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Abstract

1 in 68 children born in the United States meets the diagnostic criteria for Autism
Spectrum Disorder (ASD), a psychiatric iliness that shares a high comorbidity with
intellectual disability (ID). Despite the high prevalence of ASD, there are currently no
mechanism-based treatments available due to a lack of understanding of the
pathophysiological processes in the brain that disrupt behavior in affected individuals.
Identifying convergent molecular pathways involved in known genetic causes of ASD
and ID may broaden our understanding of these disorders and help advance potential
targeted treatments for ASD. Synaptic protein synthesis is essential for modification of
the brain through experience and is altered in several genetically-defined disorders,
notably fragile X (FX), a heritable cause of ASD and ID. Neural activity directs local
protein synthesis via activation of metabotropic glutamate receptor 5 (mGlus), yet the
mechanism by which mGlus couples to the intracellular signaling pathways that regulate
synaptic mRNA translation is poorly understood. In this dissertation, we show that
manipulation of two novel targets, p-arrestin2 and glycogen synthase kinase 3a
(GSK3a) are able to independently modulate translation downstream of mGlus.
Avoiding dose-limiting consequences and unwanted side effects of globally targeting
mGilus signaling, pharmacological inhibition of these targets has the potential to provide
significant advantages over first-generation mGlus inhibitors for the treatment of FX.
Finally, we show that a mouse model of 16p11.2 microdeletion disorder, a polygenic
disorder known to confer risk for ASD and ID in humans, shares common features of
synaptic dysfunction downstream of mGlus with the Fmr1 KO mouse. Chronic
administration of pharmaceutical agents previously shown to restore synaptic function in
the Fmr1 KO mouse successfully corrected many biochemical, cognitive and behavioral
impairments in 16p11.2 df/+ mice supporting the hypothesis that troubled translation
downstream of mGlus may be a convergent point of dysfunction between these two
genetically-defined disorders.
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Chapter 1

Aberrant protein synthesis at mGlus:
a common theme in monogenic and polygenic causes of ASD
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1.1: Introduction

Recent estimates suggest that 1 in 68 children meets the diagnostic criteria for
Autism Spectrum Disorder (ASD) in the United States (Christensen, Baio et al. 2016).
Characterized by (1) impairments in social communication, language, and related
cognitive skills and behavioral and emotional regulation and (2) the presence of
restricted, repetitive behaviors (Volkmar and Reichow 2013), ASD is a debilitating
disorder for both patients and families alike. ASD is more common among males (1 in
42) than among females (1 in 189) (Christensen, Baio et al. 2016) and reported
prevalence rates have been steadily rising over the past 50 years. Case in point, in
2000 it was reported that 1 in 150 children presented with ASD compared with 1 in 68
children in 2012 (Figure 1.1). It is not completely clear the extent to which this trend
reflects a true increase in the prevalence of ASD rather than increased awareness
and/or advances in diagnostic services. One study, which has gained further support
from an analysis of sporatic autism exomes (O'Roak, Vives et al. 2012), suggests that
the rising prevalence rate may be attributed to an increased de novo mutation rate that
is positively correlated with paternal age (Hultman, Sandin et al. 2011). ASD also
represents a significant economic burden to families of patients and healthcare
providers alike, with the total costs per year for children with ASD in the United States in
2011 estimated to be between $11.5 - $60.9 billion dollars (Buescher, Cidav et al. 2014,
Lavelle, Weinstein et al. 2014). Taken together, these alarming statistics highlight a
pressing unmet need for targeted pharmacological interventions to manage the deficits

associated with ASD.

1.2: Convergent pathways in autism.

Among neuropsychiatric disorders, ASDs and (highly co-morbid) intellectual
disability (ID) have been identified to be some of the most heritable. Early studies of
monozygotic and dizygotic twins revealed concordance rates of ~90% and 10%,
respectively (Steffenburg, Gillberg et al. 1989, Bailey, Le Couteur et al. 1995). This
evidence highlighted an obvious genetic component for ASD and ID, motivating

research aimed at identifying genetic variants underlying risk, with the ultimate goal of
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designing genetic diagnostic markers and identifying molecules for targeted drug
development (Gokoolparsadh, Sutton et al. 2016). Over the past two decades, genetic
association studies have identified hundreds of loci contributing to genetic risk,
revealing that ASDs are highly genetically heterogeneous in nature. However, network
analyses have revealed convergent pathways downstream of these heterogeneous
genetic variants, some of which have gained supporting evidence from studies of animal
models of known monogenic and polygenic causes of autism (Auerbach, Osterweil et al.
2011, Bhattacharya, Kaphzan et al. 2012, O'Roak, Vives et al. 2012, Barnes, Wijetunge
et al. 2015, Tian, Stoppel et al. 2015, Zantomio, Chana et al. 2015, Gokoolparsadh,
Sutton et al. 2016). In particular, altered function of Group 1 metabotropic glutamate
receptors, specifically mGlus, and consequently, aberrant mGlus-mediated synaptic
translation, has been implicated time and again, in multiple animal models of
neurodevelopmental disorders associated with autism and intellectual disability (Dolen,
Osterweil et al. 2007, Auerbach, Osterweil et al. 2011, Michalon, Sidorov et al. 2012,
D'Antoni, Spatuzza et al. 2014, Pignatelli, Piccinin et al. 2014, Barnes, Wijetunge et al.
2015, Ebrahimi-Fakhari and Sahin 2015, Tian, Stoppel et al. 2015, Zantomio, Chana et
al. 2015, Gogliotti, Senter et al. 2016). Most notably, studies using animal models of
fragile X syndrome (FX), the most commonly inherited cause of intellectual disability
and autism in humans (Wang, Berry-Kravis et al. 2010), have greatly enhanced our
understanding of synaptic dysfunction caused by altered signaling through mGius.
Furthermore, because FX is a monogenic and highly penetrant cause of autism, it has
been a useful model for investigating the pathophysiology that may apply more broadly

to genetically heterogeneous ASDs.

1.3: Monogenetic causes of autism and intellectual disability: Fragile X
Syndrome.

Fragile X syndrome (FX) is the most prevalent inherited monogenic cause of
autism and intellectual disability, affecting 1:4000 males and 1:4000-6000 females
(Turner, Webb et al. 1996, Song, Barton et al. 2003, Bailey, Raspa et al. 2008,
Hagerman, Berry-Kravis et al. 2009, Budimirovic and Kaufmann 2011). Most often, FX



is caused by an expansion of GCC trinucleotide repeats in the 5’- untranslated region of
the X-linked FMR1 gene, which encodes the protein FMRP (fragile X mental retardation
protein) (Pieretti, Zhang et al. 1991, Verkerk, Pieretti et al. 1991, Devys, 1993 #62,
Devys, Lutz et al. 1993). Normal individuals have between 5 and 54 GCC repeats (with
29 or 30 being the most common); however, when the number of repeats exceeds 200,
the FMR1 gene is hypermethylated, leading to an epigenetic silencing of the gene, loss
of FMRP, and FX (Fu, Kuhl et al. 1991, Pieretti, Zhang et al. 1991). When the number
of repeats falls between 55 and 200, typically found in maternal carriers, it is referred to
as fragile X premutation. In rare cases, point mutations or deletion of the Fmr1 gene
can also lead to loss of FMRP expression and FX (Coffee, lkeda et al. 2008).
Individuals with the full FX mutation have characteristic crainiofacial abnormalities that
often result in a long thin face with prominent ears as well as enlargement of the testes
(macroorchidism). They are also prone to seizure disorders, as well as behavioral
phenotypes including hyperactivity, attention deficit disorders, mild to severe intellectual
disability, learning disorders, hyperarousal to sensory stimuli, anxiety, and autism
(Tsiouris and Brown 2004, Garber, Visootsak et al. 2008, Hagerman, Berry-Kravis et al.
2009). Significant progress has been made over the past 30 years in understanding the
important role that FMRP plays in cellular processes as well as the functional and
molecular consequences caused by the loss of FMRP in FX. Integral to this progress in
our understanding of the synaptic pathophysiology of FX has been the use of animal
models of FX, most notably, the Fmr1 KO mouse model.

1.4: Animal models of Fragile X Syndrome.

The Fmr1 KO mouse, developed by the Dutch-Belgian Fragile X Consortium in
1994, remains the most widely studied animal model of FX today and has greatly
advanced our understanding of the pathophysiology of this complex disorder (Bakker,
Verheij et al. 1994). Initial investigation of the Fmr1 KO mouse was directed at
identifying pathogenic phenotypes, in particular, common features that the mouse
model shares with humans afflicted with FX. In the seminal paper characterizing the

