

Surface biotinylation of hippocampal slices
Hippocampal were prepared the same way as for LTD experiments. The slices

recovered for 3.5-4 hours in ACSF at 32°C. Slices were transferred into cold
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ACSF (2-4°C) with biotin and incubated for 10 minutes. Samples were kept at
4°C from this point on. Slices were washed 4 times with TBS for 3-4 minutes,
then homogenized in 100 pl RIPA with protease inhibitors. Homogenates were
rotated for 30-40 minutes, and then centrifuged for 5 minutes at 12,000 rpm. 100

ug of protein were tumbled with Avidin-bound Agarose beads for 2 hours.

Metabolic labeling of hippocampal slices
Hippocampal slices were prepared as described (Ronesi and Huber,

2008a), (Osterweil et al., 2010b). For these experiments (Fig. 3A-C) the most
ventral slices (2 per hippocampus) were used since basal protein synthesis rates
differ between dorsal and ventral hippocampal slices (Osterweil et al., 2010Db).
Slices recovered for 3.5 hours in ACSF at 32°C, and then were incubated in
actinomycin D (25 uM) for 30 min. Slices were then incubated in actinomycin D
and 10uCi/ml of *S labeled Methionine for 1hr. Where indicated, 20 uM U0126,

or 10 uM MPEP was added at this step.

Neocortical Slice preparation and UP state recordings
UP state experiments in neocortical slices were performed and analyzed as

described (Hays et al., 2011).

Audiogenic seizures
In order to evaluate audiogenic seizures, mice were placed in a plastic

chamber (30X19X12cm) containing a 120 decibel siren (GE 50246 personal

security alarm) and covered with a Styrofoam lid. A 120 dB siren was presented

107



to mice for 5 minutes. Mice were videotaped and scored for behavioral
phenotype: 0=no response, 1=wild running, 2=tonic-clonic seizures, 3=status

epilepticus/death as described (Dolen et al., 2007).

Behavioral measurements
Open field area experiments were performed as described in (Paylor et al., 1998).

Statistics:
Data plotted in the figures represents the mean £ SEM. Significant differences

were determined using independent or paired t-tests between mGIuR5™" and
mGIuR5™®. For comparisons between mGIuR57F and mGIuR5™® with or without
drug a 2-way ANOVA and Bonferroni posttests were used. For comparisons
between mGIUR5™", mGIUR5™® and mGIURS™R, for the UP states, a one-way
ANOVA and Bonferroni multiple comparisions were used. Statistics on nominal
data, such as seizure severity and incidence (Fig. 6A; Supplementary Table 3), a
Chi squared (Fisher’s Exact test) was used. Group data is presented in the figures
as mean +SEM. *p<0.05; **p< 0.01; ***p<0.001.
Results
Characterization of the mGluR5F1128R knock-in mice.

To investigate if the altered mGluR5-Homer scaffolds contribute to the
phenotypes observed in Fmrl KO mice, we utilized an mGIuR5 knock-in mouse

with a point mutation in the c-terminus tail from a phenylalanine (F) to arginine
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(R) at amino acid position 1128, which disturbs the physical interaction between

Homers and mGIuR5. We first accessed the mGIuR5®R

mice to make sure they
are equivalent to wild types (WT) in measures of mGIuR5 expression and
trafficking, except for the binding of mGIuR5 and Homer. Previous data has
suggested that Homer can regulate mGIuRS5’s trafficking, specifically out of the
endoplasmic reticulum (Ango et al., 2000; Ciruela et al., 2000; Roche et al.,
1999). Therefore we performed surface biotinylation on mGIuR5™* and
mGIuR5"R slices and looked at total levels in fresh homogenates. The mGIuR5™®
mice have normal total levels of mGIuR5, Homer and FMRP (Fig. 1B,F), and the
mutation has no effect on mGIuR5 surface levels (Fig. 1 H,J). We also stained
dissociated cortical cultures with mGIuRS5 and B-tubulin 11 to confirm mGIuR5
localization and levels in the soma and dendrites. mGIuR5 immunofluorescence
shows normal expression in the soma and dendrites, which is confirmed by equal
levels in the synaptoneurosomes (Fig. 1E,I). However, the mGIuR5™"® mice have
a 31% less mGIuRS5 in the postsynaptic density (PSD) (Fig. 1 A,D), which also
occurs in the Fmrl KO mice (Giuffrida et al., 2005). The reduced mGIuRS5 levels
in the PSD could be expected, since Homer scaffolds mGIuR5 and stabilizes it in
the PSD. Without the Homer scaffolding mGIuRS5 to the PSD, there should be less
in the PSD. We importantly wanted to confirm that the mGIuR5™® mice have

only altered mGluR5-Homer interactions, Co-immunoprecipitations were

performed looking at Homer interactions with Homer’s other binding partners.
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The other Homer interacting proteins that we measured, such as Shank3 and
PIKE, showed normal interactions except for mGIuR1 (MGIUR5™": 68+4% of
mGIuR5™", n=4; p<0.005; Fig. 1 C,G). mGIuR1-Homer interactions may be
reduced due to mGIuR 1 and mGluR5’s ability to heterodimerize (Begollari and
Kammermeier, 2010), and it is unknown if one component of the heterodimer can
affect the other. Overall, the mGIuR5"'® mice appear to be very similar to WT

mice except for the disrupted mGIluR5-Homer interactions.

Disrupted mGluR-Homer interactions bidirectionally regulates group 1
mGIuR signaling to translation machinery.

The rationale for this approach is based on data that Hla-bound mGIuRS5,
which is increased in Fmrl KO, is functionally equivalent to mGIuR5 that cannot
interact with any Homer isoform (Ango et al., 2001; Tu et al., 1998; Xiao et al.,
1998). Fmrl KO mice display a deficit in mGIuR1/5 stimulation of protein
synthesis which is rescued by Hla deletion may be a result of a specific alteration
in mGIuR5 interactions with Homer. Previously, we reported that using a peptide
containing the Proline-rich motif (PPxxF) of the mGIuR5 C-terminal tail that
binds the EVH1 domain of Homer, mGIuR5CT, (Mao et al., 2005; Ronesi and
Huber, 2008b; Tu et al., 1998) disrupts mGIluR5-Homer interactions and inhibits
group 1 mGIluR activation of PI3BK-mTOR and translation initiation, but not ERK
(Ronesi et al., 2012b; Ronesi and Huber, 2008b) in WT slices. To determine if

specific disruption of mGIuR5-Homer interactions causes altered mGIuR
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signaling, we measured mGIuR signaling in the mGIuR5™®

mice. Group 1 mGIuR
agonist, (RS)-3,5-Dihydroxyphenylglycine (DHPG; 100 puM; 5 min), induced
activation was unable to activate the PISBK-mTOR pathway as measured by
phosphorylation of mTOR (S2448) and S6K (Thr389) (P-mTOR: mGIuR5™":
245+52% of basal, n=12; mGIuR5™®: 154+40% of basal, n=12; p< 0.01; P-S6K;
mMGIUR5™": 227+48% of basal, n=6; mGIUR5™R: 77+22% of basal, n=6; p< 0.05;
Fig. 2A-B) and had no effect on ERK activation (Thr202/Tyr204; P-ERK;
mGIUR5™": 189+19% of basal, n=6; mGIuR5™": 228+31% of basal, n=6; n.s.;
Fig. 2A,C) (Ronesi and Huber, 2008b). There was no difference in the total

protein levels in the mGIUR5™® and DHPG did not affect total protein levels

(Supplemental Table 1).

Homer and mGIuR5 each directly interact with another translational
regulatory factor, Elongation Factor 2 kinase (EF2K) (Park et al., 2008).
Although phosphorylation of elongation factor 2 (EF2) by EF2K inhibits
translation elongation globally, a moderate inhibition of elongation is thought to
release translation factors that are then available for translational activation of
poorly initiated transcripts such as Arc (activity-regulated cytoskeleton associated
protein), and aCaMKII (Park et al., 2008). EF2 and EF2K are also FMRP targets
and EF2 has been shown to be increased in Fmrl KO mice (Bhattacharya et al.,

2012; Darnell et al., 2011). To determine if specific disruption of mGluR5-Homer
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interactions causes enhanced EF2K signaling and not through FMRP regulation,
we measured Group | mGIuR stimulated EF2 phosphorylation. mGIuR5™" slices
displayed a robust increase in phosphorylation of EF2 (T56) in response to DHPG
(1128+345% of basal; n = 12 slices, Fig. 2A-B) in comparison to mGIuR5™"
slices (215+31% of basal; n = 12; p< 0.05;. Fig. 2A-D). Taken together, our data
suggest that Homer interactions facilitate mGIuR activation of the PI3K-mTOR
pathway to translation initiation, but dampen mGIluR-induced phosphorylation of
P-EF2 and thus restrain inhibition of global elongation rates. Consequently,
disruption of mGIluR5-Homer would be expected to block mRNA translation by
blocking activation of the PI3BK-mTOR pathway and translation initiation and
enhancing inhibition of elongation to a level that may block elongation of all
transcripts, including APP and MaplB. Consistent with this model, disrupting
mGIuR5-Homer interactions in hippocampal slices blocks DHPG-induced
synthesis of APP (mGIUR5™: 131+13% of basal, n=10; mGIuR5""®: 92+12% of
basal, n=10; Fig. 2A,E) and MaplB (mGIuR5"": 175+23% of basal, n=10;
mGIUR5?R: 107+22% of basal, n=10; Fig. 2A,E) (Ronesi and Huber, 2008b).

5R/R

There is no difference in basal levels of APP and Map1B in the mGIuR mice

(Supplemental Table 1).

Altered mGluR-dependent LTD and translation of FMRP target mRNAs
is attenuated in the mGIuR5™'® mice.
In wildtype animals, mGIluR-dependent long-term synaptic depression

(mGIuR-LTD) within the CAL region of the hippocampus requires dendritic
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protein synthesis Arc and MAP1b, whose mRNAs interact with FMRP (Luscher
and Huber, 2010; Park et al., 2008; Waung et al., 2008). Although mGIuR
activation induces robust LTD in Fmrl KO mice, mGluR-induced rapid synthesis
of Arc and MAP1D is deficient and LTD is independent of new protein synthesis
(Luscher and Huber, 2010; Park et al., 2008). From this work it has been
suggested that loss of FMRP-mediated translational suppression leads to
enhanced steady state levels of “LTD proteins” allow mGIluR-LTD to persist
without new protein synthesis (Luscher and Huber, 2010). Consistent with this
hypothesis, elevated levels of MAP1b and Arc have been reported in Fmrl KO
brain (Luscher and Huber, 2010; Zalfa et al., 2003). Our previous work supports
an essential role for FMRP interactions with its target mMRNAs in mGIuR-LTD
and translational control of these mMRNAs, and altered mGluR5-Homer scaffolds
in the Fmrl KO mice do not mediate abnormal mGIuR-LTD or altered
translational control of specific FMRP target mRNAs (Bassell and Warren, 2008;
Muddashetty et al., 2011; Ronesi et al., 2012b). Similarly, this view is also
supported by our finding in the mGIUR5™® mice. We do not observe elevated
steady state levels of LTD-promoting proteins or other FMRP target mRNAs as
measured by western blots of MAPIb, and aCaMKIIl in hippocampal
homogenates of mGIuR5™" and mGIuUR5™'R mice (Fig. 1B, Fig. 2A,E). Therefore,
we did not expect the mGIuR5™® mice to have enhanced mGIuR-LTD, like the

Fmrl KO mice, but instead attenuated. mGIuR-LTD was performed on acute
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hippocampal slices from mGIuR5™" and mGIuR5™® mice, and showed the
mGIuR5™® mice to have attenuated mGIUR-LTD (mGIuR5™: 72+3% of baseline
n=14 slices; mGIUR5"R: 84+4% of baseline, n=11 slices; p<0.05; Fig. 2 F-G).
The enhanced mGIUR-LTD observed in the Fmrl KO is not mimicked in the

mGIuR5*R mouse.

Basal translation rates are elevated in mGIuR5®/R

inhibiting the ERK pathway
Although DHPG-induced translation is absent in Fmrl KO mice, basal

mice and rescued by

translation rates are elevated (Bassell and Warren, 2008; Dolen et al., 2010; Gross
et al., 2010; Osterweil et al., 2010b). Previously, we have shown enhanced
protein synthesis rates in hippocampal slices are reversed by pharmacological
blockade of mGIuR5 or ERK activation, but not by an inhibitor of PI3K or mTOR
(Osterweil et al., 2010b). Another consequence of disrupted mGIluR5-Homer
interaction is constitutive, or agonist-independent mGIuR5 activity (Ango et al.,
2001) which may drive translation rates through ERK activation, a pathway that
remains intact in Fmrl KO mice and with Homer disruption (Osterweil et al.,
2010b; Ronesi et al., 2012b; Ronesi and Huber, 2008a). Furthermore, we have
shown acute peptide-mediated disruption of mGIuR5-Homer interactions with
MGIURSCT in WT slices is sufficient to mimic enhanced protein synthesis rates to
that observed in Fmrl KO slices, with the peptide having no effect in Fmrl KO
slices (Ronesi et al., 2012b). In the mGIUR™® mice, there are elevated basal

protein synthesis rates similar to what is observed in the Fmrl KO mice

114



(Osterweil et al., 2010a; Ronesi et al., 2012b) (mGIuR5®® =135+10% of
mGIUR5™, n= 17 slices from 5 mice; p < 0.005; Fig. 3A). Also as seen in the
Fmrl KO mice (Osterweil et al., 2010a; Ronesi et al., 2012b), elevated basal

RIR
5

protein synthesis rates in the mGIuR are rescued by inhibiting the ERK

pathway and normalized by inhibiting mGIuR5 (Fig 3 B-C).