FMR1 KO mouse, it was revealed that male mice exhibit enlarged testes similar to
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human males with FX, as well as hyperactivity and impaired cognitive function (Bakker,
Verheij et al. 1994). Further similarities have since been identified, including
hyperarousal to sensory stimuli and network hyperexcitability (Gibson, Bartley et al.
2008, Olmos-Serrano, Paluszkiewicz et al. 2010, Zhang and Alger 2010); epileptiform
activity and a resulting increased susceptibility to seizures (Musumeci, Hagerman et al.
1999, Musumeci, Bosco et al. 2000, Musumeci, Ferri et al. 2001, Osterweil, Chuang et
al. 2013); deficits in social interaction (Liu and Smith 2009); as well as learning and
memory impairments (Qin, Kang et al. 2002, Zhao, Toyoda et al. 2005, Brennan, Albeck
et al. 2006, Dolen, Osterweil et al. 2007). Fmr1 KO mice also exhibit increased
dendritic spine density, with a shift towards predominantly thin, immature spines,
characteristic of spine abnormalities that are a hallmark of FX in humans (Hinton, Brown
et al. 1991, Comery, Harris et al. 1997, Irwin, Galvez et al. 2000, Irwin, Patel et al.
2001). Despite a plethora of common features shared (to some degree) between the
Fmr1 KO mouse and humans with FX, there are some phenotypes that seem to be
opposing. Most notably, while patients with FX most often exhibit severe generalized
anxiety, Fmr1 KO mice exhibit decreased anxiety-like behavior in tests designed to
assess general anxiety such as the elevated plus maze and open field exploration
assay (Li, Zhang et al. 2001, Yuskaitis, Mines et al. 2010, Liu, Chuang et al. 2011,
Chen, Sun et al. 2013). Interestingly, one compelling theory suggests that these
behavioral paradigms, designed to be measures of anxiety in mice, may otherwise be
measuring impulsivity or deficits in executive function (Liu and Smith 2014). In 2000, a
Drosophila model of FX was generated upon the discovery of dfmr1, the invertebrate
correlate of the Fmr1 gene (Wan, Dockendorff et al. 2000). More recently, a zebrafish
model lacking Fmr1 was generated and characterized, as well as two distinct rat models
of FX (den Broeder, van der Linde et al. 2009, Hamilton, Green et al. 2014, Till,
Asiminas et al. 2015). It is likely that investigation of the Fmr1 KO rat models will offer
added insight into our understanding of FX that has not been possible with the mouse
model, particularly in disease-relevant complex behaviors and network-level
dysfunctions. Although animal models provide a means for direct manipulation and

probing of gene function, there are obvious limitations to the conclusions we can
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reasonably make about FX in humans, particularly regarding cognition, complex
behavior, and sccial interaction. Nonetheless, these animal models have not only led to
the identification of common phenotypes between mice and humans lacking Fmr1, they
have also generated an overwhelming wealth of literature dissecting the role of FMRP
and more generally, the synaptic pathophysiology of FX (to be discussed in this and

later chapters).

1.5: FMRP negatively regulates translation.

Fragile X mental retardation protein (FMRP) is an RNA binding protein (RBP)
that is highly expressed in the brain and the testes (Ashley, Wilkinson et al. 1993,
Bachner, Steinbach et al. 1993, Devys, Lutz et al. 1993, Hinds, Ashley et al. 1993). In
the post-natal brain, FMRP is found in neurons and mature astrocytes (Gholizadeh,
Halder et al. 2015), and within neurons, it is found in the soma, spines, and dendrites
(Weiler, Irwin et al. 1997, Na, Park et al. 2016). FMRP largely plays an inhibitory role in
synaptic protein synthesis, most often repressing (although not always) translation of its
target mRNAs, which represent ~4% of the mRNAs transcribed in the brain (Chen, Yun
et al. 2003, Miyashiro, Beckel-Mitchener et al. 2003, Santoro, Bray et al. 2012). FMRP
contains three RNA binding domains: two of the domains are hnRNP K-homology KH
domains and the third is an RGG box. The variety of binding domains allows FMRP to
selectively bind to a broad range of mRNA targets (Sethna, Moon et al. 2014). FMRP
also contains a nuclear localization signal and nuclear export signal, which enable
FMRP to transport nuclear-bound mRNAs to the cytoplasm (Eberhart, Malter et al.
1996). Protein interaction domains also allow FMRP to associate with polyribosomes,
supporting the role of FMRP as a regulator of synaptic protein synthesis (Feng, Absher
et al. 1997, Napoli, Mercaldo et al. 2008). Taken together, the structure and features of
FMRP, including multiple binding domains for mRNAs, support its role as a regulator of
translation, specifically at the synapse. However, the mechanism(s) by which FMRP

achieves this translational regulation remain controversial.

1.6: Mechanisms of translational regulation by FMRP.
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As mentioned previously, it is now appreciated that FMRP is an RNA binding
protein that predominantly negatively regulates protein synthesis at the synapse (Chen,
Yun et al. 2003, Miyashiro, Beckel-Mitchener et al. 2003, Santoro, Bray et al. 2012).
Some activity-regulated translational control pathways, such as the ERK and mTOR
pathways that regulate translation initiation or eEF2 activation involved in translation
elongation, have been identified (Sutton, Taylor et al. 2007, Hoeffer and Klann 2010,
Osterweil, Krueger et al. 2010). However, the precise mechanism by which FMRP
achieves translational control is still under investigation. The majority of FMRP co-
sediments with polyribosomes in proximal dendrites (Tamanini, Meijer et al. 1996, Feng,
Gutekunst et al. 1997, Ceman, O'Donnell et al. 2003, Khandjian, Huot et al. 2004).
Additionally, a missense mutation in the 1304N binding domain of FMRP prohibits
association with polyribosomes, leading to FX in both humans and the Fmr1 KO mouse
model (De Boulle, Verkerk et al. 1993, Feng, Absher et al. 1997, Zang, Nosyreva et al.
2009). Taken together, these observations support a role for FMRP in the repression of
the elongation step of translation. This hypothesis received strong support in 2011,
when the Darnell group used high-throughput sequencing of RNAs isolated by
crosslinking immunoprecipitation (HITS-CLIP) to identify FMRP interactions with
polyribosomal mRNAs in the mouse brain. In addition to identifying 842 unique mRNA
targets of FMRP, they demonstrated that FRMP is associated with transcripts on which
ribosomes were stalled (Darnell, Van Driesche et al. 2011). According to their model,
which remains widely accepted, FMRP reversibly represses translation in a complex
that consists of target mRNAs and stalled ribosomes (Figure 1.2). Thus, the loss of a
“translational brake” on the synthesis of synaptic proteins that are targets of FMRP is
pathogenic in FX (Darnell, Van Driesche et al. 2011, Bhakar, Dolen et al. 2012).
Another hypothesis suggests that FMRP represses the initiation step of translation by
recruiting cytoplasmic FMRP-interacting protein (CYFIP1), which consequently blocks
the formation of the elF4F complex thus preventing cap-dependent initiation of
translation (Napoli, Mercaldo et al. 2008). However, the in vivo relevance of this
association has been questioned, due to the observation that vast majority of FMRP is

associated with polyribosomes (Stefani, Fraser et al. 2004, Wang, lacoangeli et al.
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2005, lacoangeli, Rozhdestvensky et al. 2008, lacoangeli, Rozhdestvensky et al. 2008,

Darnell, Van Driesche et al. 2011).

1.7: Dysregulation of synaptic protein synthesis in the Fmr1 KO mouse has
functional consequences on synaptic plasticity.

Given the role of FMRP as a suppressor of translation, one of the hallimark
phenotypes of the Fmr1 KO mouse that has been elucidated is elevated rates of basal
protein synthesis. This was first shown in the mouse hippocampus in vivo using
autoradiography (Qin, Kang et al. 2005) (Figure 1.3A). Interestingly, the same group
observed decreased rates of cerebral protein synthesis (rCPS) in human patients with
FX using PET imaging. However, it was believed that this was due to the use of
propofol to sedate FX patients prior to imaging, as a similar decrease in rCPS was
observed in Fmr1 KO mice treated with propofol (Qin, Schmidt et al. 2013).
Nonetheless, elevated rates of translation in the Fmr1 KO mouse hippocampus and
cortex have been observed using a humber of different labeling techniques, by multiple
independent research groups (Dolen, Osterweil et al. 2007, Muddashetty, Kelic et al.
2007, Osterweil, Krueger et al. 2010, Bhattacharya, Kaphzan et al. 2012, Henderson,
Wijetunge et al. 2012, Barnes, Wijetunge et al. 2015). Even prior to the observation that
cerebral protein synthesis was elevated in the Fmr1 KO mouse, the functional
consequences of the loss of FMRP at the synapse were being investigated. Based on
evidence that FMRP, Fmr1 mRNA and polyribosomes were all found at the base of
dendritic spines, it was theorized that FMRP may provide an integral substrate for the
structural changes necessary for protein-synthesis-dependent forms of synaptic
plasticity including long-term potentiation (LTP) and long-term depression (LTD), the
functional correlates of learning and memory (Kang and Schuman 1996, Weiler and
Greenough 1999, Huber, Kayser et al. 2000). Surprisingly, initial investigation of the
Fmri1 KO mouse revealed that late-phase LTP, which is protein-synthesis dependent,
was normal in CA1 of the mouse hippocampus (Godfraind, Reyniers et al. 1996,
Paradee, Melikian et al. 1999). Based on the observation that FMRP is synthesized

upon activation of group 1 mGluRs with the agonist DHPG as weli as the finding that
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local de novo protein synthesis was required for stable expression of late-phase LTD
induced by activation of group 1 mGluRs with DHPG, it was hypothesized that mice
lacking FMRP may have impaired mGIuR-LTD (Weiler and Greenough 1999, Huber,
Kayser et al. 2000, Huber, Roder et al. 2001, Snyder, Philpot et al. 2001, Huber,
Gallagher et al. 2002). Indeed, mGluR-LTD was found to be significantly altered in CA1
of the hippocampus of Fmr1 KO mice. Surprisingly however, the magnitude of LTD was
greatly enhanced rather than diminished (Figure 1.3B) (Huber, Gallagher et al. 2002).
Furthermore, mGIuR-LTD was not blocked by the protein synthesis inhibitor anisomycin
in the Fmr1 KO mouse, indicating that long-term changes in synaptic plasticity persist in
the absence of FMRP, even without de novo protein synthesis (Nosyreva and Huber
2006). Of course, we can now appreciate that augmented mGIuR-LTD would be
expected and likely be independent of new protein synthesis in the Fmr1 KO mouse,
given the exaggerated rate of translation due to a loss of FMRP.

In order to make direct comparisons between observations of elevated rates of
protein synthesis in the Fmr1 KO mouse and the functional consequences of this
aberrant translation, it is imperative to match the experimental conditions between
metabolic labeling assays and electrophysiological recordings as closely as possible.
Osterweil et. al (2010) developed a metabolic labeling protocol that models methods
used in electrophysiology recordings, with age-matched animals and comparable slice
recovery conditions. They confirmed, similar to prior reports, that a 4 hr post-slicing
recovery period is optimal to achieve stabiiity of the slice and maximize rates of synaptic
protein synthesis (Figure 1.3C) (Whittingham, Lust et al. 1984, Kirov, Sorra et al. 1999,
Huber, Roder et al. 2001, Ho, Delgado et al. 2004, Sajikumar, Navakkode et al. 2005,
Osterweil, Krueger et al. 2010). Therefore, for all metabolic labeling and
electrophysiology experiments described in Chapters 2-4, conditions were carefully
designed and monitored to allow for reliable comparisons between biochemical
readouts of protein synthesis and signaling pathway activation and electrophysiological

readouts of changes in synaptic plasticity.

1.8: The mGIuR theory of FX.
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It had long been established that Group 1 mGluRs are potent regulators of
protein synthesis (Weiler and Greenough 1993, Job and Eberwine 2001, Todd, Mack et
al. 2003). This knowledge, along with the observation that mGIuR-LTD in CA1 of the
Fmr1 KO mouse hippocampus is exaggerated and no longer dependent on de novo
protein synthesis, led to the mGIuR theory of FX (Bear, Huber et al. 2004). The fact that
mGIuR-LTD was maintained even in the absence of de novo protein synthesis
suggested that “plasticity proteins” necessary for the induction and maintenance of LTD
were already present in sufficient abundance in the Fmr1 KO mouse. While the identity
of such plasticity proteins are still being elucidated, candidate proteins including activity-
regulated cytoskeletal protein (Arc) (Busquets-Garcia, Gomis-Gonzalez et al.),
microtubule associated protein 15 (Map1p), and a calcium/caimodulin-dependent
kinase Il (¢ CAMKII) are reportedly upregulated in the Fmr1 KO mouse (Zalfa, Giorgi et
al. 2003). In particular, glutamate-induced Arc translation has been shown to co-
localize with FMRP, indicating that when FMRP is absent, Arc translation is not in check
(Na, Park et al. 2016). Furthermore, evidence suggests that Arc primes CA1 pyramidal
neurons for the induction of mGIuR-LTD, strongly implicating Arc as an important
plasticity protein regulated by FMRP (Waung, Pfeiffer et al. 2008, Niere, Wilkerson et al.
2012, Jakkamsetti, Tsai et al. 2013). The mGluR theory of FX proposed that in WT
mice, synthesis of FMRP in response to mGIuR activation acts as a brake on mGIuR-
LTD, keeping protein synthesis in check, and allowing the synapse to respond
appropriately to the next stimulus. In the Fmr1 KO mouse, the brake is lifted resulting in
aberrant signaling and augmented LTD (Bear, Huber et al. 2004). The mGIuR theory
hypothesized that inappropriate signaling through mGluRs might explain many deficits
shared between the Fmr1 KO mouse and humans with FX. Intriguingly, many of the
shared impairments, including epilepsy or heightened sensitivity to seizures, cognitive
impairments and abnormal spine morphology, are all protein synthesis-dependent
(Merlin, Bergold et al. 1998, Huber, Kayser et al. 2000, Raymond, Thompson et al.
2000, Snyder, Philpot et al. 2001, Vanderklish and Edeiman 2002, Zho, You et al. 2002,
Stoop, Conqguet et al. 2003). Furthermore. it suggested important implications for

potential treatments for FX. In particular, it suggested that dampening signaling through
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mGluRs, such as with the mGlus antagonist MTEP, could be beneficial in treating many
of the impairments that are protein synthesis-dependent in patients with FX (Bear,
Huber et al. 2004).

1.9: Signaling pathways involved in the pathology of FX.

Signaling through mGilus, a G4 coupled receptor, activates phospholipase C
(PLC), which activates protein kinase C (PKC) as well as other signal transduction
pathways necessary for important cellular processes (Figure 1.4) (Nicoletti, Valerio et al.
1988, Dudek and Bear 1989, Houamed, Kuijper et al. 1991, Masu, Tanabe et al. 1991,
Schoepp and Conn 1993). Interestingly, blocking PKC activation, inhibition of PLCS, or
depletion of intracellular Ca®* stores does not prevent the induction of mGIuR-LTD,
implying that G4 signaling is not coupled to the synaptic translational machinery
necessary for this protein synthesis-dependent form of plasticity (Schnabel, Kilpatrick et
al. 1999, Fitzjohn, Palmer et al. 2001, Rush, Wu et al. 2002, Mockett, Guevremont et al.
2011). Rather, the induction of mGIuR-LTD is blocked by inhibition of two other
intracellular signaling pathways, which we now appreciate are coupled to cap-
dependent translation by regulating translation initiation at the synapse: (1) the
extracellular signal-regulated kinase (ERK) pathway and (2) the mammalian target of
rapamycin (mTOR) pathway (Figure 1.5) (Gallagher, Daly et al. 2004, Hou and Klann
2004). Although many groups have probed the involvement of the ERK and mTOR
pathways in the pathophysiology of FX, there have been conflicting observations in the
literature. While some groups observe a basal increase in ERK activation in the Fmr1
KO mouse (Hou, Antion et al. 2006, Price, Rashid et al. 2007, Michalon, Sidorov et al.
2012), others have seen no difference in basal activation of ERK between WT and Fmr1
KO mice (Hu, Qin et al. 2008, Gross, Nakamoto et al. 2010, Osterweil, Krueger et al.
2010, Liu, Huang et al. 2012). Still another group observed that mGIuR stimulation
induced an aberrant dephosphorylation of ERK in Fmr1 KO cortical synaptoneurosomes
(Kim, Markham et al. 2008). Similarly, some have observed a basal increase in AKT-
mTOR signaling in the Fmr1 KO mouse that appears saturated, occluding further

activatiocn upon stimulation of mGIuR (Gross, Nakamoto et al. 2010, Sharma, Hoeffer et
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al. 2010), while others find basal AKT-mTOR signaling is indistinguishable from WT
mice (Osterweil, Krueger et al. 2010, Michalon, Sidorov et al. 2012). One study
(Osterweil, Krueger et al. 2010) set out to examine the role of ERK and mTOR under
the same experimental conditions used to induce mGIuR-LTD and found no evidence
for altered signaling under basal or mGluR-stimulated conditions in either pathway.
While application of the mGiuR-agonist DHPG activated the ERK pathway in both WT
and Fmr1 KO hippocampal slices, it had no effect on activation of either AKT or mTOR.
Furthermore, elevated protein synthesis in the Fmr1 KO mouse could be restored to WT
levels by inhibition of either mGlus or ERK but was unaffected by inhibition of mTOR.
Taken together, this suggests that exaggerated protein synthesis in the Fmr1 KO
mouse is not caused by increased activation of mGlus, but rather a hypersensitivity of

the translational machinery to mGlus and ERK signaling specifically.

1.10 Correction of phenotypes in the Fmr1 KO mouse model.

Since the original publication of the mGluR theory of FX in 2004, countless
observations have been made supporting the hypothesis that downregulation of
signaling through mGlus may be therapeutically beneficial in treating some of the
aberrant phenotypes associated with the Fmr1 KO mouse. A number of strategies have
been investigated, including directly targeting the receptor itself (either genetically or
pharmacologically), as well as manipulation of signaling pathways downstream of
mGilus, known to be involved in translation.

1.10.1: Correcting FX: targeting mGlus,

The seminal study investigating a “correction” of FX phenotypes in mice directly
tested the mGIuR theory of FX in a proof of principle approach. Fmr1*" females were
mated to Grm5™" males, which lack a copy of the Grm5 gene, which encodes mGlus.
The rationale was that in male offspring lacking both the Fmr1 gene and one copy of
Grm5, reduction of mGlus expression would downregulate mGilus signaling. If the
mGluR theory of FX was correct, this genetic reduction strategy should ameliorate many
of the pathogenic phenotypes seen in the Fmr1 KO mouse. Indeed, this genetic cross

strategy seemed beneficial in rescuing many synaptic functions known to be aberrant in
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the Fmr1 KO mouse, including excessive protein synthesis, exaggerated mGIuR-LTD,
susceptibility to audiogenic seizure, and cognitive deficits in a passive avoidance task,
in addition to other deficits (Dolen, Osterweil et al. 2007). One significant caveat of this
proof of principle approach was that mGlus expression was reduced embryonically,
persisting postnatally. In humans with FX, reduction of signaling through mGlus would
necessarily occur pharmacologically, even if diagnosed in infancy. Along those lines,
the genetic reduction strategy did not allow an opportunity to evaluate whether post-
natal downregulation of mGlus signaling would show any therapeutic benefit. To
evaluate these limitations, many studies have validated that acute administration of
MPEP, an mGlus antagonist is effective in treating many deficits and pathogenic
phenotypes in the Fmr1 KO mouse (see Table 1.1 for a complete list of preclinical
studies investigating mGlus modulation in the Fmr1 KO mouse) (Aschrafi, Cunningham
et al. 2005, Chuang, Zhao et al. 2005, Koekkoek, Yamaguchi et al. 2005, Yan, Rammal
et al. 2005, Nakamoto, Nalavadi et al. 2007, de Vrij, Levenga et al. 2008, Min, Yuskaitis
et al. 2009, Osterweil, Krueger et al. 2010, Suvrathan, Hoeffer et al. 2010, Hays, Huber
et al. 2011, Levenga, Hayashi et al. 2011, Meredith, de Jong et al. 2011, Su, Fan et al.
2011, Thomas, Bui et al. 2012, Vinueza Veloz, Buijsen et al. 2012). Another study
investigated chronic or acute administration of CTEP, a selective allosteric antagonist of
mGius with a longer duration of action than MPEP, in post-adolescent mice. They found
that acute CTEP treatment corrected elevated protein synthesis and deficits in mGluR-
LTD, and reduced the incidence of audiogenic seizures. Chronic administration of
CTEP rescued cognitive deficits, auditory hypersensitivity, aberrant spine density and
overactive ERK and mTOR signaling, as well as partial correction of phenotypic
macroorchidism (Michalon, Sidorov et ai. 2012). Taken together these studies
motivated the hypothesis that direct manipulation of mGius, even in adulthood, could be
a useful therapeutic target in humans with FX. Unfortunately, while pre-clinical studies
have produced results which are quite promising, clinical trials have not been met with
comparable success.