Translation initiation is the rate limiting step in translation (Proud, 2007).
To determine if enhanced translation rates stem from disrupted mGIluR5-Homer
interactions enhanced initiation, we measured elF4F translation initiation complex
in hippocampal slices prepared from mGIUR5™" and mGIuR5™® mice. The elF4F
complex is composed of the 5’ cap binding protein elF4E, a scaffolding protein
elF4G, and the RNA helicase elF4A (Proud, 2007). elF4F complex assembly can
be measured by co-immunoprecipitation of elF4G and elF4E (Banko et al., 2006).
Previous reports show elF4F complex levels are enhanced basally in Fmrl KO
slices (Sharma et al., 2010), and we have shown elF4F complex levels in Fmrl
KO slices are restored to WT levels by Hla deletion (Ronesi et al., 2012b). The
previous data suggests that elevated protein synthesis rates in Fmrl KO mice are
due to enhanced translation initiation that is driven by disrupted mGIluR5-Homer
interactions causing increased elFAE/4G association. However, in the mGIuR5™"®
mice, there is no change observed in the interaction between elF4AG and elFAE
(MGIUR5™R: 86+14% of mGIUR5™", n=5; ns; Fig. 3F). The enhanced basal

translation is not being driven by the increased association of elF4E/4AG like
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previously believed. There must be other through which mGIuR5 driven ERK

pathway is increase basal translation as discussed below.

We previously showed phosphorylation of initiation factors known to be
regulated by ERK enhanced Fmrl KO mice and rescued by deleting H1a (Ronesi
et al., 2012b). ERK phosphorylates and activates MAPK-interacting kinase
(MnK) which in turn phosphorylates the cap-binding protein elFAE (S209) (Proud,
2007). ERK also phosphorylates elFAE binding protein (4EBP) at S65, a distinct
site from mTOR regulated sites (T36/45) (Herbert et al., 2002). The ERK-
dependent phosphorylation of elF4E and 4EBP (S65) are associated with
increased translation rates in neurons and other cell types (Banko et al., 2006;
Kelleher et al., 2004). To determine if disrupted mGIluR5-Homer interactions lead
to enhanced signaling to translation downstream of ERK, we looked at
hippocampal homogenates in mGIuR5™F and mGIuR5™® mice. P-4EBP and P-

5”7 mice

elF4E levels were enhanced in hippocampal homogenates from mGIuR
(Fig. 3D-E). Just as what was previously reported in Fmrl KO mice (Osterweil et
al., 2010b; Ronesi and Huber, 2008b) (Ronesi et al., 2012b), P-ERK levels were
unchanged in mGIuR5™® lysates (Fig. 3D-E). Because P-ERK levels are not

affected in mGIUR5™® mice, this suggests that mGIUR5 may regulate accessibility

or localization of elF4E or 4EBP with ERK, as opposed to ERK activity per se.

Hyperexcitable neocortical circuit function in Fmrl KO mice is
mimicked in the mGIuR5"'R mice.
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FXS patients and Fmrl KO mice exhibit sensory hypersensitivity,
epilepsy and/or audiogenic seizures suggestive of an underlying sensory circuit
hyperexcitability (Berry-Kravis, 2002; Dolen et al., 2010). We recently
discovered synaptic and circuit alterations indicative of hyperexcitability in slices
and in vivo in the somatosensory, barrel neocortex of Fmrl KO mice. Fmrl KO
mice have decreased excitatory drive onto layer IV fast-spiking interneurons and
prolonged thalamically-evoked and spontaneously-occurring persistent activity, or
UP, states (Gibson et al., 2008; Hays et al., 2011). UP states represent a normal
physiological rhythm generated by the recurrent neocortical circuitry and is
observed in alert and slow-wave sleep states in vivo as well as neocortical slice
preparations (Haider and McCormick, 2009; Sanchez-Vives and McCormick,
2000). It has previously been reported (Gibson et al., 2008; Hays et al., 2011) that
UP states are longer in slices of Fmrl KO mice in comparison to WT littermates.
Importantly, genetic or pharmacological reduction of mGIuR5 in Fmrl KO mice
rescues the prolonged UP states in acute slices and in vivo (Hays et al., 2011). To
determine if altered mGIluR5-Homer interactions is sufficient to alter neocortical
circuit function, we measured spontaneously occurring UP states in acute slices

5R/R

from mGIuR mice in the somatosensory, barrel cortex using extracellular

5R/R

multiunit recordings (Sanchez-Vives and McCormick, 2000). mGIuR mice

have prolonged neocortical UP states, equivalent to the duration is seen in the
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Fmrl KO mice (mGIuR5™": 809.2+45.0 ms, n=21 slices; mGIuR5™®: 1315+59.1
ms, n=26; Fig. 4). Also, the gene dosage has an additive effect as the mGIuR5™®

have an intermediate duration (MGIUR5™R: 1079+57.6 ms, n=22 slices; Fig. 4).

To better understand the pathways through which mGIuRS5 is driving the
increased UP state durations, we tested the role of the ERK pathway plays. The
ERK pathway is basal unregulated in the hippocampus (Fig. 3E) and drives the
increased basal translation (Fig. 3C) (Osterweil et al., 2010a; Ronesi et al.,
2012a). There is a role for disrupted mGIuR5-Homer interactions in the
neocortex (Fig. 4) (Ronesi et al., 2012a), so does ERK also contribute to this
increase excitability phenotype? Fmrl KO and WT neocortical slices were
treated for 45 min. with U0126, a MEK inhibitor, in the high activity buffer
before recording. U0126 rescued the prolonged UP states in the Fmrl KO (Fmrl
KO: 1519+112.0, n=11; Fmrl KO + U0126: 988+66.3, n=11; Fig. 5A,C). The
MEK inhibitor had no effect on WT durations (WT: 1019+76.6, n=7; WT +
U0126: 904+81.4, n=5; Fig. 5A,C). This experiment was repeated in the
mGIURS®R with the prediction that U0126 should rescue the prolonged
neocortical UP states in this model as well. Unexpectedly, this result was not
replicated in the mGIuR5™® with U0126 having no effect on the duration
(MGIUR5™R: 1306+59.3, n=23; mGIuUR5"R + U0126: 1209+79.3, n=21; Fig. 5B).

The reason for the difference between ERK’s contribution to the prolonged UP
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state duration the Fmrl KO and the mGIuR5®®R is unknown. Possibilities are

discussed below.

The mGIuR5R/R mice have reduced audiogenic seizures and mimic the
open field behavior in Fmrl KO mice

To determine if mGIluR5-Homer interactions mimicked any in vivo or
behavioral phenotypes in Fmrl KO mice, we measured the incidence of
audiogenic seizures and anxiety as measured using the open field activity test.
We chose these phenotypes because they are robust in the C57BL6 strain of Fmrl
KO mice and sensitive to mGIuR5 antagonists (Dolen et al., 2010). The
mGIuR5"R showed a reduced seizure rate to the Fmrl KO mice, while mGluR5™"
whom exhibited no incidence of seizure (Seizure score (0-3; 3 being most severe;
see methods); mGIUR5™: 0.00+0.00, n = 27 mice; mGIUR5™R: 0.38 +0.18, n =
21; p< 0.01; Fig. 6C, Supplemental Table 2)). The date is consistent with our
previous data in which deleting H1a partial rescues audiogenic seizures (Ronesi et

al., 2012b) and what is observed with genetic reduction of mGIuR5 in Fmrl KO

mice (Dolen et al., 2007).

As previously reported, Fmrl KO mice spend more time in the center of a
lit open field in comparison to WT littermates, which has been interpreted as
reduced generalized anxiety in the mice(Liu and Smith, 2009). mGIuR5™® mice
spend more time in the center, showing reduced anxiety similar to Fmrl KO mice

(mGIUR5™": 0.336+0.009; n = 19; mGIuUR5™®: 0.381+0.017; n = 22, Fig. 6A).
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There were no differences in locomotor activity between the mGIuR5™R and
mGIuR5™ (Fig. 6B). Therefore, altered mGIuR5-Homer interactions contribute
to altered behavior in Fmrl KO mice and may be relevant for altered behaviors in

FXS patients.

Discussion

Two mechanisms for mGluR dysfunction in Fragile X Syndrome

Here we demonstrate a single amino change in Homer binding domain of
mGIuR5, which disrupts mGIluR5-Homer interactions, can mimic multiple
phenotypes of a complex disease model. mGIuR5 dysfunction in animal models
of FXS is well established and genetic or pharmacological reduction of mGIuR5
activity reduces or rescues many disease phenotypes in animal models (Dolen et
al., 2010) and most recently in patients (Jacquemont et al., 2011). Our previous
results in the Fmrl/Hla KO reveal two mechanisms for mGIuR5 dysfunction in
Fmrl KO mice. This study confirmed our previous results, showing disrupting
mGIuR5-Homer interactions are sufficient to cause some of the mGIuR5
dysfunction. First, disrupting mGIuR5-Homer interactions causes and mimics
altered mGIuR signaling, enhanced basal translation rates, neocortical
hyperexcitability, audiogenic seizures and open field activity in the Fmrl KO
mice. Second, disrupting mGIluR5-Homer scaffolds does not lead to the

enhanced mMGIUR-LTD in the Fmrl KO mice, implicating an essential role for
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FMRP regulation of synaptic proteins in mGIUR-LTD (Ronesi et al., 2012a).
However, the study also leaves open the possibility of mGIuR1 contributing
caused by altered mGIuR5 function. The discovery that simply altering mGIuR5-
Homer scaffolds can cause much of the complex dysfunction of mGIuR5 in FXS
will help provide insight into a complicated disease and help better understand

what the underlying mechanisms that create the phenotypes seen in FXS.

Homer scaffolds coordinate mGIuR regulation of translation
Our data demonstrate the role for specific Homer scaffolding to mGIuR5

in coordinating mGIluR-stimulated translation by activating the PISK-mTOR
pathway and translation initiation (Ronesi et al., 2012b; Ronesi and Huber,
2008a), as well as limiting activation of EF2K, which inhibits elongation (Fig.
2D). Homer scaffolds with the PI3K enhancer (PIKE), a small GTPase which
binds and activates PI3K in response to mGIuR activation (Shiraishi-Yamaguchi
and Furuichi, 2007). The PI3K pathway stimulates mMTOR and p70 S6K
activating translation of 5’ terminal oligopyrmidine tract (5> TOP) mRNAs that
encode ribosomes and translation factors, thus increasing the translational
capacity of the cell (Proud, 2007). mGIuR activation of PI3K-mTOR-S6K
pathway and stimulated protein synthesis is blocked in the mGIuR5™® indicating
a key role for Homer scaffolds in mGluR-stimulated translation initiation (Ronesi

et al., 2012b; Ronesi and Huber, 2008a).
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Although somewhat counterintuitive, submaximal inhibition of global
elongation may make poorly initiated mRNAs, like Arc, able to effectively
compete for rate limiting translational factors (Scheetz et al., 2000). mGIuRs
stimulate phosphorylation of EF2, which in turn inhibits elongation rate (Park et
al., 2008). Long Homer interactions limit EF2K activation by mGIluRs promoting
translation of poorly initiated mMRNAs (Park et al., 2008). Disruption of mGIuR5-
Homer in the mGIuR5®"® enhances EF2K activity (Fig. 2D) and would be
expected to strongly inhibit elongation and block translational activation.
Together the enhanced EF2K activity and reduced mTOR activity probably act
together in the mGIuR5™® to block mGIuR-induced synthesis of APP and Map1b
(Fig. 2E) and mGIuR-LTD (Fig. 2F) (Ronesi et al., 2012b; Ronesi and Huber,
2008a). However, previous results showed Hla deletion rescues mGIluR-
mediated translation initiation complex formation but not synthesis of Arc
(Ronesi et al., 2012b), suggesting a requirement for both mGIluR5-Homer
scaffolds and FMRP in mGluR-triggered Arc translation. These results also
indicate that mGIluR5-Homer interactions are necessary to properly stimulate

translation and induce LTD.

Altered mGluR5-Homer scaffolds increase translation rates
Although there is a deficit in mGIuR agonist-stimulated translation in

Fmrl KO mice, steady state translation rates and levels of specific proteins are

elevated (Osterweil et al., 2010b; Sharma et al., 2010), thus reflecting the
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complexity of translational control. Because one function of FMRP is to suppress
translation of its mMRNA targets (Bassell and Warren, 2008), an obvious
possibility was that the elevated protein synthesis rates and levels directly result
from loss of FMRP-mediated suppression of mRNA targets. However, elevated
total protein synthesis rates are recapitulated in the mGIuR5®"® mice (Fig. 3A),
which still has normal FMRP levels. Thus, increased steady state translation rates
in Fmrl KO tissue are a result of altered mGIluR5-Homer scaffolds, a secondary
consequence of FMRP loss. Elevated protein synthesis rates are reversed by the
genetic reduction of mGIuR5 (Grm5het), the mGIuR5 inverse agonist MPEP, and
inhibitors of ERK (Dolen et al., 2010; Osterweil et al., 2010b; Ronesi et al.,
2012b) (Fig. 3B-C). In the Fmrl KO, there is enhanced phosphorylation of
translation initiation factors that are downstream of ERK (elF4E and 4EBP),
which was reversed by Hla deletion (Ronesi et al., 2012b) and increased in the
mGIUR5™R (Fig. 3D). Together these results suggest that constitutively active
mGIuRS5 (Ango et al., 2001) drives ERK-dependent phosphorylation of elF4E and
4EBP which enhances elF4F initiation complex formation and translation rates.
However, despite the increased phosphorylation of translation initiation factors,
there is no basal increase in elFAE/AG association (Fig. 3F). This suggests ERK
must be regulating basal translation rates in the Fmrl KO through other pathways
than cap dependent translation. One possible factor that may be altered is

ribosomal activity. ERK regulates p90RSK, which phosphorylates rpS6 (Pende et
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al., 2004; Roux et al., 2007). Phosphorylated rpS6 correlates with assembly of the
translation pre-initiation complex and increased cap-dependent translation
(Anjum and Blenis, 2008; Roux et al., 2007). Better understanding of alternative
ERK regulation of translation and how it is regulated in the mGIuR5R/R mice and
will help increase the understanding for how basal translation is increased in the

Fmrl KO.