1.10.2: Correcting FX: targeting the Ras-ERK and mTOR pathways.
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As discussed previously, there is convincing evidence that the ERK and mTOR
pathways are coupled to the transiation initiation machinery downstream of mGlus and
may contribute to the synaptic pathophysiology of FX. As such, it has been
hypothesized that directly (or indirectly) targeting these pathways may hone in on a
disease relevant target, offering potential therapeutic advantages over giobal
modulation of mGlus. Direct inhibition of ERK1/2 with U0126 as well as inhibition of Ras
farnesylation (upstream of ERK1/2) using FDA-approved Lovastatin, have been
successful at rescuing many deficits in the Fmr1 KO mouse, including aberrant protein
synthesis and mGIuR-LTD, prolonged epileptiform discharges and enhanced
audiogenic seizures (see Table 1.2) (Osterweil, Krueger et al. 2010, Osterweil, Chuang
et ai. 2013). Other groups have looked at manipulation of the mTOR pathway as a
potential target for treating FX. Interestingly, one group found that enhancing mTOR
signaling via a genetic reduction of Tsc2, a negative regulator of mTOR, led to
improvements in cognitive and synaptic dysfunction in the Fmr1 KO mouse (Auerbach,
Osterweil et al. 2011). Other groups have found that reducing mTOR signaling, which
has been shown to be overactive in the Fmr1 KO mouse in some preparations, by either
pharmacological inhibition of mTOR or a genetic reduction (or pharmacological
inhibition) of the downstream target p70 S61 Kinase, is also effective in correcting a
number of FX phenotypes (see Table 1.2 for a full list) (Osterweil, Krueger et al. 2010,
Bhattacharya, Kaphzan et al. 2012, Busquets-Garcia, Gomis-Gonzalez et al. 2013,
Bhattacharya, Mamcarz et al. 2016). |t is interesting to note that although pre-clinical
reports have suggested that both ERK1/2 or mTOR may be viable targets for
pharmacological intervention in FX, thus far only the inhibitor of Ras farnesylation,
Lovastatin, has shown promise in clinical trials with FX patients (Caku, Peilerin et al.
2014, Pellerin, Caku et al. 2016).

1.10.3: Correcting FX: targeting GSK3a/B.

Lithium, a mood stabilizer that had been traditionally used to treat bipolar
disorder, has shown promise as a therapeutic intervention for patients with FX'in an
open-label clinical trial (Berry-Kravis, Sumis et al. 2008). At the time, mechanistic

benefit was misattributed to the etffects of Lithium as an inhibitor of phospholipase C and
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inositol signaling downstream of mGius activation. It has since been revealed that the
disease-relevant target of lithium is glycogen synthase kinase-3 (GSK3), a
serine/threonine kinase initially identified as an enzyme important for glycogen
synthesis (Embi, Rylatt et al. 1980). It is now well established that GSKS3 is involved in
a number of important fundamental processes including gene expression, apoptosis
and microtubule dynamics, and altered GSKS signaling has been implicated in the
pathogenesis of a number of neuropsychiatric conditions including mood disorders,
schizophrenia, and Alzheimer’s disease (Grimes and Jope 2001). GSKS3 has two
paralogs, GSK3a and GSK3, which are negatively regulated by phosphorylation
(GSK3a at Ser21, GSK3p at Ser9) (Woodgett 1990). Accumulating evidence suggests
that GSK3 paralogs play a crucial role in the pathogenesis of FX phenotypes in the
Fmr1 KO mouse. GSK3p is a target of FMRP (Darnell, Van Driesche et al. 2011), and
the inhibitory serines of both GSK3a and GSK3[ are hypoactive in the Fmr1 KO mouse,
implying overactive GSK3a/B may be pathogenic in FX (Min, Yuskaitis et al. 2009,
Yuskaitis, Mines et al. 2010, Liu, Chuang et al. 2011, Guo, Murthy et al. 2012). Indeed,
inhibition of GSK3a/B with either lithium or non-specific GSK3 inhibitors corrects a
multitude of synaptic and cognitive deficits (Table 1.3) in the Fmr1 KO mouse, including
excessive protein synthesis, indicating that GSK3a/p is either directly or indirectly
coupled to translation (Min, Yuskaitis et al. 2009, Mines, Yuskaitis et al. 2010, Yuskaitis,
Mines et al. 2010, Choi, Schoenfeld et al. 2011, Liu, Chuang et al. 2011, Guo, Murthy et
al. 2012, Liu, Huang et al. 2012, Chen, Sun et al. 2013, King and Jope 2013, Chen, Lu
et al. 2014, Franklin, King et al. 2014). Interestingly, acute MPEP treatment reduces
aberrant GSK3 signaling in Fmr1 KO mice and dual administration of MPEP with lithium
did not show additive benefit implying that MPEP and GSK3 may be acting within the
same signaling pathway (Yuskaitis, Mines et al. 2010).

1.10.4: Correcting FX: other targets.

A number of other rescue strategies have seen success in pre-clinical
investigations as relevant targets for therapeutic intervention in FX. Targeting mGilus
has proven to be more efficacious than targeting other G-coupled receptors known to be
dysregulated in FX (Volk, Pfeiffer et al. 2007), including ancther group 1 GPCR, mGiluy,
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or muscarinic receptors M1 and M4 (Thomas, Bui et al. 2011, Veeraragavan, Bui et al.
2011, Veeraragavan, Bui et al. 2011, Thomas, Bui et al. 2012, Veeraragavan, Graham
et al. 2012). Another strategy which has seen success not only in the Fmr1 KO mouse
but in clinical trials as well, is increasing gamma-aminobutyric acid (GABA) signaling.
Impaired GABAA expression and GABAergic signaling has been implicated in the
pathophysiology of FX (El Idrissi, Ding et al. 2005, D'Hulst, De Geest et al. 2006, Selby,
Zhang et al. 2007, Centonze, Rossi et al. 2008, Curia, Papouin et al. 2009, D'Hulst,
Heulens et al. 2009, Pacey, Heximer et al. 2009, Adusei, Pacey et al. 2010, Olmos-
Serrano, Paluszkiewicz et al. 2010, Pacey, Tharmalingam et al. 2011, Heulens, D'Hulst
et al. 2012, He, Nomura et al. 2014, Martin, Corbin et al. 2014, Braat, D'Hulst et al.
2015, Wahlstrom-Helgren and Klyachko 2015, Zhao, Wang et al. 2015, Martin,
Martinez-Botella et al. 2016). Supporting this observation, administration of R-baclofen,
a GABAg agonist, has improved many phenotypic deficits in the Fmr1 KO mouse (Table
1.4) (Henderson, Wijetunge et al. 2012, Qin, Huang et al. 2015). Other rescue
strategies have targeted genetic deletion of scaffolding proteins downstream of either
mGilus (Homer1a) or GPCRs more generally (RGS4) (Pacey, Heximer et al. 2009,
Ronesi, Collins et al. 2012, Guo, Molinaro et al. 2016) as well as modulation of select
targets of FMRP including ABPP, Matrix Metalloproteinase 9 (MMP9), the big potassium
channel BKca, PI3K enhancer (PIKE), and the PI3K catalytic subunit p1108 (Gross,
Nakamoto et al. 2010, Sharma, Hoeffer et al. 2010, Westmark, Westmark et al. 2011,
Gkogkas, Khoutorsky et al. 2014, Sidhu, Dansie et al. 2014, Gross, Chang et al. 2015,
Gross, Raj et al. 2015, Deng and Klyachko 2016).

1.11: From mice to men: clinical trials for FX.

The overwhelming success in correcting a wide range of phenotypic deficits in
the Fmr1 KO mouse in pre-clinical studies has motivated a number of early proof-of-
concept clinical trials and subsequent larger, later phase trials investigating similar
targeted interventions in patients with FX. Two open-label studies, one investigating the
safety and efficacy of lithium, the other lovastatin in FX, were inspired by studies in
Fmr1 KO animal models (McBride, Choi et al. 2005, Berry-Kravis, Sumis et al. 2008,
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Osterweil, Chuang et al. 2013, Caku, Pellerin et al. 2014, Pellerin, Caku et al. 2016).
Chronic lithium treatment resulted in significant improvement in behavioral scales,
verbal memory, and abnormal ERK activation rates, all secondary outcome measures,
but failed to show more than mild improvement on the ABC-C Irritability Subscale, the
study’s primary endpoint (Berry-Kravis, Sumis et al. 2008). Chronic administration of
Lovastatin has seen more promising outcomes. Significant improvement was
demonstrated on pre-defined behavioral scales, including a recently-developed
behavioral scale tailored to patients with FX, with the study meeting both primary and
secondary endpoints (Caku, Pellerin et al. 2014). Additionally, elevated phosphorylated
ERK1/2 levels in FX platelets were normalized upon treatment with Lovastatin (Pellerin,
Caku et al. 2016). Despite promising preliminary outcomes and observations that the
drug was well tolerated with minimal side effects, others have cautioned the use of this
targeted treatment. Lovastatin is an FDA-approved statin, originally intended to
manage high cholesterol. Lowering cholesterol in males with FX, a group observed to
have pathologically low baseline cholesterol levels, could lead to unintended negative
consequences (Berry-Kravis, Levin et al. 2015). A pilot randomized, double-blind,
placebo-controlled crossover trial using minocycline, an antibiotic that inhibits
overexpressed synaptic MMP9, a known target of FMRP, has also shown promise in
the clinic. Chronic minocycline treatment demonstrated mild global clinical improvement
as well as a significant reduction in MMP levels in the blood of responders
(Dziembowska, Pretto et al. 2013, Leigh, Nguyen et al. 2013). Treatment with the
GABAg agonist R-baclofen (STX209) in a phase |l double-blind placebo-controlled
crossover trial showed improvement over placebo in measures of social withdrawal and
parent-identified “problem behaviors”, prompting a larger phase Il placebo-controlled
trial in adults and adolescents with FX (Berry-Kravis, Hessl et al. 2012). Despite
showing significant improvements on various behavioral scales and meeting secondary
endpoints, the study fell short of meeting its primary outcome measure of social
withdrawal (Gross, Hoffmann et al. 2015). Perhaps most disappointing, based on the
optimism generated by the multitude of studies providing pre-clinical validation in the

Fmr1 KO mouse model, has been the failure of mGilus inhibitors in clinical trials.
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Multiple negative modulators of mGlus have been developed and investigated in
patients with FX. Treatment with fenobam, basimglurant (AFQ056; Roche), or
mavoglurant (RO4917523; Novartis), all negative allosteric modulators of mGlus, have
demonstrated no therapeutic benefit in patients with FX and have ultimately failed to

achieve FDA approval (Scharf, Jaeschke et al. 2015).

1.12: Failure in the clinic and what we can learn.

Thus far, pre-clinical targets identified by investigation of animal models of FX
have not successfully translated to therapeutically beneficial treatments for behavioral
and cognitive impairments in patients with FX. This raises a number of possibilities that
are important to evaluate prior to the development and evaluation of the next generation
of drugs for FX. One obvious possibility is that current interventions are missing the
disease relevant target(s) in FX. While the evidence implicating troubled translation
downstream of mGlus in the absence of FMRP is compelling, perhaps the mGluR theory
of FX is overly simplistic and other receptors are equally relevant to the disease
pathophysiology. Studies in the Fmr1 KO mouse do not support this conclusion thus far
(Thomas, Bui et al. 2011, Veeraragavan, Bui et al. 2011, Veeraragavan, Bui et al. 2011,
Thomas, Bui et al. 2012, Veeraragavan, Graham et al. 2012). A more compelling
possibility is that targeting global mGilus signaling, either by direct modulation of the
receptor (as with fenobam, basimglurant, and mavogurant) or by modulating
glutamatergic signaling through mGlus (as with R-baclofen) is too broad of a target. As
discussed previously, activation of mGlus, a G4 coupled receptor, initiates a wide variety
of signaling pathways, most of which are not relevant to the pathophysiology of FX.
Global inhibition of mGlus signaling certainly inhibits unintended targets, many of which
are crucial for fundamental cellular processes unrelated to synaptic translation. For
instance, mGlus is known to be physically and indirectly coupled to NMDA receptors,
which are vital for protein synthesis-independent synaptic function and plasticity (Collett
and Coilingridge 2004, Okubo, Kakizawa et al. 2004, Chen, Liao et al. 2011). The ideal
target would be one that physically couples glutamatergic activation of mGlus to the

translational machinery, bypassing unintended canonical signaling pathways.

40



Furthermore, although initial suppression of the disease-relevant pathway may be
effective in normalizing synaptic processes, it could consequently trigger inadvertent
modulation of non-disease-relevant signaling pathways via a homeostatic mechanism,
thus preserving pathological signaling. This possibility would be corroborated by
observations that the mGlus allosteric modulator CTEP exhibits tolerance in certain
assays upon chronic administration (see Chapter 3).

Regardless, there are notable obstacles inherent in clinical trial design and
regulatory guidelines which have impeded the ability of drugs for the treatment of FX to
successfully gain FDA approval as well. Although FX (and more generally speaking,
ASD) is largely a neurodevelopmental disorder, the FDA requires proof of efficacy in
adults before studying children. Other potentially significant trial design issues in FX
trials include limitations on dosing windows; regulations preventing evaluation over the
length of treatment that may be necessary to exhibit efficacy; a need for better
measures of cognitive or behavioral interventions that are specific to children who may
exhibit severe intellectual disability and may be incapable of verbal communication; a
need for more sensitive and more relevant biomarkers, including biomarkers that
measure known disease-pertinent consequences; and a need for more relevant
functional outcome measures (Berry-Kravis, Hessl et al. 2013, Gross, Hoffmann et al.
2015).

1.13: Beta arrestins: a scaffold for Ras-ERK and modulator of signaling.

Honing in on the disease-relevant targets in the pathology of FX could lead to
better targeted-drug development and greater success in restoring social, behavioral
and cognitive impairments in clinical trials. Indirect inhibition of the ERK signaling
pathway has yielded promising results in pre-clinical and clinical studies (Osterweil,
Chuang et al. 2013, Caku, Pellerin et al. 2014, Pellerin, Caku et al. 2016). However,
there are significant concerns regarding global inhibition of Ras farnesylation in patients
with FX (Berry-Kravis, Levin et al. 2015). The ideal target would be one that couples
mGlus activation to synaptic transiation but leaves G-protein-dependent signaling

unaltered. B-arrestins are adaptor proteins that are important for the regulation of G-
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protein coupled receptors (GPCRs), and have been shown to be directly involved in G-
protein-independent signaling pathways. Recently, many studies have shown a
functional divergence of B-arrestin isoforms in GPCR function (Srivastava, Gupta et al.
2015). Specifically, at the Angiotensin Il receptor, B-arrestin2 has been shown to recruit
the ERK pathway in a manner that is both temporally and spatially distinct from G-
protein dependent ERK activation (DeWire, Kim et al. 2008, Ahn, Kim et al. 2009). As
discussed above, G-protein-independent ERK signaling (but not ERK activation
downstream of GPCR activation) is required for mGluR-dependent protein synthesis
and synaptic plasticity. Therefore, the possibility exists that downregulation of the B-
arrestin isoform(s) specifically involved in G-protein-independent signaling at mGlus may

restore normal translation in the absence of FMRP.

1.14: Breaking down Lithium: GSK3a and GSK§.

Inhibition of GSK3a/B with either lithium or non-specific GSK3 inhibitors has
shown promise in treating pathogenic phenotypes in the Fmr1 KO mouse model (see
Table 1.3) and in an open-label clinical trial, FX patients chronically treated with lithium
showed moderate improvements in a number of outcomes (Berry-Kravis, Sumis et al.
2008). Although GSK3a and GSK3 are commonly referred to as isoforms, they are
actually paralogs, derived from different genes. GSK3a and GSK3f share 85% overall
sequence homology and 98% amino acid sequence identity within their kinase domains;
however, GSK3a has an extended N-terminal region (Woodgett 1990, Dajani, Fraser et
al. 2001). Both GSK3a and GSK3 are highly expressed in the mouse hippocampus
postnatally (Figure 1.6, Allen Brain Atlas), in both neurons and glia (Woodgett 1990,
Ferrer, Barrachina et al. 2002, Yao, Shaw et al. 2002, Perez-Costas, Gandy et al.
2010). Paralog-specific GSK3 KO animals have been generated. GSK3f KOG mice die
late in development, however GSK3f heterozygous mice are viable and have been
extensively characterized (Hoeflich, Luo et al. 2000, Beaulieu, Sotnikova et al. 2004,
O'Brien, Harper et al. 2004). GSK3a KO mice are viable and exhibit similar deficits as
GSK38 heterozygous mice, most notably an anti-depressant like state, similar to the

effects of iithiumn, as well as memory impairments (Beaulieu, Sotnikova et al. 2004,
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O'Brien, Harper et al. 2004, MacAulay, Doble et al. 2007, Bersudsky, Shaldubina et al.
2008, Kimura, Yamashita et al. 2008, Kaidanovich-Beilin, Lipina et al. 2009).
Importantly, there are notable differences in the contribution of GSK3a and GSK3,
especially in the involvement of neuropsychiatric disease. Case in point, GSK3a KO
mice exhibit impaired social interaction (Kaidanovich-Beilin, Lipina et al. 2009).
Additionally, in the Disc1-L100P mouse, which models schizophrenia-related behaviors,
genetic reduction of GSK3a specifically reverses pre-pulse inhibition (Cooper, Coe et
al.) and normalizes the hyperactivity phenotype and spine development abnormalities
observed in the Disc1-L100P mutant (Lee, Kaidanovich-Beilin et al. 2011, Lipina,
Kaidanovich-Beilin et al. 2011). Intriguingly, the Fmr1 KO mouse shares similar deficits
in PPI, hyperactivity and spine abnormalities (Table 1.1), suggesting that paralog-
specific inhibition of GSK3 could offer enhanced therapeutic benefit by specifically
targeting the paralog which is relevant to the pathophysiology of FX. It was once
hypothesized that development of paralog-specific small molecule inhibitors would be a
near impossibility due to the high sequence identity of the GSK3a and GSK3f kinase
domains (Kaidanovich-Beilin and Woodgett 2011). In fact, most currently available
GSKaS inhibitors lack true selectivity, most often non-specifically acting on cyclin-
dependent kinases as well (O'Leary and Nolan 2015). Recently however, highly
selective inhibitors of both GSK3a and GSK3B have been developed, as Chapter 3
reveals, allowing us to probe the specific contribution of each paralog in the

pathophysiology of FX.