An essential role for Homer in proper regulation of LTD

In the Fmrl KO mouse, there is enhanced mGIuR-LTD, as well as,
elevated steady state protein levels of FMRP target mRNAs, MAP1lb and
aCaMKII (Hou et al., 2006a; Huber et al., 2002; Niere et al., 2012). The
enhanced mGIUR-LTD in the Fmrl KO mice is protein synthesis independent
(Iiff et al., 2013; Nosyreva and Huber, 2006). The enhanced mGIuR-LTD and
protein synthesis independent nature of the LTD in Fmrl KOs is thought to be
due to increased levels of FMRP targets. The mGIuR5"® mice, steady state
levels of FMRP target mMRNAs are normal (Fig. 1B). Normally these proteins are
synthesized after DHPG stimulation, but this does not occur in Fmrl KO or the
mGIuR5*R mice (Hou et al., 2006) (Fig. 2E). Since there is no increase in FMRP
targets and no mGIuR-stimulated translation of these targets in the mGIuR5"®
mice (Fig. 2B,E) , the proteins needed for the maintenance of mMGIUR-LTD are not

synthesized causing attenuated mGIUR-LTD. In contrast, the synaptic proteins

are basally elevated in the Fmrl KO, the synaptic proteins are available for use,
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therefore no longer require protein synthesis, and leading to the enhanced mGIuR-
LTD. This can account for the differential effect on mGIuR-LTD observed in the
Fmrl KO and mGIuR5™™®.  However, disrupting mGIuR5-Homer interactions
increases basal protein synthesis rates, but does not increase mGIuR-LTD like one
may of predicted.  Despite the increase in translation synaptic proteins, like
MAP1b and CaMKIl, are not basally increased in the mGIuR5™® mice (Fig 1B,
2A). This suggests that altered LTD and elevated Maplb and CaMKII are not a
result of elevated protein synthesis rates in the Fmrl KO mice. This supports the
hypothesis that the protein synthesis independence of mGIUR-LTD in Fmrl KO
mice is a result of loss of FMRP-mediated translational suppression of LTD

promoting proteins, such as Maplb (Waung and Huber, 2009).

Altered mGIluR5-Homer and neocortical network dysfunction
Altered neocortical circuit function and hyperexcitability have been

predicted to contribute to cognitive disorders and autism (Rubenstein and
Merzenich, 2003; Uhlhaas and Singer, 2006). The epilepsy and EEG
abnormalities observed in FXS patients are indicative of brain hyperexcitability
(Berry-Kravis, 2002; Dolen et al., 2010). Furthermore, FXS patients display
hypersensitivity to sensory stimuli, and Fmrl KO mice have audiogenic seizures
reflecting hyperexcitability of sensory circuits (Berry-Kravis, 2002; Dolen et al.,
2010). Our previous findings indicate that the longer UP states in Fmrl KO

neocortex are mediated by enhanced, likely constitutive, activity of Hla-bound
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mGIUR5 (Hays et al., 2011). These neocortical UP states have been rescued by
mGIURS5 inhibition, as well as, H1a deletion, and peptide-mediated disruption of
mGIuR5-Homer interactions prolongs UP states in WT, but not Fmrl KO, slices
(Hays et al., 2011; Ronesi et al., 2012a). The mGIuR5™® also show prolonged
neocortical UP states equivalent to Fmrl KO durations (Fig. 4). There is a gene
dosage effect of the disrupted mGIluR5-Homer interactions with the heterozygous
having an intermediate phenotype (Fig. 4), which suggests that regulation of

Homer scaffolds may regulate neocortical slow oscillations in the normal brain.

There is still little known about how mGIuR5 activity leads to longer UP
states. Prolonged UP states are not due to mGIluR5-driven translation because the
protein synthesis inhibitor, anisomycin, does not affect UP state duration in either
WT or Fmrl KO slices (Hays et al., 2011). Therefore, mGIuR5 activity likely
leads to prolonged UP states through posttranslational regulation of the intrinsic
excitability and/or synaptic function of neocortical neurons. mGIUR5 has been
shown to regulate the ERK pathway in the Fmrl KO (Ronesi et al., 2012b) and
again in the mGIuR5"® (Fig. 3D). Inhibiting the ERK pathway rescues the
prolonged neocortical UP states in the Fmrl KO (Fig. 4), but is unable to rescue
them in the mGIUR5™® (Fig. 5). This data suggests that the prolonged neocortical
UP states may be caused by a different mechanism in the mGIuR5™® than the
Fmrl KO. One possible explanation is that there is a developmental difference

between the Fmrl KO and the mGIUR5®R.  In the mGIuR5™® mouse, the
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mGIuR5-Homer interactions are disrupted embryonically. While it has been
shown the mGIluR5-Homer interactions are altered in the Fmrl KO mouse, there
IS no time course for when the disruption occurs (Giuffrida et al., 2005). The
mGIuR5-Homer interactions may not be disrupted all through development.
Another possible explanation is possible morphological changes in the mGIuR5™®
mouse not found in the Fmrl KO. mGIuR5 has been shown to be involved in
proper development of the barrel and in mGIuR5 KO cells there is altered
morphology and barrel structure (Ballester-Rosado et al., 2010; She et al., 2009;
Wijetunge et al., 2008). mGIuRS5 is required for full polarization of layer IV spiny
stellate neurons in the barrel cortex (She et al., 2009). If the loss of mGIuR5 can
cause altered morphology, it is therefore possible increased mGIuR5 activity can
also lead to altered morphology. The gross cortical morphology is normal in
Fmrl KO mice, but there is a delay in circuit maturation (Till et al., 2012). Full

polarization of layer IV neurons is delayed, along with barrel segregation, but

both are normal in mature mice (Till et al., 2012).

Altered behavior in Fmrl KO mice is mimicked by disrupting mGIuR-
Homer interactions

Genetic reduction of mGIuR5 (heterozygosity), or Hla deletion,
completely rescue neocortical hyperexcitability (e.g. long UP states) in Fmrl KO
mice, but only partially rescue audiogenic seizures (Dolen et al., 2007; Hays et al.,

2011; Ronesi et al., 2012b). Disrupting mGIluR5-Homer interactions is able to
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mimic neocortical hyperexcitability (Ronesi et al., 2012b) (Fig. 4) and partially
mimic audiogenic seizures in the Fmrl KO (Fig. 5A). This suggests that
hyperexcitability in other brain regions, such as the auditory brain stem, also
contribute to audiogenic seizures in Fmrl KO mice, through mGIuR5
independent mechanisms (Brown et al., 2010). Importantly, mGIuR5 antagonism
and Hla deletion rescued the increased open field activity in Fmrl KO mice
(Ronesi et al., 2012b). Also the mGIuR5™® mice have decreased anxiety (Fig.
6B), suggesting that abnormal Homer scaffolds contribute to behavioral
symptoms associated with FXS and may represent a new therapeutic target for the
disease. In contrast to initial studies (Dolen et al., 2010; Dolen et al., 2007,
Osterweil et al., 2010b), recent reports have failed to rescue some Fmrl KO
mouse behaviors by reduction of mGIuR5 activity (Thomas et al., 2011a; Thomas
et al., 2011b), suggesting mGIluR5-independent mechanisms in FXS pathology.
Interestingly, in these studies inhibition of mGIuR1 proved efficacious in
reducing some Fmrl KO phenotypes (Thomas et al., 2011a; Thomas et al.,
2011b). MGIuR1a, is a Homer binding protein, and mGluR1a-Homer scaffolds
may also be affected in Fmrl KO mice. Disrupted mGluR1a-Homer interactions

seen in the mGIuR5™R

(Fig. 1C,G) suggest a possible role for mGIuR1 in Fmrl
KO mice. This study did not look at the contribution of mGIuR1 to the
phenotypes, but in future it may be important to understand their individual

contributions. The heterodimers comprised of mGIuR5 and mGIuR1 may be able
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to alter the signaling of its counterpart (Goudet et al., 2005). mGIuR5 antagonism
has proven effective in some FXS patients (Jacquemont et al., 2011) and may also
be acting indirectly on mGIuR1 as well. The understanding of mGIuR5 and
mGIuR1 function in the normal brain and its dysfunction in FXS may provide
additional and more targeted treatments for the disease and provide insight into

autism.
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Figure 3.1: Reduced mGIuRS5 levels in the PSD and disrupted mGIluR1-
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Figure 3.1: Reduced mGIuR5 levels in the PSD and dlsrupted MGIuR1-
Homer interactions of the mGIUR5™® mice. A. The mGIUR5™R mice show
normal total levels of mGIUR5 compared to mGIuR5™" mice. Synpatoneurosome
(SN) fractions also show normal levels of mGIuR5 in the FR. The PSD fraction
shows a reduced amount of mGIuR5 in only the mGIUR5™® mice. The reduced
amount of mGIuR5 in the PSD is similar to what is seen in the Fmrl KO mice. B.
The mGIuR5™® mice have normal levels of mGIuR1, Homer, FMRP and FMRP
targets, like CaMKIlla. C. Homer interacting proteins have normal interactions
except for mGIuR1 in the mGIuUR5™® mice. D. Graphical analysis of A. E.
Dendritic analysis of mGIuR5 levels in dissociated cortical cultures shows no
change in the mGIUR5™® mice compare to mGIuR5™". F-G. Graphical analysis of
B-C. H. The mGIuR5™R mice do not have altered surface mGIuR5 levels,
measure by surface biotinylation. 1. Representative images of mGluR5 and f-
tubulin 111 staining in dendrites. J. Representative blots of mGIuR5 surface
biotinylation levels. For this figure and all subsequent figures, *p< 0.05; **p <
0.01, ***p<0.005.
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Figure 3.2. mGIuR5™R mice have attenuated mGIuR-LTD, but the same
altered group 1 mGIuR activation of translational control pathways as Fmrl
KO mice.
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Figure 3.2. mGIUR5™R mice have attenuated mGIuR-LTD, but the same
altered group 1 mGIluR activation of translational control pathways as Fmrl
KO mice. A. Acute hippocampal slices from mGIuR5™® mice stimulated with the
group 1 mGIuR agonist DHPG (D; 100 uM; 5 min) have a deficiency in
phosphorylation of p70S6K and enhanced EF2 phosphorylation compared to
mGIUR5™ slices. In contrast, DHPG-induced phosphorylation of ERK was
unaffected. There was a deficiency in mGluR-induced synthesis of APP have a
deficiency in phosphorylation of p70S6K (T389) and enhanced EF2
phosphorylation compared to WT slices. B-D. Analysis of phosphorylated mTOR,
S6K, EF2, or ERK with DHPG (D) treated slices normalized to untreated slices
(basal or B). Group data is expressed as phosphorylated to total mMTOR, S6K, EF2
or ERK (each normalized to a B-tubulin Il loading control) in untreated or DHPG
treated slices. E. Analysis of APP and Map1B synthesis normalized to basal. F.
mGIUR5"R have attenuated mGIuR-LTD compared to mGIuR5™" littermates. G.
Example traces and average plots of F. *p< 0.05, **p< 0.01; ***p<0.001.
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Figure 3.3: Enhanced, ERK-dependent translation rates are observed in
hippocampal slices from mGIuR5™R mice.
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Figure 3.3: Enhanced, ERK-dependent translation rates are observed in
hippocampal slices from mGIuUR5™R mice. A. Acute hippocampal slices from
mGIuR5"R mice display elevated protein synthesis rate in comparison to
mGIuR5™ littermates as measured by incorporation of *°S Met/Cys into total
protein. B. MPEP, mGIuR5 reverse antagonist, equalizes protein synthesis rates
between mGIuR5™" and mGIuR5®R slices. C. Inhibition of the ERK pathway
rescues protein synthesis rates in mGIuR5™" slices to mGIuUR5™ levels. D.
Representative western blots of phospho- and total ERK and translation initiation
factors that are regulated by ERK, (phospho- and total elF4E and 4EBP) from
hippocampal homogenates in each genotype. E. Quantified group data reveals
elevated P-4EBP and P-elF4E in mGIuR5"® brains as compared to mGIuR5™". P-
ERK levels were not different across any genotype (n = 5-7 mice per genotype).
F. Right: Quantified group data of the levels of elF4E that coimmunoprecipitated
with elF4G (elF4E/4G) show no change in mGIuR5"R hippocampal lysates
(normalized to the levels of elF4E/4G in mGIUR5™") N = 6 mice per genotype.
Left: Representative western blots of elFAE that co-immunoprecipitated with
elF4G from mGIuR5™" and mGIUR5®R *p< 0.05; **p< 0.01; ***p<0.001.
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Figure 3.4. Disruption of mGIluR5-Homer interactions mediates prolonged
neocortical UP states in Fmrl KO mice.
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Figure 3.4. Disruption of mGluR5-Homer interactions mediates prolonged
neocortical UP states in Fmrl KO mice. A. In 3 week old mice, UP states are
longer in the mGIuR5™® mice similar to Fmrl KO mice and mGIuR5™® have an
intermediate duration. B. Representative extracellular multiunit recordings of
spontaneous, persistent activity or UP states from layer 4 of somatosensory, barrel
neocortical slices from each genotype. Scale bar = 50 pV / 1 sec. C. The
cumulative distribution of average duration (normalized for each slice and
averaged over slices; same data set as A) was evenly shifted to the right for the
mGIuR5®®. Outer dashed lines represent the standard error. **p< 0.01;
***p<0.001.
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Figure 3.5. Inhibiting the ERK pathway rescues prolonged neocortical UP
states in Fmr1 KO, but not the mGIuR5™® mice.
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Figure 3.5. Inhibiting the ERK pathway rescues prolonged neocortical UP
states in Fmrl KO, but not the mGIuR5™® mice. A. UP states are longer in the
Fmrl KO mice and rescued to WT levels when treated with an MEK inhibitor,
U0126 (20uM). B. UP states are longer in the mGlur5®® mice, but U0126 has no
effect on their duration. C. Representative recordings of UP states from WT and
Fmrl KO slices in vehicle and U0126. Scale bar = 50 uV / 2 sec. *p< 0.05; **p<
0.01; ***p<0.001.
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Figure 3.6. Altered mGIuR5-Homer scaffolds in mGIUR5™R mice partially
mimic audiogenic seizures and mimics open field activity.
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Figure 3.6. Altered mGIluR5-Homer scaffolds in mGIUR5™R mice partially
mimic audiogenic seizures and mimics open field activity. A. Open field
activity, measured as a ratio of the distance travelled in the center to total distance
travelled of an open arena, was increased in mGIuR5™® mice. B. Total distance
travelled by the mice in the open field arena is not different between genotypes.
C. mGIuR5™, mGIuR5™® and mGIuR5™® litters mates were subjected to a 120
dB for 5 minutes. Mice were scored for the severity of seizure (0-no siezure, 1-
wild running, 2-clonic/tonic, 3-status epilepticus). mGIuR5"™" did not seize, while
20% of the mGIUR5™® seized, a third of the 60% seizure rate seen in the Fmr1l
KO mice. *p<0.05
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Supplementary Table 3.1:  mGIuR5¥R genotype does not affect basal levels
total or phosphorylated levels of proteins.