1.15: Polygenic causes of autism and intellectual disability: 16p11.2 CNVs.
Although monogenic causes of ID offer a unique opportunity to probe the
contribution of a single gene to cognitive function, estimates suggest that ~15% of
cases of ID are caused by polygenic copy number variants (CNVs) > 400 kb in length
(Cooper, Coe et al. 2011). Variation at human chromosocme 16p11.2 is one of the most
common of these and accounts for approximately 0.5-1% of all ASD cases (Malhotra
and Sebat 2012). 16p11.2 CNVs, which include either deletion or duplication of a ~600

kb regicn, are highly penetrant causes of intellectual impairment and diagncsable
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psychiatric disorders that include ASD (Zufferey, Sherr et al. 2012). In deletion carriers,
full scale 1Q is decreased by ~2 standard deviations, such that 70% have an 1Q < 85
(Figure 1.7) (Zufferey, Sherr et al. 2012). In addition to ASD, individuals with 16p11.2
CNVs have a higher prevalence of other disorders that include epilepsy, mood and
anxiety disorders, learning disabilities, linguistic impairments, schizophrenia, bipolar
disorder, obesity, asthma and dysmorphic features (Shimojima, Inoue et al. 2009,
Ciuladaite, Kasnauskiene et al. 2011, Bassuk, Geraghty et al. 2013, Castro-Gago,
Perez-Gay et al. 2013, Weber, Kohler et al. 2013). Clinical studies have indicated that
patients with the microdeletion CNV tend to exhibit more severe symptoms, commonly
associated with ASD, ID and obesity compared to patients with the duplication, which is
more commonly associated with schizophrenia (Weiss, Shen et al. 2008). The affected
region harbors 27 annotated protein-coding genes, most of which are expressed in the
brain, and more specifically, the CA1 region of the hippocampus (Christian, Brune et al.
2008, Kumar, KaraMohamed et al. 2008, Weiss, Shen et al. 2008). In addition to ASD,
patients with CNVs at chromosome 16p11.2 have a higher risk for other developmental
and psychiatric conditions such as schizophrenia, bipolar disorder, and ID (Weiss, Shen
et al. 2008, Bijlsma, Gijshers et al. 2009, McCarthy, Makarov et al. 2009, Zufferey,
Sherr et al. 2012). Although the development of three mouse models of 16p11.2
deletion syndrome and two mouse models of 16p11.2 duplication syndrome have led to
a number of important findings, the mechanism by which microdeletion or duplication at
chromosome 16p11.2 causes cognitive and anatomical impairments is largely unknown.
Moreover, little is known about how CNVs, as a distinct group of genetic abnormalities,

contribute to ASD and ID.

1.16: Animal models of 16p11.2 deletion and duplication syndromes.

Two independent mouse models of the human 16p11.2 duplication (16p11.2 dp/+
mice) and three models of the human 16p11.2 deletion (16p11.2 df/+ mice) have been
established and characterized (Horev, Ellegood et al. 2011, Portmann, Yang et al. 2014,
Arbogast, Ouagazzal et al. 2016). These mice all carry highly similar (with subtle

differences in regional cverlap) heterozygous deletion or duplication of mouse
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chromosome 7qF3, the syntenic region of human chromosome 16p11.2 (Figure 1.8).
While humans with 16p11.2 deletion syndrome are prone to obesity, all three 16p11.2
df/+ mouse models are underweight compared with WT controls. Despite inconsistent
effects on body size, MRI analysis of the seminal 16p11.2 df/+ and 16p11.2 dp/+ mouse
models revealed that deletion or duplication of the syntenic region of 16p11.2 led to
macrocephaly and microcephaly in mice respectively, which mirrors anatomical
abnormalities identified in the respective human conditions (Horev, Ellegood et al.
2011). In zebrafish it has been shown that deletion or duplication of only Kctd13 (a
single gene in the 16p11.2 region) mirrors neuroanatomical macro and microcephaly
characteristics of 16p11.2 CNVs. However it is also important to note that manipulation
of either Mvp or Mapk3 in addition to Kctd13 exacerbated these anatomical defects
(Golzio, Willer et al. 2012). Human 16p11.2 deletion carriers tend to exhibit significantly
more impairment than carriers of the regional duplication. Similar to this, 16p11.2 df/+
mice show behavioral and cognitive phenotypes that are more severe compared with
16p11.2 dp/+ mice (Horev, Ellegood et al. 2011). Similar to the Fmr1 KO mouse,
16p11.2 df/+ mice are hyperactive and show severe impairments in hippocampus-
dependent cognitive tasks, including passive avoidance and context-dependent memory
tests (Horev, Ellegood et al. 2011, Portmann, Yang et al. 2014, Tian, Stoppel et al.
2015, Arbogast, Ouagazzal et al. 2016). All three 16p11.2 df/+ mouse models show
deficient novelty detection in an object recognition memory task. Interestingly 16p11.2
dp/+ mice show enhanced novelty detection (Horev, Ellegood et al. 2011, Portmann,
Yang et al. 2014, Arbogast, Ouagazzal et al. 2016). Although comparisons between
16p11.2 df/+ and 16p11.2 dp/+ mice have revealed largely reciprocal phenotypes, it is
interesting that both 16p11.2 df/+ and 16p11.2 dp/+ mice show impairments in social
interaction assays, consistent with the observation that both human deletion and
duplication carriers are at higher risk for ASD (Arbogast, Ouagazzal et al. 2016).

Synaptic function of 16p11.2 dp/+ mice has not been extensively investigated.
16p11.2 dp/+ mice show elevated levels of ERK1/2 protein and as such, increased bulk
ERK1, and ERK2 phosphorylaticn. This is to be expected as Mapk3, which encodes
ERKI1 is in the duplicated region. This was accompanied by increased dendritic

45



arborization in cortical pyramidal neurons which was reversed by inhibition of ERK1/2
with U0126 (Blizinsky, Diaz-Castro et al. 2016). Two groups of researchers have
independently investigated ERK1/2 signaling in 16p11.2 df/+ mice. Interestingly, one
group observed elevated activity of both ERK1 and ERK2 in cortical lysates
(Pucilowska, Vithayathil et al. 2015). Despite this observed hyperactivity of ERK
signaling, total levels of ERK1/2 phosphorylation in hippocampal slices remains reduced
in 16p11.2 df/+ mice due to the heterozygous deletion of Mapk3 and thus reduction of
total ERK1 (Tian, Stoppel et al. 2015). In addition to implications that altered ERK
signaling is pathogenic in 16p11.2 df/+ and 16p11.2 dp/+ mice, other interesting
similarities between 16p11.2 df/+ and Fmr1 KO have been observed. Despite
observations that protein synthesis is deficient in 16p11.2 df/+ mice, likely due to a
global reduction in ERK1/2 activity, induction and maintenance of mGIuR-LTD in CA1 of
the hippocampus is unaltered. Intriguingly, this form of synaptic plasticity persists in the
absence of de novo protein synthesis, possibly as a result of elevated synaptic Arc,
which phenocopies the Fmr1 KO mouse. Similarly, chronic treatment with the mGlu5
negative allosteric modulator CTEP corrects deficits in a passive avoidance task, which
has also been observed in Fmr1 KO mice (Michalon, Sidorov et al. 2012, Tian, Stoppel
et al. 2015).

1.17: Convergence at mGlus: FX and 16p11.2 CNVs.

An obvious and urgent question is whether these polygenic causes of psychiatric
iliness have overlapping pathophysiology with the single-gene disorders. Two genes in
the 16p11.2 region, MAPK3 and MVP are directly involved in signaling pathways
downstream of mGlus signaling, and several other genes in this region are targets of
FMRP (Kolli, Zito et al. 2004, Paspalas, Perley et al. 2008, Crepel, Steyaert et al. 2011).
MAPKS codes for the ERK1 isoform protein product, which, as discussed previously, is
an integral protein in the pathway that leads to the production of synaptic proteins
necessary for mGIluR LTD. Conversely, Major Vault Protein (MVP) is thought to be a
negative regulator of ERK1/2 (Kolli, Zito et al. 2004), and a rare inherited deletion in the
16p11.2 region confined to MVP, CDIPT1, SEZ6L2, ASPHD1, and KCTD13 has been
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shown to be associated with ASD (Crepel, Steyaert et al. 2011). Although 16p11.2 df/+
mice exhibit normal induction and maintenance of mGIluR-LTD, the pathogenic loss of
the protein-synthesis dependence of this form of synaptic plasticity, as well as increased
expression of the plasticity protein Arc, phenocopies the Fmr1 KO mouse. Evidence
that 16p11.2 df/+ mice have deficient translational regulation suggest that disruption of
the synaptic control of protein synthesis could be a cause of cognitive impairment in
16p11.2 CNV carriers, similar to patients with FX. If this is indeed the case, then
disease-modifying treatments that are currently in development for FX may provide

benefit to 16p11.2 CNV carriers as well.

1.18: Conclusions

An overarching theme that is highlighted in this literature review, is a need to
refine the mGIuR theory of FX to specify modulation of only the disease-relevant
signaling pathways and target molecules downstream of mGlus that are pathogenic to
the core dysfunctions in FX (and possibly 16p11.2 CNVs as well). However, in order to
do so, further investigation into which target(s) mechanistically link mGlus activation to
the translational initiation machinery at the synapse is needed. Chapter 2 evaluates the
possibility that p-arrestins may recruit the Ras-ERK signaling pathway and mediate de
novo protein synthesis at the synapse upon mGilus receptor activation. Furthermore, it
validates downregulation of B-arrestin-biased signaling at mGlus as a fruitful strategy in
treating FX dysfunction. Chapter 3 probes the isoform-specific contribution of GSK3a
and/or GSK3p in the synaptic pathophysiology of the Fmr1 KO mouse model and
evaluates isoform-specific inhibition as a potential therapeutic avenue in FX. Chapter 4
investigates synaptic dysfunction in mouse models of 16p11.2 deletion and duplication
syndromes. Moreover, chapter 4 investigates the possibility that the GABAg agonist R-
baclofen, which has shown therapeutic benefit in pre-clinical and clinical studies for FX,
may be efficacious in reversing phenotypes associated with the 16p11.2 deletion mouse
model, thereby evaluaiing the hypothesis there may be convergence at the synapse

between two separate known genetic causes of ASD and ID at the synapse.
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Identified Prevalence of Autism Spectrum Disorder
ADDM Network 2000 - 2012
Combing Data from All Sites

6.7

2000 1992 6 (4.5-9.9) 1in 150
2002 1994 14 55 1in 150
(3.3-10.6)
2004 1996 8 gd 1in 125
(4.6-9.8)
2006 1998 11 9.0 1in 110
(4.2-12.1)
13 :
2008 2000 14 8513) 1in 88
147 .
2010 2002 11 57319 1in 68
14.6 .
2012 2004 11 AT 1in 68

Prevalence per 1,000
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Figure 1.1: Prevalence of ASD from 2000-2012.
Estimates of the prevalence of Autism Spectrum Disorder in children age 8 taken at

regular intervais from 2000 to 2012 indicate a trend towards steadily increased
prevalence over time. Data obtained from the CDC.
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Figure 1.2: FMRP regulates mRNA translation.

In a normal neuron, where FMRP (green) is functional, it can be found bound to regions
of mRNA in association with stalled ribosome complexes, supporting its role in
suppression of the elongation step of translation. It can also be found bound to the
3’UTRs in association with the machinery for translation initiation, supporting a separate
role for FMRP in translation initiation. In neurons that lack FMRP, a translational brake
is lifted, as FMRP does not block the initiation of ribosome assembly, nor does it stall
the elongation of actively translating ribosomes. Taken together, ioss of this
translational break leads to excessive protein synthesis, known to be pathogenic in FX.
Adapted from Bhakar, Dolen, and Bear, Annu. Rev. Neurosci. 2012.
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Figure 1.3: Exaggerated protein synthesis and mGIuR-LTD in the Fmr1 KO
mouse.

(A) Nissl-stained coronal sections (top) and their corresponding pseudocolored
autoradiograms (middle and bottom) show quantitative increases in translation rates
throughout the hippocampus of 6-month-old Fmr1 KO mice in vivo (bottom) compared
with WT controls (middle). Images courtesy of C.B. Smith (Qin et al.2005), adapted
from Bhakar, Dolen, and Bear, Annu. Rev. Neurosci. 2012. (B) The magnitude of
mGIuR-LTD, a form of synaptic plasticity that is dependent on de novo protein
synthesis, is exaggerated in the Fmr1 KO mouse compared with WT controls in CA1 of
the hippocampus. (Huber et al., 2002). (C) Metabolic labeling of slices prepared under
conditions modeling slice electrophysiology experiments reveals rates of protein
synthesis in the hippocampus are maximal 4-6 hours after slicing. Similar to
observations in vivo in (A), metabolic labeling of hippocampal slices reveal elevated
protein synthesis in the Fmr1 KO mouse compared io WT mice (Osterweil et al., 2010).
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Figure 1.4: mGlus is a Gq-protein coupled receptor.

Canonically, mGlus signaling occurs through the G4-dependent activation of PLC-p,
which hydrolyzes PIP,, leading to increases in DAG, which subsequently activates PKC
(and PKD, not shown), and IP3, whose receptor activation leads to release of Ca®* from
intracellular stores. Abbreviations: [Ca®*], calcium release from intracellular stores; PLC-
B, phospholipase C beta; PIP,, phosphatidylinositol (4,5)-bisphosphate; DAG, diacyl
glycerol; PKC, protein kinase C; P3, inositol triphosphate.
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Figure 1.5: Signaling pathways mediate synaptic translation upon mGlus
activation.

Glutamate binding to mGlus activates three main pathways that couple the receptors to
translational regulation: (1) the PLC/PKC pathway (2) the mTOR pathway (blue ovals),
and (3) the ERK pathway (green ovals). Key regulatory components of translation
initiation are shown in light pink. Key reguiatory components of translation elongation
are shown in purple. mGlus may also inhibit FMRP (teal) function to regulate translation
through a fourth pathway requiring stimulation of PP2A (dark pink). Arrows indicate a
positive consequence on downstream components; perpendicular lines indicate an
inhibitory consequence. Abbreviations: [Ca®*], calcium release from intracellular stores;
eEF2, eukaryotic elongation factor 2; elF4, eukaryotic initiation factor 4; ERK,
extracellular signal-regulated kinase; FMRP, fragile X mental retardation protein; (Gaq)
heterotrimeric G proteins; IP3, inositol-1,4,5-triphosphate; mGlu5, metabotropic
glutamate receptor 5; mTOR, mammalian target of rapamycin; PLC, phospholipase C;
PP2A, protein phosphatase 2A; Raptor, regulatory-associated protein of mTOR. TSC,
tuberous sclerosis complex.
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Fragile X phenotype (vs. WT)

mGluR5 manipulation

Reference(s)

Exaggerated mGIluR-LTD

Grmb5+/- cross

Dolen et al. 2007

CTEP Michalon et al. 2012
Increased AMPAR internalization MPEP Nakamoto et al. 2007
Impaired spontaneous EPSCs in MPEP Meredith et al. 2011

juvenile hippocampus

Grmb5+/- cross

Dolen et al. 2007

Increased protein synthesis MPEP Osterweil et al. 2010
CTEP Michalon et al. 2012
Decreased number of mRNA MPEP Aschrafi et al. 2005
granules in whole brain
Increased glycogen synthase MPEP Min et al. 2009
kinase-3 activity
Increase beta amyloid MPEP Malter et al. 2010
Increased ERK and mTOR signaling | CTEP Michalon et al. 2012
Grm5*/- cross Dolen et al. 2007
- . . Fenobam De Vrij et al. 2008
Increased deng:;:;?t;pme/ﬁlopod]a MPEP Soetal 9041
AFQO056 Levenga et al. 2011
CTEP Michalon et al. 2012
Altered visual cortical plasticity Grm5*/ cross Dolen et al. 2007
Prolonged epileptiform discharges | MPEP Chuangetal. 2005

in hippocampus

Increased persistent activity states
in neocortex

MPEP, Grm5+/- cross

Hays etal. 2011

Impaired presynaptic function in
the amygdala

MPEP

Suvrathan et al. 2010

Exaggerated inhibitory avoidance
extinction

Grm5+/- cross

Dolen et al. 2007

Associative motor-learning deficit | Fenobam Veloz etal. 2012
Impaired eyelid conditioning MPEP Koekkoek et al. 2005
Grmb5+/- cross Dolen et al. 2007
Increased audiogenic seizure MPEP Thomas etal. 2012, Yan et al. 2005
CTEP Michalon et al. 2012
Defective prepulse inhibition of MBEP De Vrij et al. 2008
it e AFQO056 Lgvenga etal. 2011
GTEP Michalon et al. 2012
Avoidance behavior deficits Fenobam Veloz et al. 2012
Decreased initial performance on | MPEP Thomas etal. 2012
rotorod
increased open-feld activity EATI‘JF!E; Min et al. 2009, Yan et al. 2005

Abnormal social interaction with
unfamiliar mouse

Grm5+/- cross

Themas etal. 2011

Increased marble burying MPEP Thomas et al. 2012
(repetitive behavior)
Macroorchidism CTEP (partial rescue) Michalon etal. 2012

Pubertal increase in body weight

Grmb5+/- cross

Dolen et al. 2007

Table 1.1: FX phenotypes corrected by mGlus manipulation.
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Abbreviations: AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor; CTEP, 2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-
yl)ethynyl)pyridine; EPSC, excitatory postsynaptic currents; FX, fragile X; mGIuR; LTD,
long-term depression; mGluR, metabotropic glutamate receptor; MPEP, 2-methyl-6-
(phenylethynyl)-pyridine; mRNA, messenger RNA; WT, wild type.

MPEP, Fenobam, CTEP, AFQ056 = mGlus negative allosteric modulators.
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Fragile X phenotype (vs. | ERK pathway manipulation |  Reference(s)

Osterweil et al. 2013
Osterweil et al. 2010
Osterweil et al. 2013
Osterweil et al. 2013
Osterweil et al. 2013

Lovastatin (Ras farnesylation)
U0126 (ERK)

Lovastatin (Ras farnesylation)
Lovastatin (Ras farnesylation)
Lovastatin (Ras farnesylation)

Exaggerated mGIluR-LTD

Increased protein synthesis

Altered visual cortical excitability
Prolonged epileptiform
discharges in hippocampus

Osterweil et al. 2010
Osterweil et al. 2013

U0126 (ERK)

Increased audiogenic seizure y )
g Lovastatin (Ras farnesylation)

faniaks VV A
Exaggerated mGIluR-LTD

wed sy ¥ S AT Mgt | g e Fiak = P =23 e i L
S6K1 KO cross (p70 S61 Kinase) Battacharya etal. 2012
Tsc2+/- cross (TSC2) Auerbach et al. 2011
PF-4708671 (p70 S61 Kinase) Battacharya et al. 2016
FS-115 (p70 S61 Kinase) Battacharya et al. 2016

S6K1 KO cross (p70 S61 Kinase) Battacharya et al. 2012

Increased protein synthesis

Impaired signaling and protein
expression
Deficits in the elevated plus maze
Deficits in open field activity
Impaired novel object

Temsirolimis (mTOR)
Temsirolimis (mTOR)
Temsirolimis (mTOR)

Busquets-Garcia et al. 2013
Busquets-Garcia et al. 2013
Busquets-Garcia et al. 2013

recognition S6K1 KO cross (p70 S61 Kinase) Battacharya et al. 2012

Increased dendritic S6K1 KO cross (p70 S61 Kinase) Battacharya et al. 2012

spine/flopodia density PF-4708671 (p70 S61 Kinase) Battacharya et al. 2016

FS-115 (p70 S61 Kinase) Battacharya et al. 2016

Decreased initial performance on | S6K1 KO cross (p70 S61 Kinase) Battacharya et al. 2012
rotorod