mGIuR5~R

% of WT | Mean | SEM | n
T-EF2 95 10 19
T-ERK 103 15
T-p70S6K | 114 15
T-mTOR 108 17 25
P-EF2 98 30 19
P-ERK 89 11
P-p70S6K | 167 54
P-mTOR™* | 242 61 25
APP 115 21 11
MaplB 159 38 17

mGIlurR5™* mGIuR5"®
% of basal DHPG DHPG
Mean|SEM | n |Mean|SEM | n
T-EF2 105 | 9 |19| 9% | 11 |18
T-ERK 102 5 89 6
T-p70S6K | 96 7 137 | 35
T-mTOR | 105 | 9 24| 112 | 16 |24

Supplementary Table 3.1:  mGIuR5™R genotype does not affect basal levels
total or phosphorylated levels of proteins. Upper: Basal levels of
phosphorylated or total EF2, p70S6K, and ERK are not different in acute
hippocampal slices across genotypes (mGIuR5™" and mGIurR5"®). Total mTOR
levels are not different, but there is an increase in basal phospho-mTOR levels in
the mGIuR5™®. Data is normalized to levels in slices from mGIuR5"™ littermates
and expressed as the mean + SEM; n = # slices. Lower: There is no effect of
genotype or DHPG treatment on total EF2, p70S6K, ERK, and mTOR levels in
acute hippocampal slices. Data is normalized to levels from untreated slices and
expressed as the mean £ SEM; n = # slices.
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Supplementary Table 3.2.

Seizure occurrence and severity in mGIuR

mGIuR5™R, and mGIuR5™R genotypes.

FIF
S,

Wild Seizure Status
% Incidence
running (clonic/tonic) Epilepticus
mGIluR5™" 0/27 0/27 0/27 0%
mGIuR5™R 0/28 1/28 0/28 3.6%
mGIluR5*R 0/21 4/21 0/21 19.0%

Supplementary Table 3.3.

to Fig. 3.6.

Seizure occurrence and severity in mGIuUR5™,
mGIuR5™R, and mGIuR5™R genotypes. * p< 0.05 Fisher’s Exact test. Related
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CHAPTER FOUR

Results

Elevated CaMKIlla levels in the Fmrl KO contribute to disrupted mGIuR5-
Homer interactions and mGIuR5 dysfunction.

This chapter contains data that was collected as a collaborative effort
between a Dr. Weirui Guo, a postdoc in the lab, and me. 1 originally piloted the
study, before handing it off to a post doctorate in the lab, who has fully dissected
the role of CaMKIla. I contributed the basal protein synthesis and the UP states.
However, the other data described in this chapter is important in understanding
the contribution of CaMKIlla to disrupted Homer-mGIuR scaffold in the Fmrl.
Summary

Enhanced mGIuR5 function is causally associated with the
pathophysiology of Fragile X Syndrome (FXS), a leading inherited cause of
intellectual disability and autism. Here we provide evidence that altered mGIuR5-
Homer scaffolds contribute to mGIuR5 dysfunction and phenotypes in the FXS
mouse model, Fmrl KO. In Fmrl KO mice mGIuRS5 is less associated with long
Homer isoforms, but more associated with the short Homerla. Phosphorylation
of Homer by CaMKIlla disrupts mGIluR5-Homer interactions, and CaMKlla, an
FMRP target, is elevated in the Fmrl KO mouse. Increased phosphorylation of
Homer at CamKllo sites disrupts mGIluR5-Homer interactions.  Inhibiting

CaMKlla is able to basal translational rates and neocortical circuit dysfunction.
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Our findings reveal novel mechanism of mGIluR5-Homer disruption by elevated

CaMKlla in Fragile X disease.

Introduction

Fragile X Syndrome (FXS) is the most common form of mental
retardation and autism, which affects approximately 1:4000 males and 1:8000
females (O'Donnell and Warren, 2002). Fragile X patients exhibit multiple
neurological deficits, including mental retardation, seizures during childhood,
visual spatial defects, learning difficulties and other characteristics of autism.
FXS is caused by the loss of function of the Fragile X mental retardation protein
(FMRP), due to the silencing of its encoding gene, Fragile X mental retardation 1
(Fmrl) (Abrahams and Geschwind, 2008; Bassell and Warren, 2008; O'Donnell
and Warren, 2002).

FMRP is an RNA-binding protein that associates with small messenger
ribonucleoprotein complexes (MRNP) and regulates translation both in soma and
dendrites (Bassell and Warren, 2008). Although FMRP is recognized as a
translational suppressor, it is also observed to be associated with actively
translating polyribosomes, suggesting that FMRP may bi-directionally regulate
the translation of its targeted MRNAS, possibly depending on the phosphorylation
status of the protein (Ceman et al., 2003; Corbin et al., 1997; Feng et al., 1997;

Stefani et al., 2004).
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Most people with FXS show many neurological deficits, including low
intelligence quotient, seizures, sensory hypersensitivity, social anxiety,
hyperactivity and other characteristics of autism. We discovered enhanced Group
1 mGIuR dependent synaptic plasticity, as well as altered mGIuR5 signaling in
the Fragile X mouse and proposed that mGIuR5 antagonists would be novel
therapeutic targets for the disease (Bear et al., 2004; Huber et al., 2002).
Remarkably, pharmacological and genetic reduction of mGIuR5 ameliorates the
behavioral symptoms of Fragile X in animal models of the disease (Dolen et al.,
2007; McBride et al., 2005; Yan et al., 2005) and in patients (Jacquemont et al.,
2011). We have continued to work to understand why mGIuR5 is overactive in
FXS. Most recently we have discovered a molecular basis for mGIuR5
dysfunction in Fmrl KO mice-altered association of mGIuR5 with the scaffolding
protein Homer (Giuffrida et al., 2005; Ronesi et al., 2012a). In the brains of Fmrl
KO mice there is a reduced interaction of mGIuR5 with a scaffolding protein
called Homer, which normally keeps mGIuR5 inactive and regulates mGIuR5
responses to glutamate. Homer binds to the intracellular C-terminal tail of group
1 mGluRs and form multi-protein signaling complexes at the postsynaptic density
with mGIuRs and their downstream effectors (Park et al., 2008; Rong et al.,
2003). All Homer isoforms share a common EVH1 domain at the N-terminus,
which binds to mGluR1a, mGIuR5, PI3 Kinase enhancer (PIKE), IP3 receptor,

SHANK and others. Long, constitutively expressed forms of Homer (Homerl, 2
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and 3) multimerize through their C-terminal coiled-coil domain and localize
mGIuRs to the PSD through interactions with SHANK, as well as scaffold
mGIuRs to signaling pathways through Homer interactions with the P13 Kinase
enhancer (PIKE), Elongation Factor 2 kinase (EF2K) and the IP3 receptor
(Shiraishi-Yamaguchi and Furuichi, 2007; Worley et al., 2007). Homerla (H1a),
a short, activity-inducible, form of Homer lacks the coiled-coiled domain and
cannot multimerize with other Homers. Consequently, Hla disrupts mGIuR5-
long Homer complexes, alters mGIuR signaling and causes constitutive, agonist-
independent activity of mGIuR1/5 (Ango et al.,, 2001). In Fmrl KO mice
MGIURS is less associated with long Homer isoforms and more associated with
H1la (Giuffrida et al., 2005; Ronesi et al., 2012a).

Our recent findings showed that genetic deletion of H1a restores mGIuR5-
Homer scaffolds and corrects multiple aberrant phenotypes in Fmrl KO mice
(Ronesi et al., 2012a). Furthermore, acute, peptide-mediated disruption of
mGIuR5-Homer scaffolds in wildtype brain mimics phenotypes of the Fmrl KO
mouse (Ronesi et al., 2012a). Therefore, many biochemical, neurophysiological
and behavioral phenotypes in Fmrl KO mice result from a shift in the balance of
short and long Homers bound to mGIuR5 and likely to the constitutive activity of

MGIuURS.
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The mechanisms that lead to decreased mGIuR5-Homer interactions in
FXS are unknown. Protein levels of Hla, long Homers and mGIuR5 are normal
in Fmrl KO mice (Dolen et al., 2007; Giuffrida et al., 2005; Ronesi et al., 2011).
However, several have reported increased CaMKlla levels in the Fmrl KO
mouse (Hou et al., 2006b; Osterweil et al., 2010a; Zalfa et al., 2003). Ca2+-
calmodulin dependent protein kinase 2 (CaMKIlla), Akt, and ERK phosphorylate
Homer and decrease Homer interactions with its effectors (Huang et al., 2008a;
Mizutani et al., 2008). The loss of FMRP’s regulation of CaMKIllo may be
leading to the disrupted mGIluR5-Homer interactions and mGIuR5 dysfunction.
In this study, we show increased phosphorylation of long Homers in the Fmrl KO
mouse. We also show increased CaMKIla levels and subsequently increased
phospho-CaMKIlla levels contribute to the decreased mGIluR5-Homer interactions
and mGIuR5 dysfunction. By blocking CaMKlla, we were able to restore the
balance of mGIuR5-Homer interactions and rescue Fmrl KO phenotpyes,
including increased neocortical excitability and increased basal translation rates.
This study brings to light the direct role FMRP is plays in causing mGIuR5
dysfunction.

Methods

Animals
Congenic Fmrl KO mice (Consortium, 1994) were bred on the C57/BL6J

background. Congenic mGIUR5F1128R Knock-in mice were generated as
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described (Cozzoli et al., 2009) and backcrossed at least 5 generations onto the
C57/BI6J mice from the UT Southwestern mouse breeding core facility. All
experiments were performed on littermate controls and blind to mouse genotype.
The animal use protocols used in this manuscript were approved by the UT
Southwestern IACUC committee.

Reagents
KN-93 was prepared as stocks and stored at -20°C and used within two

weeks. KN-93 were purchased from Tocris Bioscience and prepared as described

(Gao et al., 2006).

Western blotting
Western blotting on slices was performed as described (Ronesi and Huber,

2008a). Blotting membranes were incubated with the following antibodies
according to the manufacturer's instructions: Homer (Sc-8921; Santa Cruz),
mGluR5 (Millipore), B3 tubulin (Abcam), CaMKlla (Santa Cruz, sc-5391),
phosphor-Homer 3 S120, S159 and S176 (gift from Mikoshiba’s lab). For
comparison of phosphoprotein levels across conditions or genotypes
immunoreactive phosphoprotein bands were normalized to total protein levels
from the same slice homogenates (P-CaMKIla/CaMKIlla), each of which was

first normalized to loading control (B3 tubulin).

Coimmunoprecipitation
Hippocampus was lysed in co-immunoprecipitation buffer (50 mM Tris,

pH 7.4, 120 mM NaCl, 0.5% NP40), and protein was tumbled overnight at 4°C
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with 1 pg of antibody (Homer (Santa Cruz, D-3). Protein A/G agarose bead
slurry (Thermoscientific) was added for one additional hour and the beads were
then washed with co-i.p. buffer. Western blotting was performed with the Homer

(Santa Cruz, E-18 sc-8921) and mGIuR5 (Millipore).

Metabolic labeling of hippocampal slices
Hippocampal slices were prepared as described(Ronesi and Huber,

2008a), (Osterweil et al., 2010b). For these experiments (Fig. 3) the most ventral
slices (2 per hippocampus) were used since basal protein synthesis rates differ
between dorsal and ventral hippocampal slices (Osterweil et al., 2010b). Slices
recovered for 3.5 hours in ACSF at 32°C, and then were incubated in actinomycin
D (25 pM) for 30 min. Slices were then incubated in actinomycin D and
10uCi/ml of *S labeled Methionine for 1hr. Where indicated, 10 pM KN-93 was

added at this step.

Neocortical Slice preparation and UP state recordings
UP state experiments in neocortical slices were performed and analyzed as

described (Hays et al., 2011). ACSF containing vehicle or KN-93 was perfused

onto the slices in the interface chamber for 45 minutes prior to recording.

Statistics:
Data plotted in the figures represents the mean £ SEM. Significant differences

were determined using independent or paired t-tests. For comparisons between
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WT and Fmrl KO or mGIuR5™® + KN-93 a 2-way ANOVA and Bonferroni

posttests were used. *p< 0.05; **p< 0.01; ***p<0.001.
Results

Increased CaMKIlla regulates mGluR5-Homer interactions in Fmrl KO

The Fmrl KO mice, several have reported increased CaMKlla levels
(Hou et al., 2006b; Osterweil et al., 2010a; Zalfa et al., 2003). We also see these
increased CaMKlla levels, as well as, increased phosphor-CaMKlla. levels with
no change in the ratio of phospho to total (Fig. 1A). CaMKIllo has been shown to
phosphorylate Homer and decrease Homer interactions with its effectors (Huang
et al., 2008a; Mizutani et al., 2008). Therefore it would be expected that there are
increased Homer phosphorylation at CaMKIlla sites. In Fmrl KO mice there is
increased phosphorylation of Homer 3 at CaMKlla sites (Fig. 1B). CaMKlla
phosphorylation has been implicated in regulating Homer binding, so inhibiting it
may rescue the mGIluR5-Homer ineractions (Mizutani et al., 2008). Inhibiting
CaMKlla with KN-93, is able to rescue the disrupted mGIuR5-Homer
interactions in the Fmrl KO mice (Fig. 1C). However, inhibiting MEK, PI3K, or
PKC had no effect on mGIluR5-Homer interactions suggesting a specific role for
CaMKIlla phosphorylation (Fig. 1C). This suggests most mGIuR5 dysfunction

may link back to one single FMRP target, CaMKlla.

Inhibiting CaMKIlla rescues enhanced translation rates in Fmrl KO
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Basal translation rates in brain are elevated in Fmrl KO (Bassell and
Warren, 2008; Dolen et al., 2010; Gross et al., 2010; Osterweil et al., 2010b).
Enhanced protein synthesis in hippocampal slices is reversed by pharmacological
blockade of mGIuR5 (Osterweil et al., 2010b), and restoring mGIluR5-Homer
scaffolds, by deleting H1a, rescues enhanced protein synthesis (Ronesi et al.,
2012b). Artificially disrupting mGluR5-Homer interactions with a peptide of the
Homer binding domain of mGIuR5 in wild type slices causes increased basal
protein synthesis rates, however, it has no effect on Fmrl KO slices (Ronesi et al.,
2012b). Increased CaMKIlla levels in Fmrl KO mice drive the altered mGIuR5-
Homer interactions (Fig. 1A) and therefore likely plays a role in the increased
basal translation rates. In support of this hypothesis, inhibiting CaMKIlla rescues
enhanced translation rates as measured by **S Met incorporation in hippocampal
slice proteins (Fmrl KO 144+13% of WT, n=12 slices from 6 mice; WT + KN-93
111+10% of WT, n=12 slices from 6 mice; Fmrl KO + KN-93 111+11% of WT,
n=12 slices from 6 mice; Fig. 2). This data suggests the increased CaMKlla
levels contribute to the enhanced basal protein synthesis rates. This experiments
needs to be repeated in the mGIuR5F1128R mice, which contain a mutation in
mGIuRS5 disrupting Homer binding (Cozzoli et al., 2009; Tu et al., 1998). This
would show CaMKIlla rescues the enhanced basal protein synthesis rates through

the restoration of the mGluR5-Homer interactions.
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Inhibiting CaMKIlla rescues hyperexcitable neocortical circuits in
Fmrl KO

FXS patients and Fmrl KO mice exhibit sensory hypersensitivity,
epilepsy and/or audiogenic seizures suggestive of an underlying sensory circuit
hyperexcitability (Berry-Kravis, 2002; Dolen et al., 2010). We recently
discovered synaptic and circuit alterations indicative of hyperexcitability in the
somatosensory, barrel neocortex of Fmrl KO mice. Neocortical slices of Fmrl
KO mice have decreased excitatory drive onto layer IV fast-spiking interneurons
and prolonged thalamically-evoked and spontaneously-occurring persistent
activity, or UP, states (Gibson et al., 2008; Hays et al., 2011). UP states represent
a normal physiological rhythm generated by the recurrent neocortical synaptic
connections and is observed in alert and slow-wave sleep states in vivo as well as
neocortical slice preparations (Haider and McCormick, 2009; Sanchez-Vives and
McCormick, 2000). Importantly, genetic or pharmacological reduction of
mGIURS5 in Fmrl KO mice rescues the prolonged UP states in acute slices and in
vivo (Hays et al., 2011). Also, rescuing mGluR5-Homer interactions by deleting
H1la rescues the prolonged neocortical UP states (Ronesi et al., 2012a). Since
inhibiting CaMKIlla rescues the mGIluR5-Homer interactions like Hla deletion,
inhibiting CaMKIlla would be predicted to rescue prolonged UP states in the
Fmrl KO. To determine if increased CaMKIla activity contribute to altered

neocortical circuit function and hyperexcitability in Fmrl KO mice, we measured

147



spontaneously occurring UP states in acute slices from somatosensory, barrel
cortex using extracellular multiunit recordings (Sanchez-Vives and McCormick,
2000). As previously reported (Gibson et al., 2008; Hays et al., 2011), UP states
are longer in slices of Fmrl KO mice in comparison to WT littermates (WT:
912.3+82.4 ms, n=8 slices; Fmrl-KO: 1527.6+134.2 ms, n=7; Fig. 3A,C). In
support for a role for CaMKIlla regulating UP state duration, it was shortened to
WT levels by inhibiting CaMKIlla with KN-93 (Fmrl KO + KN-93: 1060.9+52.1
ms, n=11; Fig. 3A,C). KN-93 alone does not affect UP states, ruling out general
alterations in excitability (WT + KN-93: 993.7£82.4 ms, n=9; Fig. 3A,C). To
confirm the mechanism which CaMKIlla rescues through, we utilized a knock-in
mouse with a mutation in mGIuR5. The mGIuR5F1128R (mGIuR5™R) mutation
prevents mGIuR5 from interacting with Homer (Cozzoli et al., 2009; Tu et al.,
1998). The mGIuR5"® have a similar duration to what is seen in the Fmrl KO
mouse (MGIUR5™": 998.3+92.8 ms, n=16; mMGIUR5"®: 1325.9+60.5 ms, n=24;
Fig. 3B). mGIuR5™® slices were treated with KN-93 the same way as Fmrl KO,
but KN-93 had no effect on prolonged duration in the mGIuR5™® (mGIuR5™" +
KN-93: 962.2+68.0 ms, n=12; mGIuR5"® + KN-93: 1291.1+77.8 ms, n=16; Fig.
3B). This data suggests the prolonged neocortical UP states in the Fmrl KO are

driven by increased CaMKIlla levels disrupting mGIluR5-Homer interactions.

CaMKlla is activated by calcium, so it would be predicted that inhibiting

calcium channels would also rescue mGIuR5-Homer interactions and the
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prolonged UP states in the Fmrl KO. Inhibiting L-type calcium channels with
nifedipine (50uM), was able to rescue mGIuR5-Homer interactions (Fig. 4A).
However nifedipine only normalized the UP state durations in the WT and Fmrl
KO with little effect on the Fmrl KO durations (Fmrl KO + nifedipine:
1565.3+122.3 ms, n=19; Fig. 4B,C). Nifedipine alone appears to increase WT
durations, but has no significant effect (WT + nifedipine: 1468.6£212.3 ms, n=17,
Fig. 4B,C). While inhibiting L-type calcium channels with nifedipine is able to
rescue mGIluR5-Homer interactions, it does not have much effect on UP states
like expected. This suggests that the L-type calcium channels are having some
other effect on the UP states. What is interesting about this data is that nifedipine
has different effects in WT and FMrl KO and therefore normalizes the up states.
Therefore, altered Ca2+ signaling through L-type Ca2+ channels could be

involved in the pathology of the UP states.

Discussion
Increased Homer Phosphorylation causes disrupted mGluR5-Homer
interactions

Here we demonstrate a causative role for reduced Homer scaffolds in
MGIuR5 dysfunction in a model of human neurological disease. mGIUR5

dysfunction in animal models of FXS is well established and genetic or
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pharmacological reduction of mGIuR5 activity reduces or rescues many disease
phenotypes in animal models (Dolen et al., 2010) and most recently in patients
(Jacquemont et al., 2011). Our previous results in the Fmrl/Hla KO reveal
mechanisms for mGIuR5 dysfunction in Fmrl KO mice (Ronesi et al., 2012a).
An imbalance of mGIuR5 interactions from long to short Homerla isoforms,
leads to altered mGIuR5 signaling, enhanced basal translation rates, neocortical
hyperexcitability, audiogenic seizures and open field activity. However, a direct
role FMRP plays in disrupting the mGIuR5-Homer interactions has been
unknown. For the first time, we demonstrated that FMRP’s regulation of
CaMKlla is important in regulating the mGIuR5 Homer interactions (Fig. 1C).
The increased phosphorylation of Homer at CaMKIlla sites in the Fmrl KO
mouse causes the disrupted mGIluR5-Homer interactions, and therefore mGIuR5

dysfunction.

Altered mGluR5-Homer scaffolds increase translation rates
Although there is a deficit in mGIuR agonist-stimulated translation in

Fmrl KO mice, steady state translation rates and levels of specific proteins are
elevated (Osterweil et al., 2010b; Sharma et al., 2010), thus reflecting the
complexity of translational control. Because one function of FMRP is to suppress
translation of its mMRNA targets (Bassell and Warren, 2008), an obvious
possibility was that the elevated protein synthesis rates and levels directly result

from loss of FMRP-mediated suppression of mRNA targets. In support of this
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hypothesis, Hla deletion does not reverse enhanced protein levels of Maplb and
CaMKIlla (Ronesi et al., 2012b). However, elevated total protein synthesis rates
are recapitulated WT type slices with the CT peptide (Ronesi et al., 2012b). Thus,
increased steady state translation rates in Fmrl KO tissue are a result of altered
mGIuR5-Homer scaffolds that are a secondary consequence of FMRP loss.
Elevated protein synthesis rates in Fmrl KO hippocampal slices are reversed by
the genetic reduction of mGIuR5 (Grmb5het), the mGIuR5 inverse agonist MPEP
(Dolen et al., 2010; Osterweil et al., 2010b; Ronesi et al., 2012b). Rescuing the
mGIuR5-Homer interactions by inhibiting CaMKIlla is able to rescue the
increased basal protein synthesis rates (Fig. 2). Disrupted mGIluR5-Homer
interactions clearly increases basal protein synthesis rates in the Fmrl KO, which

caused by the loss of FMRP’s translation suppression of CaMKlIla.

Altered mGluR5-Homer and neocortical network dysfunction
Altered neocortical circuit function and hyperexcitability have been

predicted to contribute to cognitive disorders and autism (Rubenstein and
Merzenich, 2003; Uhlhaas and Singer, 2006). The epilepsy and EEG
abnormalities observed in FXS patients are indicative of brain hyperexcitability
(Berry-Kravis, 2002; Dolen et al., 2010). Furthermore, FXS patients display
hypersensitivity to sensory stimuli, and Fmrl KO mice have audiogenic seizures
reflecting hyperexcitability of sensory circuits (Berry-Kravis, 2002; Dolen et al.,

2010). Although UP states are a normal physiological rhythm and are not
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epileptiform activity, they provide an effective readout of the state of circuit
function and excitability (Sanchez-Vives and McCormick, 2000). Furthermore,
UP states underlie the slow oscillations that occur during slow wave sleep and are
implicated in memory consolidation as well as sensory processing in waking
states (Haider and McCormick, 2009). Therefore, altered neocortical UP states in
the Fmrl KO (Gibson et al., 2008; Hays et al., 2011) may be relevant to the

sensory processing and cognitive abnormalities in FXS patients.

Our findings indicate that the longer UP states in Fmrl KO neocortex are
mediated by enhanced, likely constitutive, activity of Hla-bound mGIuR5 (Hays
et al.,, 2011). These neocortical UP states have been rescued by mGIuR5
inhibition, as well as, Hla deletion, and peptide-mediated disruption of mGIuR5-
Homer interactions prolongs UP states in WT, but not Fmrl KO, slices (Hays et
al., 2011; Ronesi et al., 2012a). Inhibiting CaMKIlo rescued the prolonged
neocortical UP states in the Fmrl KO mice. Inhibiting CaMKIlla rescues the UP
state durations through restoring the scaffolds as the mGIUR5™®R, which show
prolonged neocortical UP states equivalent to Fmrl KO, was not altered by KN-
93 (Fig. 2). CaMKIlla is a potentially novel target for fragile X patients and
possibly in other autistic patients. Pregnant rats given valproic acid mimic the
effects of valproic acid have on human developing fetus, a form of autism
spectrum disorder (Wegner and Nau, 1991). The valproic acid model of autism

has been also shown to have increased CaMKIlla levels (Kim et al., 2013).
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Interestingly, Angelman syndrome has also been shown to have increased
phospho-CaMKIlla levels at Thr305 and Thr306, which inhibits CaMKlIla (van
Woerden et al., 2007; Weeber et al., 2003). Increases and decreases of CaMKlIla
phosphorylation both seem to play role in autism. CaMKIllo offers a potential

therapeutic target for autistic patients.

153



Figure 4.1: CaMKIlla regulates mGluR5-Homer interactions in Fmrl KO
mice via Homer phosphorylation.
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Figure 4.1: CaMKIlla regulates mGluR5-Homer interactions in Fmrl KO
mice via Homer phosphorylation. A. Increased CamKlla and pCaMKlla levels
in hippocampal total lysates and postsynaptic density (PSD) fractions of Fmrl
KO mice. B. Homer3 phosphorylation at CaMKIlla sites S120 and S159 are
increased in Fmrl KO hippocampal total lysates and postsynaptic density (PSD)
fractions in comparison to WT littermates. C. Inhibition of CaMKlla by KN-93
restores mGIluR5-long Homer interaction in Fmrl KO neocortical neurons. The
specific inhibitors: CaMKIlla: KN-93; PI3K, upstream kinase of AKT:
wortmannin; ERK: U0126; PKC: GF109203X(GFX). *p< 0.05; **p< 0.01
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Figure 4.2: Inhibiting CaMKIlla rescues enhanced basal translation rates in
hippocampal slices from Fmrl KO mice.
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Figure 4.2: Inhibiting CaMKIlla rescues enhanced basal translation rates in
hippocampal slices from Fmrl KO mice. Acute hippocampal slices from Fmrl
KO mice display elevated protein synthesis rate in comparison to WT littermates
as measured by incorporation of **S Met/Cys into total protein. Inhibition of
CaMKIlla rescues protein synthesis rates in Fmrl KO slices to WT levels. *p<
0.05; **p< 0.01; ***p<0.001.
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Figure 4.3. Inhibiting CaMKIlla rescues prolonged neocortical UP states in
Fmrl KO, but not the mGIuR5™R mice.
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Figure 4.3. Inhibiting CaMKIlla rescues prolonged neocortical UP states in
Fmrl KO, but not the mGIuR5™® mice. A. UP states are longer in the Fmrl
KO mice and rescued to WT levels when treated with a CaMKIlla inhibitor, KN-
93 (5uM). B. Representative recordings of UP states from WT and Fmrl KO
slices in vehicle and KN-93. Scale bar =50 uV / 2 sec. C. UP states are longer in
the mGIuR5™® mice, but KN-93 has no effect on their duration. *p< 0.05; **p<
0.01; ***p<0.001.
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Figure 4.4. Inhibiting L-type Ca channels rescues mGIuR5-Homer
interactions but not UP states in the Fmrl KO.
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Figure 4.4. Inhibiting L-type Ca channels rescues mGIuR5-Homer
interactions but not UP states in the Fmrl KO. A. mGluR5-Homer interactions
in the Fmrl KO are rescued to WT levels when treated with an L-type Ca channel
inhibitor, Nifedipine (50uM). B. Representative recordings of UP states from WT
and Fmrl KO slices in vehicle and Nifedipine. C. UP states in WT and Fmrl KO
slices are normalized when treated with Nifedipine (50uM). Scale bar =50 pV / 2
sec. *p< 0.05; **p< 0.01; ***p<0.001.
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CHAPTER FIVE

Results
MGIuRS5 dysfunction in the PTEN conditional knockout model of autism

This chapter contains data that was collected as a collaborative effort
between several colleagues. | contributed the the UP states. However, the other
data described in this chapter is important in understanding the contribution
disrupted Homer-mGIuR5 scaffold in the PTEN conditional KO mice.

Summary

Enhanced mGIuR5 function is causally associated with the
pathophysiology of Fragile X Syndrome (FXS), a leading inherited cause of
intellectual disability and autism. Other autism models have also been shown to
be responsive to mGIuR5 inhibition. Altered mGIluR5-Homer scaffolds have
been shown to contribute to mGIuR5 dysfunction, and Homer’s binding to
mGIURS5 has been shown to be regulated by AKT. Recently a link between PTEN
mutations and children with ASD and macrocephaly has been found. Mouse
models with PTEN deleted, also display macrocephaly as well as enlarged
neurons and dendrites. In this study, we show PTEN cKO mice also have
disrupted mGIluR5-Homer interactions. The PTEN cKO mice also have
neocortical circuit dysfunction, which can be rescued by inhibiting mGIuR5. Our
findings reveal a common mechanism of mGIluR5-Homer disruption in autism

models leading to increased excitability.
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Introduction

Recently a link between PTEN mutations and children with ASD and
macrocephaly has been found (Butler et al., 2005; Herman et al., 2007). About
5% of children diagnosed with ASD and macrocephaly have a mutation in PTEN
(McBride et al., 2010). Children with the PTEN mutations have macrocephaly,
which is an enlarged head. Mouse models with PTEN deleted, also display
macrocephaly as well as enlarged neurons and dendrites (Kwon et al., 20064a;
Kwon et al., 2001). PTEN has also been linked to seizures, which can be found in
some ASD patients (Backman et al., 2001; Kwon et al., 2006a; Ogawa et al.,
2007). Kwon et al. have also shown PTEN conditional KO (cKO) mice, with
deletion in layers I11-V of the cortex and the dendate in the hippocampus, display

altered social interactions (Kwon et al., 2006Db).

PTEN is a is a tumor suppressor gene, frequently mutated in human
cancers, and plays an important role in brain development (Endersby and Baker,
2008; Li et al., 1997). PTEN is important for embryonic development as the
complete KO mice are embryonic lethal (Suzuki et al., 1998). PTEN is a negative
regulator of PI3K. The PISBK/mTOR pathway is involved in cell survival, cell
proliferation, cell growth, angiogenesis and cellular metabolism (Manning and
Cantley, 2007). The vast many cellular functions PTEN regulates through the

PIBK/mTOR pathway make it an important gene and easy to understand why it
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underlies so many disease, like ASD, intellectual disability, childhood seizures
and highly prevelant in cancers (Ali et al., 1999; Backman et al., 2001; Butler et

al., 2005; Endersby and Baker, 2008; Rosen and She, 2006).

The PTEN cKO mice have increased phosphorylation of downstream
proteins of the PIBK/mTOR pathway (Kwon et al., 2006a; Kwon et al., 2001).

AKT can regulate Homer interaction in T cells, and inhibiting AKT
increases Homer binding to its target (Huang et al., 2008a). AKT
phosphorylation is increased in the PTEN cKO mice and possible that mGIuR5-
Homer interactions are disrupted in the PTEN cKO mice, and mGIuR5 may be
contributing to some of its phenotypes (Kwon et al., 2006a; Kwon et al., 2001).
Inhibiting mGIuRS5 in other autism mouse models had improved behavioral
phenotypes, so there could be a common link between autism models (Hays et al.,
2011; Silverman et al., 2010; Thomas et al., 2012). In this study, we show the
PTEN cKO mice have disrupted mGIluR5-Homer interactions and mGIuR5
regulates increased neocortical excitability. A commonality in disrupted
mGIuR5-Homer interactions between autism models and mGIuR5 regulation of
phenotypes leaves the possibility for a common treatment of autism.

Methods

Animals
PTEN™M1% mice were crossed to Neuron-specific enolase Cre mice on

the C57/BL6J background (Kwon et al.,, 2006a; Kwon et al., 2006b). All
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experiments were performed on littermate controls and blind to mouse genotype.
The animal use protocols used in this manuscript were approved by the UT
Southwestern IACUC committee.

Reagents
MPEP was prepared as freshly each time. MPEP was purchased from

Tocris Bioscience and prepared as described (Thomas et al., 2012).

Western blotting
Western blotting on slices was performed as described (Ronesi and Huber,

2008a). Blotting membranes were incubated with the following antibodies
according to the manufacturer's instructions: Homer (Sc-8921; Santa Cruz),

mGIuRS5 (Millipore).

Coimmunoprecipitation
Hippocampus was lysed in co-immunoprecipitation buffer (50 mM Tris,

pH 7.4, 120 mM NaCl, 0.5% NP40), and protein was tumbled overnight at 4°C
with 1 pg of antibody (Homer (Santa Cruz, D-3). Protein A/G agarose bead
slurry (Thermoscientific) was added for one additional hour and the beads were
then washed with co-i.p. buffer. Western blotting was performed with the Homer

(Santa Cruz, E-18 sc-8921) and mGIuR5 (Millipore).

Neocortical Slice preparation and UP state recordings
UP state experiments in neocortical slices were performed and analyzed as

described (Hays et al., 2011). For MPEP experiments, an intraperitoneal injection

of 5 mg/kg was given to the mice 2 hours before slicing. Control mice were given
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saline (0.9% NacCl) injections 2 hrs prior instead. ACSF also contained saline or

MPEP

Statistics:
Data plotted in the figures represents the mean £ SEM. Significant

differences were determined using independent or paired t-tests. For comparisons
between WT and PTEN cKO = MPEP a 2-way ANOVA and Bonferroni posttests

were used. *p< 0.05; **p< 0.01; ***p<0.001.

Results

Increased PI3K signaling regulates mGluR5-Homer interactions.
The PTEN cKO mice have increased phosphorylation of downstream

proteins of the PI3BK/mTOR pathway (Kwon et al., 2006a; Kwon et al., 2001).

AKT can regulate Homer interaction in T cells, and inhibiting AKT
increases Homer binding to its target (Huang et al., 2008a). There are three sites
found on Homer which can be phosphorylated by AKT, Thr36, Ser38, and Ser52.
We mutated the three AKT sites to alanines (Thr36Ala, Ser38Ala, and Ser52Ala)
to prevent phosphorylation of the sites. The sites were also mutated to mimic the
phosphorylation sites (Thr36E, Ser38D, and Ser52D). The constructs were
transfected into cells along with mGIuR5 and then coimmunoprecipitated. The
dephosphomimic Homer had no effect on mGIluR5-Homer interactions compared
to a control Homer (Fig. 1C-D). The phosphomimic Homer showed a reduced

interaction with mGIuR5 (Fig. 1C-D), confirming AKT can regulate Homer
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binding. It also shows AKT can regulate mGIluR5-Homer interactions, not just
NFAT-Homer interactions. AKT phosphorylation is increased in the PTEN cKO
(Kwon et al., 2006a), so neurons were transfected with a constiutively acitive
AKT. Neurons transfected with the constiutively acitive AKT showed reduced
mGIuR5-Homer interactions (Fig. 1B). AKT phosphorylation is increased in the
PTEN cKO mice, and therefore it is possible that mGluR5-Homer interactions are
disrupted in the PTEN cKO mice, (Kwon et al., 2006a; Kwon et al., 2001). Co-
IPs were performed on fresh cortical tissue from PTEN cKO mice. PTEN cKO
mice showed decreased mGIuR5-Homer interactions compared to floxed
littermates without Cre (Fig. 1E-F). Therefore, disrutped mGIluR5-Homer

scaffolds may be contributing to some of the phenotypes in PTEN cKO mice.

Increased hyperexcitable neocortical circuits in PTEN cKO mice

UP states represent a normal physiological rhythm generated by the
recurrent neocortical synaptic connections and is observed in alert and slow-wave
sleep states in vivo as well as neocortical slice preparations (Haider and
McCormick, 2009; Sanchez-Vives and McCormick, 2000). We recently
discovered synaptic and circuit alterations indicative of hyperexcitability in the
somatosensory, barrel neocortex of Fragile X syndrome mice, or Fmrl KO mice.
Neocortical slices of Fmrl KO mice have prolonged thalamically-evoked and

spontaneously-occurring persistent activity, or UP, states (Gibson et al., 2008;
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Hays et al., 2011). Rescuing mGIuR5-Homer interactions by deleting Hla
rescues the prolonged neocortical UP states, and inhibiting mGIuR5 can also
rescue them (Hays et al., 2011; Ronesi et al., 2012a). Because the evidence
suggests disrupted mGIuR5-Homer interactions regulate the prolonged
neocortical UP states in the Fmrl KO, it is possible that the PTEN cKO mice also

have prolonged neocortical UP states.

PTEN cKO mice have altered electromyogram and
electroencephalographic (EEG), with normal EEG background activity often
interrupted by epileptiform activity that indicates subclinical electrographic
seizures (Ljungberg et al., 2009; Ogawa et al., 2007). The PTEN cKO mice also
experience spontaneous seizures which become more frequent with age (Amiri et
al., 2012; Kwon et al., 2006a; Ogawa et al., 2007). To determine if the PTEN
cKO mice have altered neocortical circuit function and hyperexcitability, we
measured spontaneously occurring UP states in acute slices from somatosensory,
barrel cortex using extracellular multiunit recordings (Sanchez-Vives and
McCormick, 2000). Floxing the PTEN gene shows a trend towards prolonged UP
states, but no significant difference from WT littermates (PTEN** Cre”:
789.8+60.2 ms, n=22 slices; PTEN"* Cre™": 1068+58 ms, n=13 slices; PTEN" Cre’
1019475 ms, n=21 slices; Fig. 2). UP states are longer in slices of PTEN cKO
mice in comparison to WT littermates (PTEN"" Cre”: 1019+75 ms, n=21 slices;

PTEN" Cre*": 1431+177 ms, n=17; Fig. 2B-C). Heterozyogous mice also
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showed the same prolonged duration as the homozygous mice (PTEN"* Cre™:
1068+58 ms, n=13 slices; PTEN" Cre*": 1563+133 ms, n=14; Fig. 2A,C). Cre
alone had no effect on the UP state duration (PTEN""* Cre*": 674.6+88.1 ms, n=10
slices; Fig. 2D). This data suggests that a heterozygous deletion of PTEN is
sufficient to cause the prolonged neocortical UP state duration. Since the
heterozygous deletion is sufficient to cause the phenotype and also more relevant
to the patients, because they only have one gene mutated (Butler et al., 2005;
Buxbaum et al., 2007; Fombonne et al., 1999), therefore we only used the
heterozygous mice for further experiments. Since mGIUR5 regulated the
prolonged neocortical UP states in the Fmrl KO mouse, we wanted to know if
mMGIuURS also regulates the phenotype in the PTEN cKO mice. Because the PTEN
cKO mice have disrupted mGIluR5-Homer interactions, like the Fmrl KO mice,
we predict that mGIuR5 plays a role in the prolonged UP state durations in the
PTEN cKO mice. Mice were given an IP injection of saline or MPEP two hrs
prior to slicing. Inhibition of mGIuR5 was maintained with MPEP in the ACSF,
and the rest of the experiment was performed the same way as the previous UP
state experiments. Inhibiting mGIuR5 rescued the prolonged neocortical UP
states in the PTEN ¢KO mice (PTEN"* Cre*" + Saline: 1467.6+107.6 ms, n=18
slices; PTEN™ Cre*"+ MPEP: 1128.3+75.6 ms, n=19; Fig. 3A-B). MPEP had no
effect on the duration of UP states in WT slices (PTEN"* Cre” + Saline:

1023.8+78.8 ms, n=14 slices; PTEN"* Cre”” + MPEP: 988.1+73.2 ms, n=17; Fig.

165



3A-B). This data suggests that the prolonged neocortical UP states in the PTEN
cKO mice is regulated by mGIuR5, like seen in the Fmrl KO mice (Hays et al.,
2011). It is also possible that the UP states in the PTEN cKO mice are regulated
by the disrupted mGIluR5-Homer interactions like seen in the Fmrl KO mice

(Ronesi et al., 2011).

The original study in the Fmrl KO mice was not done with IP injections
of MPEP. The results seen by Hays et al. (2011) were replicated with the altered
method. Inhibiting mGIuR5 rescued the prolonged neocortical UP states in the
Fmrl KO mice (Fmrl KO + Saline: 1979.3£158.3 ms, n=20 slices; Fmrl KO +
MPEP: 1504.0£135.7 ms, n=18; Fig. 3C). MPEP had no effect on the duration of
UP states in WT slices (WT + Saline: 1283.6£134.4 ms, n=14 slices; WT +

MPEP: 1140.7+100.0 ms, n=14; Fig. 3C).

Discussion

Autism is still largely diagnosed based on behavioral criteria. Autism
spectrum disorders (ASD), as defined by the DSM-V criteria, is characterized by
exhibiting repetitive behaviors, social anxiety and verbal and non-verbal
communication. ASD has a wide range of symptoms from sensory hyper
sensation, seizures, intellectual disability to savant. All with this wide range of
symptoms are a wide range of causes and genes making the disease more

complicated to treat and understand (Klauck, 2006; Newschaffer et al., 2007).
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Because of the large diversity between autistic patients, this can cause the need
for different treatments for different types of ASD. Therefore, finding common
links between these many different forms can improve our understanding of the

disease and lead to a more uniform treatment.

This study demonstrated a common link between two different autism
models, Fragile X Syndrome and PTEN mutation. Other studies have shown that
inhibiting mGIuR5 can rescue autistic mouse models, including Fragile X mice
(Silverman et al., 2010; Thomas et al., 2011b). AKT has been shown to regulate
Homer interactions in T cells and there is increased in AKT phosphorylation in
the PTEN cKO mice (Kwon et al., 2006a; Ogawa et al., 2007). We demonstrated
that AKT can also regulate mGIuR5-Homer interactions in neurons with a
constutively active AKT (Fig. 1B), as well as by using phosphomimics of AKT
phosphorylation sites (Fig. 1A,C-D). Because there is increased AKT
phosphorylation, we predicted mGIluR5-Homer interactions would be disrupted,
and that is what is seen in the PTEN cKO mice (Fig. 1E-F). This discovery shows
that other autism models other than the Fragile X mice have disrupted mGIuR5-
Homer interactions (Giuffrida et al., 2005; Ronesi et al., 2012a). This data
presents a novel link between autism models, which may be present in other
autism model as well. If other autism models have altered mGIuR5-Homer
interactions as well, this could allow for other similar treatments to be used on

these patients.
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PTEN cKO have previously been shown to have increased excitability.
PTEN cKO mice have altered electromyogram and electroencephalographic
(EEG), with normal EEG background activity often interrupted by epileptiform
activity that indicates subclinical electrographic seizures (Ljungberg et al., 2009;
Ogawa et al., 2007). The PTEN cKO mice also experience spontaneous seizures
which become more frequent with age (Amiri et al., 2012; Kwon et al., 2006a;
Ogawa et al., 2007). Knocking out PTEN increases the number of mature spines,
which could cause increase excitability (Haws et al., 2013). In primary neuron
cultures, when PTEN is inhibited with a dominate negative, there is an increase in
miniature amplitude and frequency (Moult et al., 2010). In the primary
somatosenory cortex, the PTEN ckO have prolonged UP states that suggests
increased circuit excitability, supporting previous data (Fig. 2). The heterozygous
mice have the same prolonged neocortical UP states as the homozygous mice
showing deletion of a single PTEN gene is sufficient to cause the excitability.
The increase in circuit excitability was not unexpected with the PTEN cKO
displaying spontaneous seizures; however, the excitability was seen at three
weeks while the seizures don’t start till thirteen weeks of age (Ogawa et al.,
2007). This suggests the altered circuit excitability occurs long before the
seizures occur. The seizure frequency increases from thirteen to thirty-three
weeks, which makes it possible for the circuit excitability to also increase over

time as well. The UP state duration in the PTEN cKO could become more
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prolonged at older ages. The increased circuit excitability in the PTEN cKO is
regulated by mGIuRb5, as inhibiting mGIuR5 rescues the prolonged UP states to
WT levels (Fig. 3). The sensitivity of the prolonged neocortical UP states to
MGIURS inhibitors in the PTEN cKO is the same as what is seen in the Fmrl KO
mice (Hays et al., 2011). It also possible the spontaneous seizures in the PTEN
cKO mice could be due to the increased circuit excitability, and the seizures may
be sensitive to MPEP as well. MPEP can rescue the audiogenic seizures in the
Fmrl KO, so it stands to reason MPEP may be able to rescue the spontaneous
seizures (Thomas et al., 2011b). The MPEP rescue of the prolonged UP state
suggests a common mechanism cause increased excitability in the autism models
through mGIuR5. mGIuR5-Homer interactions are disrupted in both of these
models, and the rescue of mGIuR5-Homer interactions was shown to rescue the
prolonged neocortical UP states (Ronesi et al., 2012a). Rescuing mGIluR5-Homer
interactions in the PTEN cKO may also be able to rescue the prolonged
neocortical UP states. This would give us a greater insight into the cause of the

increased excitability.

With so many different proteins involved in autism, the disease is a very
complicated one with each gene being studied outside the context of the others.
This study presents one of the first common mechanisms between autistic models

of altered mGIuR5 function through disrupted mGIuR5-Homer interactions.
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Better understanding of this disease allows for the possibility of common

mechanisms leading to autistic phenotypes and the future for common treatments.
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Figure 5.1. AKT regulates mGluR5-Homer interactions and PTEN conditional KO
mice (cKO) have disrupted mGIluR5-Homer interactions.
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Figure 5.1. AKT regulates mGIluR5-Homer interactions and PTEN
conditional KO mice (cKO) have disrupted mGluR5-Homer interactions. A.
Schematic of Homer and mutated AKT phosphorylation at sites Thr36, Ser38, and
Ser52. B. Cells were transfected with the various Homer constructs and mGIuR5
and then coimmunoprecipitated. Representative blots of mGIuR5-Homer
interactions with mutated Homers C. The phospho-mimic Homer binds
significantly less to mGIuR5 than the unmutated Homer. D. Neurons were
transfected with a constitutive active form of AKT. Top: Representative blots of
mGIuR5-Homer interactions. Bottom: Analysis of mGIluR5-Homer interactions
shows a decrease in binding when a constitutive active AKT is expressed. E.
Coimmunoprecipitation of mGIuR5 and Homer from hippocampal homogenates
demonstrate reduced interactions in PTEN™ Cre*" in comparison to PTEN"" (no
Cre) littermates. Protein samples in the input were immunoprecipitated with anti-
panHomer and western blot using anti-mGIuR5 and anti-panHomer. F.
Quantification of co-immunoprecipiated mGIuR5 with Homer (normalized to
PTEN™. *p< 0.05; **p< 0.01.
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Figure 5.2. The PTEN cKO mice have prolonged neocortical UP states.
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Figure 5.2. The PTEN cKO mice have prolonged neocortical UP states. A. In
3 week old mice, PTEN™ Cre*" mice have prolonged neocortical UP states
compared to PTEN™ littermates. B. PTEN"* UP states in the PTEN" Cre*” mice
are prolonged in comparison to PTEN"" mice. C. Representative extracellular
multiunit recordings of spontaneous, persistent activity or UP states from layer 4
of somatosensory, barrel neocortical slices from each genotype. D. UP state

durations from floxed controls and NSE Cre mice are not significantly different
from WT littermates. *p< 0.05; **p< 0.01.
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Figure 5.3. Inhibiting mGIuR5 rescues prolonged neocortical UP states in the
PTEN cKO.
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Figure 5.3. Inhibiting mGIuRS5 rescues prolonged neocortical UP states in the
PTEN cKO. A. UP states in PTEN cKO slices are rescued to WT levels when
mice are give an IP injection of MPEP (5mg/kg). B. Representative recordings of
UP states from WT and PTEN cKO slices from vehicle and MPEP mice. Scale
bar = 50 pV / 2 sec. C. UP states in Fmrl KO slices are rescued to WT levels
when mice are give an IP injection of MPEP. *p< 0.05; **p< 0.01.
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CHAPTER SIX
Discussion
Concluding Remarks and Recommendations for Future
Studies

Summary

Here we demonstrate a causative role for reduced Homer scaffolds in
mGIuR5 dysfunction in a model of human neurological disease. mMGIUR5
dysfunction in animal models of FXS is well established and genetic or
pharmacological reduction of mGIuR5 activity reduces or rescues many disease
phenotypes in animal models (Dolen et al., 2010) and most recently in patients
(Jacquemont et al., 2011). Our previous results reveal an imbalance of mGIuR5
interactions from long to short Homerla isoforms leading to altered mGIuR5
signaling, enhanced basal translation rates, neocortical hyperexcitability,
audiogenic seizures and open field activity. Disrupted Homer scaffolds in Fmrl
KO mice cannot account for altered mGIuR-LTD or abnormal translational
control of FMRP target mRNAs and implicate an essential role for FMRP binding
to and translational regulation of specific mMRNAs in mGIuR-LTD (Ronesi et al.,
2012a). My data confirms our previous results, showing disrupting mGIuR5-
Homer interactions are sufficient to cause some of the mGIuR5 dysfunction, but
leaves open the possibility of mGIuR1 contribution. We also show the

mechanism which causes the disrupted mGIluR5-Homer interactions is due to loss
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of translation suppression of CaMKlla by FMRP. Increased CaMKlla levels
leads to increased Homer phosphorylation and disrupted mGIuR5-Homer
interactions.  The disrupted mGIuR5-Homer interactions are a common

dysfunction in autism models, also seen in the PTEN cKO mice.

Disrupted mGIuR5-Homer interactions regulate majority of mMGIURS5
dysfunction in the Fmrl KO

How is ERK regulating translation?
In Fmrl KO mice, steady state translation rates and levels of specific

proteins are elevated (Osterweil et al., 2010b; Sharma et al., 2010), thus reflecting
the complexity of translational control. However, increased steady state
translation rates in Fmrl KO tissue are a result of altered mGIluR5-Homer
scaffolds that are a secondary consequence of FMRP loss. Elevated protein
synthesis rates in Fmrl KO hippocampal slices are reversed by the genetic
reduction of mGIuR5, the mGIuR5 inverse agonist MPEP, and inhibitors of ERK
(Dolen et al., 2010; Osterweil et al., 2010b; Ronesi et al., 2012b). In Fmrl KO
cortical lysates, there is enhanced phosphorylation of translation initiation factors
that are downstream of ERK (elF4E and 4EBP) which was reversed by Hla
deletion (Ronesi et al., 2012b), and enhanced in mGIUR5S™® mice. However,
despite the increased phosphorylation of translation initiation factors, there is no

basal increase in elF4E/4G association in the mGIuR5RR

mice. This suggests
ERK must be regulating basal translation rates in the Fmrl KO through other

pathways than cap dependent translation. One possible factor that may be altered
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is the ribosomes themselves. ERK regulates p9ORSK, which phosphorylates rpS6
(Pende et al., 2004; Roux et al., 2007), which correlates with assembly of the
translation pre-initiation complex and increased cap-dependent translation
(Anjum and Blenis, 2008; Roux et al., 2007). Better understanding of alternative
ERK regulation of translation and how it is regulated in the mGIuR5™® mice and
will help increase the understanding for how basal translation is increased in the

Fmrl KO.

In Fmrl KO, there is an increased association of elF4E and elF4G
(Sharma et al., 2010). In Fmrl KO cortical lysates, there is enhanced
phosphorylation of translation initiation factors that are downstream of ERK
(elFAE and 4EBP) which was reversed by Hla deletion (Ronesi et al., 2012b),
and enhanced in mMGIUR5™® mice. However, despite the increased
phosphorylation of translation initiation factors, there is no basal increase in
elFAE/AG association in the mGIuR5™® mice. So what is driving the increase in
elFAE/4G association in the Fmrl KO mice? PIKE-L is elevated in the Fmrl KO
which leads to increased PI3K activity and increased basal phosphorylation of the
PIBK/mTOR pathway (Gross et al., 2010; Sharma et al., 2010). When 4E-BP is
phosphorylated by mTOR, and ERK1/2, 4E-BP dissociates from elF4E and
allows elF4E to bind with elF4G, increasing translation (Brunn et al., 1997;
Gingras et al., 1999; Gingras et al., 2001). It is not known if either the mTOR or

ERK pathway are regulating the elF4E/4G association in the Fmrl KO. The role

176



the increased elF4E/4G association in the Fmrl KO is very unclear, but
overexpression of elF4E is able to recapitulate some Fragile X phenotypes, so

altered elFAE/AG association may yet still be involved (Santini et al., 2013).

Proteomic study of mGIuR-LTD
In the Fmrl KO mouse, there is enhanced mGIuR-LTD, as well as,

elevated steady state protein levels of FMRP target mRNAs, MAP1lb and
aCaMKII (Huber et al., 2002). However, in the mGIuR5™® mice, steady state
levels of FMRP target mRNAs are normal and there is attenuated mGIuR-LTD.
Since there is no increase in FMRP targets and no mGIluR-stimulated translation
of these targets, the proteins needed for the maintenance of mGIuR-LTD are not
synthesized and therefore attenuated mGIuR-LTD. Now that we have these two
mice models with bidirectional mGIuR-LTD compared to WT, this may allow us
to determine which protein are involved in mGIuUR-LTD. A proteomic study

could be performed on WT, mGIuR5®®

, and Fmrl KO looking for proteins
involved in mGIuR-LTD.  Candidates would be expected to be less in the
mGIUR5™R compared to WT and increased in the Fmrl KO mice. Then siRNA

could be used to test the validity of the promising candidates. Performing a

proteomic study may provide insight and novel proteins involved in mGIuR-LTD.

What is the difference between the mGIuR5™® and Fmr1 KO UP states?
Altered neocortical circuit function and hyperexcitability have been

predicted to contribute to cognitive disorders and autism (Rubenstein and
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Merzenich, 2003; Uhlhaas and Singer, 2006). The epilepsy and EEG
abnormalities observed in FXS patients are indicative of brain hyperexcitability
(Berry-Kravis, 2002; Dolen et al., 2010). Furthermore, FXS patients display
hypersensitivity to sensory stimuli, and Fmrl KO mice have audiogenic seizures
reflecting hyperexcitability of sensory circuits (Berry-Kravis, 2002; Dolen et al.,
2010). UP states underlie the slow oscillations that occur during slow wave sleep
and are implicated in memory consolidation as well as sensory processing in
waking states (Haider and McCormick, 2009). Our findings indicate that the
longer UP states in Fmrl KO neocortex are mediated by enhanced, likely
constitutive, activity of Hla-bound mGIuR5 (Hays et al., 2011). These
neocortical UP states have been rescued by mGIuRS5 inhibition, as well as, Hla
deletion, and peptide-mediated disruption of mGIuR5-Homer interactions
prolongs UP states in WT, but not Fmrl KO, slices (Hays et al., 2011; Ronesi et
al., 2012a). The mGIuR5™"® also show prolonged neocortical UP states equivalent
to Fmrl KO durations. Inhibiting the ERK pathway rescues the prolonged
neocortical UP states in the Fmrl KO, but is unable to rescue them in the
mGIuR5"R (Fig. 4). This data suggests that the prolonged neocortical UP states
may be caused by a different mechanism in the mGIuR5®® than the Fmrl KO.
One possible explanation is that there is a developmental difference between the
Fmrl KO and the mGIuR5®R.  In the mGIUR5™® mouse, the mGIuR5-Homer

interactions are disrupted embryonically. While it has been shown the mGIuR5-
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Homer interactions are altered in the Fmrl KO mouse, there is no time course for
when the disruption occurs (Giuffrida et al., 2005). The mGIluR5-Homer
interactions may not be disrupted all through development. Another possible
explanation is possible morphological changes in the mGIuR5™® mouse not found
in the Fmrl KO. mGIuR5 has been shown to be involved in proper development
of the barrel and in mGIuR5 KO cells there is altered morphology and barrel
structure (Ballester-Rosado et al., 2010; She et al., 2009; Wijetunge et al., 2008).
mMGIURS is required for full polarization of layer IV spiny stellate neurons in the
barrel cortex (She et al., 2009). If the loss of mGIuR5 can cause altered
morphology, it is therefore possible increased mGIuR5 activity can also lead to
altered morphology. The gross cortical morphology is normal in Fmrl KO mice,
but there is a delay in circuit maturation (Till et al., 2012). Full polarization of
layer IV neurons is delayed, along with barrel segregation, but both are normal in
mature mice (Till et al., 2012). A full understanding of the differences between
what causes the prolonged UP states in mGIuR5"® and Fmrl KO could help us

better understand what drives the increased excitability in the Fmrl KO.

Inhibiting the ERK pathway rescues the prolonged neocortical UP states in
the Fmrl KO, but does not rescue the mGIluR5-Homer interactions. ERK
regulation of the prolonged UP states must be downstream of the disrupted
mGIuR5-Homer interactions. ERK has been shown to regulate Voltage-gated

potassium channel subunit Kv4.2. Functionally, Kv4.2 is the major component
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of A-type potassium current, a transient, subthreshold current that serves to
oppose depolarization (Guan et al., 2011; Hoffman et al., 1997; Norris and
Nerbonne, 2010). Phosphorylation of Kv4.2 by ERK at site Thr607 decreases the
current (Schrader et al., 2006). A decrease in potassium current would cause the
membrane potential to be more depolarized and increasing the excitability of the
cell. A more excitable cell or potentially circuit could account for the prolonged
UP states in the Fmrl KO mice. FMRP also directly interacts with the mRNA for
Kv4.2; however, regulation of Kv4.2 in the Fmrl KO is unclear. One study
reports an increase in Kv4.2 expression, while a different group reports reduction
in Kv4.2 expression (Gross et al., 2011; Lee et al., 2011). An increase in Kv4.2
expression seems likely, since FMRP is a translational repressor, but a decrease in
Kv4.2 expression fits more with the functional data. However, if ERK regulation
of Kv4.2 is increased in the Fmrl KO, an increase in Kv4.2 levels could still lead

to increased excitability with an increase in phosphorylated Kv4.2.

What causes increased ERK activity?
With so many phenotypes in the Fmrl KO being regulated by the ERK

pathway, including UP states and basal translation (Osterweil et al., 2013,;
Osterweil et al., 2010a; Ronesi et al., 2012a), it is interesting that there is no
change in basal ERK phosphorylation. Our previous data has implicated
increased mGIuR5 activity due to altered long Homer binding causes increase

basal phosphorylation of ERK substrates (Ronesi et al.,, 2012a). If ERK
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phosphorylation is not increased in the Fmrl KO mice, then what is leading to
this increased basal phosphorylation of ERK substrates?  One potential
explanation is ERK subcellular localization is altered in the Fragile X mice.
Altered ERK localization may lead to increase the availability of ERK’s
substrates, and therefore increased activity of downstream proteins. Another
potential explanation is altered ERK binding to scaffoldings, or even mGIuRS.
ERK forms complexes with scaffolds and its effecter proteins, allowing for
efficient signaling specificity (Shaul and Seger, 2007). If ERK is more bound to
these scaffolds and complexes, small activation of ERK would be more amplified
and therefore an increase in phosphorylation of ERK substrates. Both of these are
possible and may give us better insight into how ERK is regulating so many

processes in the Fmrl KO mice.

Homer Phosphorylation altered in Fragile X

Here we demonstrate a causative role for reduced Homer scaffolds in
mGIuRS5 dysfunction in a model of human neurological disease. mGIuRS5
dysfunction in animal models of FXS is well established and genetic or
pharmacological reduction of mGIuRS activity reduces or rescues many disease
phenotypes in animal models (Dolen et al., 2010) and most recently in patients
(Jacquemont et al., 2011). Our previous results in the Fmrl/Hla KO reveal

mechanisms for mGIuR5 dysfunction in Fmrl KO mice (Ronesi et al., 2012a).
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An imbalance of mGIuR5 interactions from long to short Homerla isoforms,
leads to altered mGIuR5 signaling, enhanced basal translation rates, neocortical
hyperexcitability, audiogenic seizures and open field activity. However, a direct
role FMRP plays in disrupting the mGIuR5-Homer interactions has been
unknown. For the first time, we demonstrated that FMRP’s regulation of
CaMKIlla is important in regulating the mGIuR5 Homer interactions. The
increased phosphorylation of Homer at CaMKIlla sites in the Fmrl KO mouse
causes the disrupted mGIuR5-Homer interactions, and therefore mGIuR5
dysfunction. The increased steady state translation rates in Fmrl KO tissue are a
result of altered mGIluR5-Homer scaffolds that are a secondary consequence of
FMRP loss. Rescuing the mGIluR5-Homer interactions by inhibiting CaMKlla is
able to rescue the increased basal protein synthesis rates. Disrupted mGIuR5-
Homer interactions clearly increases basal protein synthesis rates in the Fmrl KO,
which caused by the loss of FMRP’s translation suppression of CaMKlla. Our
findings also indicate that the longer UP states in Fmrl KO neocortex are
mediated by enhanced, likely constitutive, activity of Hla-bound mGIuR5 (Hays
et al., 2011). Inhibiting CaMKIlla rescued the prolonged neocortical UP states in
the Fmrl KO mice. Inhibiting CaMKIlla rescues the UP state durations through

5R/R

restoring the scaffolds as the mGIuR5™", which show prolonged neocortical UP

states equivalent to Fmrl KO, was not altered by KN-93.

Increased Homer phosphorylation in other autism models?
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CaMKlla is a potentially novel target for fragile X patients and possibly in
other autistic patients. Pregnant rats given valproic acid mimic the effects of
valproic acid have on human developing fetus, a form of autism spectrum
disorder (Wegner and Nau, 1991). The valproic acid model of autism has been
also shown to have increased CaMKlla levels (Kim et al., 2013). Angelman
syndrome has also been shown to have increased phospho-CaMKIlla levels, and
reducing CaMKIlla levels rescues behavioral phenotypes (van Woerden et al.,

2007). CaMKlla offers a potential therapeutic target for autistic patients.

PTEN cKO mice also have mGIuRS5 dysfunction

CaMKlla is not the only kinase that can phosphorylate Homer, AKT can
as well. This study demonstrated a common link between two different autism
models, Fragile X Syndrome and PTEN mutation. Other studies have shown that
inhibiting mGIuR5 can rescue autistic mouse models, including Fragile X mice
(Silverman et al., 2010; Thomas et al., 2011b). AKT has been shown to regulate
Homer interactions in T cells and there is increased in AKT phosphorylation in
the PTEN cKO mice (Kwon et al., 2006a; Ogawa et al., 2007). We showed
disrupted mGIluR5-Homer interactions in the PTEN cKO mice. This discovery
shows that other autism models other than the Fragile X mice have disrupted

MGIuR5-Homer interactions (Giuffrida et al., 2005; Ronesi et al., 2012a).
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PTEN cKO have previously been shown to have increased excitability.
The PTEN cKO mice experience spontaneous seizures which become more
frequent with age (Amiri et al., 2012; Kwon et al., 2006a; Ogawa et al., 2007). In
the primary somatosenory cortex, the PTEN ckO have prolonged UP states that
suggests increased circuit excitability, supporting previous data (Fig. 2). The
heterozygous mice have the same prolonged neocortical UP states as the
homozygous mice showing deletion of a single PTEN gene is sufficient to cause
the excitability. The increase in circuit excitability was not unexpected with the
PTEN cKO displaying spontaneous seizures; however, the excitability was seen at
three weeks while the seizures don’t start till thirteen weeks of age (Ogawa et al.,
2007). This suggests the altered circuit excitability occurs long before the
seizures occur. The seizure frequency increases from thirteen to thirty-three
weeks, which makes it possible for the circuit excitability to also increase over
time as well. The UP state duration in the PTEN cKO could become more
prolonged at older ages. The increased circuit excitability in the PTEN cKO is
regulated by mGIuRb5, as inhibiting mGIuR5 rescues the prolonged UP states to
WT levels (Fig. 2). The sensitivity of the prolonged neocortical UP states to
MGIURS inhibitors in the PTEN cKO is the same as what is seen in the Fmrl KO
mice (Hays et al., 2011). It also possible the spontaneous seizures in the PTEN
cKO mice could be due to the increased circuit excitability and the seizures may

be sensitive to MPEP as well. MPEP can rescue the audiogenic seizures in the
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Fmrl KO, so it stands to reason MPEP may be able to rescue the spontaneous
seizures (Thomas et al., 2011b). The MPEP rescue of the prolonged UP state
suggests a common mechanism cause increased excitability in the autism models

through mGIuRb.

Potential mGIuR5 regulation of other PTEN cKO phenotypes
mGIuR5 may be regulating other phenotypes in the PTEN cKO, like

behavior. PTEN cKO mice did not display social preference by spending equal
time with an inanimate object and mouse. The PTEN cKO mice could also not
recognize the difference between a novel mouse and a familiar mouse (Kwon et
al., 2006a). This study also showed the PTEN cKO mice had a problem with
learning and memory in the Morris water maze, which is consistant with patients
having intellectual disability (McBride et al., 2010; Varga et al., 2009). It would
be informative to know if inhibiting mGIuRS5 with MPEP is able to rescue these
phenotypes and would provide a new target of treatment for PTEN patients.
AFQO056, a selective mGIuR5 antagonist, is in clinical trials with promising
results in Fragile X patients (Jacquemont et al., 2011). If MPEP rescues any of
these phenotypes, AFQ056 could potentially be used on the patients, and would
not require as much approval for use if things continue favorably in the clinical

trial.

MGIuR5-Homer interactions are disrupted in both PTEN and Fragile X

models, and the rescue of mGIluR5-Homer interactions was shown to rescue the
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prolonged neocortical UP states in the Fmrl KO mouse (Ronesi et al., 2012a).
Rescuing mGIluR5-Homer interactions in the PTEN cKO by deleting Homer 1a
may also be able to rescue the prolonged neocortical UP states and other potential
MGIURS5 regulated phenotypes. This would give us a greater insight into the
cause of the increased excitability. This data presents a novel link between autism
models, which may be present in other autism model as well. If other autism
models have altered mGluR5-Homer interactions as well, this could allow for

other similar treatments to be used on these patients.

Potential for Homer screening in autism patients

This data provides potential use for patients. AFQ056, a selective mGIuR5
antagonist, is in clinical trials with promising results (Jacquemont et al., 2011).
However, AFQ056 only has promising results with patients with a complete loss
of FMRP. It is unknown if a complete loss of FMRP is required for disrupted
mGIuR5-Homer interactions. Small amounts of FMRP may be enough to keep
levels of CaMKIla low enough to prevent increased phosphorylation of Homer.
If it were possible to understand why AFQ056 works on some patients and not
others, it may allow a way to screen patients. It is not possible to get brain tissue
from living patients to look at mGluR5-Homer interactions and mGIuRS5 is not
found in the blood, therefore another way must be found. AKT has been shown

to regulate NFAT-Homer interactions in T cells (Huang et al., 2008a). CaMKlla,
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FMRP, ERK and AKT, all the proteins which regulate Homer binding are all
found in T cells (Bui et al., 2000; Mizutani et al., 2008; Ravindran et al., 2005). It
is unknown if Homer binding to Nuclear factor of activated T-cells (NFAT) is
altered in Fragile X. If NFAT-Homer interactions show the same alteration as
mGIuR5-Homer interactions, NFAT-Homer interactions and/or Homer
phosphorylation levels can be compared to Fragile X patients’ responsiveness to
AFQO056. If NFAT-Homer interactions and/or Homer phosphorylation levels
have predictive powers over the drug’s effectiveness, then it may be utilized to
screen other autistic patients and determine if they may be candidates for the drug

working.

Conclusions

With so many different proteins involved in autism, the disease is a very
complicated one with each gene being studied outside the context of the others.
This study presents one of the first common mechanisms between autistic models
of altered mGIuR5 function through disrupted mGIluR5-Homer interactions.
Better understanding of this disease allows for the possibility of common

mechanisms leading to autistic phenotypes and the future for common treatments.
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