S6K1 KO cross (p70 S61 Kinase) Battacharya etal. 2012

Deficits in the Y maze PF-4708671 (p70 S61 Kinase) Battacharya et al. 2016

FS-115 (p70 S61 Kinase) Battacharya et al. 2016

. " : S6K1 KO cross (p70 S61 Kinase) Battacharya et al. 2012

Pubertl increasedn body WEIEhE | oo 1y 170 561 Kinuse) Battacharya et al. 2016

S6K1 KO cross (p70 S61 Kinase) Battacharya et al. 2012

Macroorchidism PF-4708671 (p70 S61 Kinase) Battacharya et al. 2016

FS-115 (p70 S61 Kinase) Battacharya et al. 2016

Deficits in marble burying FS-115 (p70 S61 Kinase) Battacharya et al. 2016

Impaired social interaction PF-4708671 (p70 S61 Kinase) Battacharya etal. 2016

FS-115 (p70 S61 Kinase) Battacharya et al. 2016

Impaired contextual fear
conditioning

Tsec2+/- cross (TSC2)

Auerbach et al. 2011

Osterweil et al., 2010
Busquets-Garcia et al. 2013

Rapamycin (mTOR, partial rescue}

Increased audiogenic seizure Temsirolimis (mTOR)

Table 1.2: FX phenotypes corrected by ERK or mTOR pathway manipulation.
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Fragile X phenotype (vs. WT) | GSK3 manipulation |  Reference(s)
Exaggerated mGIuR-LTD Lithium Choietal. 2011
Impaired signaling Lithium Liuetal. 2012
LTP, reduced stead-state Lithium, CT99021 Franklin etal. 2014
depolarization in the dentate gyrus
Increased protein synthesis Lithium Liu et al. 2012
Impaired L-LTP in the anterior CT99021, SB415286 Chen et al. 2014
cingulate cortex
Increased glycogen synthase Lithium Min et ql. 2009, Yuskaitis et al.
kinase-3 activity 2010, Liuetal. 2011
SB415286 Guo et al. 2012
Adult hippocampal neurogenesis | SB415286 Guo et al. 2012
and maturation deficits
Increased dendritic spine/filopodia | Lithium Liuetal 2011
density
Exaggerated inhibitory avoidance | Lithium Liu et al. 2011, Yuskaitis et al.
extinction 2010
Impaired trace fear memory and/or | CT99021 Chen etal. 2014
AMPAR GluA1 upregulation SB415286 Guo etal. 2012
Increased audiogenic seizure Lithium Yuskaitis et al. 2010
Deficits in categorical and/or spatial | TDZD-8, VP0.7 Franklin et al. 2014
processing tasks Lithium King and Jope, 2013
I Lithium Yuskaitis et al. 2010, Liu et al.
Deficits in the elevated plus maze 2011, Chen et al. 2013
; : : TDZD-8, VP0.7 Franklin et al. 2014, King and Jope,
Impaired novel object recognition 2013
Lithium Min et al. 2009, Yuskaitis et al.
Increased open-field activity 2010, Liu et al. 2011, Chen et al.
2013
Abnormal social interaction with Lithium Liu etal. 2011, Mines et al. 2010
unfamiliar mouse
Macroorchidism Lithium (partial rescue) Liuetal. 2011

Table 1.3: FX phenotypes corrected by GSK3«/B manipulation.

Abbreviations: LTP, long term potentiation; L-LTP, late-long term potentiation; GluA1,
glutamate ionotropic receptor AMPA type subunit 1.

Lithium = direct and indirect inhibitory action at GSK3; CT99021, SB415286 = ATP-
competitive GSK3 inhibitors; TDZD-8, VP0.7 = non-competitive ATP binding site
inhibitors.
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Fragile X phenotype (vs. WT) corrected by
R-baclofen

Reference(s)

Impaired signaling

Qin etal. 2015

Elevated AMPAR internalization

Henderson et al. 2012

Increased protein synthesis

Henderson et al. 2012, Qin et al. 2015

Increased dendritic spine/filopodia density

Henderson et al. 2012

Increased audiogenic seizure

Pacey et al. 2009
Pacey et al. 2011
Henderson et al. 2012

Abnormal social interaction with unfamiliar mouse

Qin etal. 2015

Table 1.4: FX phenotypes corrected by treatment with the GABAg agonist R-

baclofen.
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Figure 1.6: Expression of GSK isoforms in the mouse hippocampus.

(A, B) In situ hybridization shows that GSK3a and GSK3p (A and B, respectively) are
both highly expressed in the mouse hippocampus. ISH images were obtained from the

Allen Brain Atlas.
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Figure 1.7: Distribution of 1Q in 16p11.2 deletion carriers.

Distribution of full scale intelligence quotient (FSIQ) in 16p11.2 BP4-BP5 deletion
carriers (grey bars), intrafamilial non-carrier relatives (control, black bars), and general
population (dashed curve). The dashed vertical line represents the FSIQ threshold (70)
for intellectual disability. Mean FSIQ is 32 points lower in carriers when compared to
non-carrier relatives. Adapted from Zufferey et al. (2012).

59



16p11.2

hu chr 16
a =~ -
mu chr 7 ﬁ
F4
Mouse: Human:
Corola -1 F T spN
Mapk3 U QPRT
Gdpd3 (| C160RF54
Ypel3 1| ZG16
foz 1 Ak _ = = FMRP target
Ppp4c L MAZ == Mai : _
Aldoa PRRT2 _ aJor‘vautprotem,
Fam57b 11 CI6ORF53 = negative regulator of ERK
4930451111Rik 1 | MVP 4~ - Phosphatidylinositol synthase,
Doc2a i CDIPT == = required for Gq signaling
Ino80e 1] SEZ62| =} == == == = CMRP target
Hirip3 " ASPHD1
Taok2 KCTD13 = = = = = BACURD?, substrate-spec. adapter
Them219 ! TMEM219 of E3 ubiquitin ligase complex
Kctd13 t TAOK2 = = = = = EMRP target
Asphd1 | HIRIP3
Sez612 T INOSOE Pl
Cd:pt I DOC2A Vd " ERK1
Mvp 1 C160RF92 K4 /
2900092E17Rik | FAM57B 4 /
Pnrt12 ALDOA = ¢ /
Maz I PPP4C
Kif22 I\ TBX6
2g16 I | YPEL3
A1467606 1o GDPD3
Qprt " MAPK3 =/ Critical region (Crepel, et al., 2011)
Spn ) CORO1TA

Figure 1.8: Human 16p11.2 is syntenic to mouse chromosome 7qF3.

Mouse chromosome 7qF3 and human chromosome 16p11.2 are syntenic, as described
in Weiss et al. (2008). 4 of the ~27 genes within the affected region are targets of
FMRP (as identified by Darnell et al. 2011). Others are important for signaling
downstream of mGlus.
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Chapter 2

B-Arrestin2 couples mGilus to FMRP-regulated protein synthesis
and is a novel target for the treatment of Fragile X

Portions of this chapter have been submitted for review:

Stoppel LJ, Auerbach BD, Senter RK, Preza AR, Lefkowitz RJ, Bear MF. B-Arrestin2
couples metabotropic glutamate receptor 5 to synaptic protein synthesis in Fragile X (in
submission)
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2.1: Abstract

The primary pathogenic cause of Fragile X Syndrome (FX) is dysregulated
synaptic protein synthesis downstream of metabotropic glutamate receptor 5 (mGlus)
activation. Therapies targeting this dysregulation, however, have failed in clinical trials,
due in part to our incomplete understanding of the signaling pathways that couple
mGilus activation to neuronal translation. Here, we demonstrate that B-arrestin2 is a
critical link between mGilus activation and FMRP-mediated translation and synaptic
plasticity. Heterozygous deletion of B-arrestin2 severely blunts mGlus-stimulated protein
synthesis, ERK activation, and mGIuR-LTD while preserving canonical Gq signaling.
Interestingly, genetic reduction of B-arrestin2 in the Fmr1 KO mouse is sufficient to
correct many recognized deficits, including exaggerated protein synthesis and mGluR-
LTD as well as many cognitive and behavioral impairments. Importantly, this reduction
in B-arrestin2 does not induce the same psychotomimetic side effects associated with
full mGlus inhibitors, indicating that targeting p-arrestin2-mediated signaling may be a

more selective approach to the treatment of FX.
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2.2: Introduction

2.2.1: Dysfunction at mGlus, a regulator of protein synthesis, is core to the

pathophysiology of FX.

Numerous genetic and molecular studies have demonstrated that poorly
regulated synaptic protein synthesis downstream of metabotropic glutamate receptor 5
(mGilus) contributes to the pathophysiology of Fragile X (FX), a genetic cause of
intellectual disability (ID) and autism spectrum disorder (ASD) (Pop, Gomez-Mancilla et
al. 2014). This work suggests that targeting mGilus or its downstream effectors may be a
fruitful approach for improving the course of FX and other genetic syndromes with
shared pathophysiology (Bozdagi, Sakurai et al. 2010, Auerbach, Osterweil et al. 2011,
Aguilar-Valles, Matta-Camacho et al. 2015, Barnes, Wijetunge et al. 2015, Tian, Stoppel
et al. 2015, Wenger, Kao et al. 2016).

2.2.2: Targeting mGlus: failure in the clinic.

Although mGlus-based therapies have been immensely successful at correcting
many neurophysiological and behavioral deficits in animal models of FX (Bhakar, Dolen
et al. 2012), to date, however, the results of human clinical trials in FX using mGilus
negative allosteric inhibitors (NAMs) have been disappointing (Scharf, Jaeschke et al.
2015, Berry-Kravis, Des Portes et al. 2016). Although many factors contribute to the
challenge of translating findings from animai models to humans, one factor that is
common to ail drug trials is the therapeutic window—the range of doses that can treat
disease pathophysiology without causing negative side effects. In humans, for example,
it has been reported that inhibition of mGlus produces dose-limiting psychotomimetic
effects (Pecknold, McClure et al. 1982, Porter, Jaeschke et al. 2005, Abou Farha,
Bruggeman et al. 2014). The first-generation mGlus NAMs were identified based on
their ability to inhibit canonical G4 signaling mediated by phosphcinositide hydrolysis

and release of Ca®* from intracellular stores (Gasparini, Lingenhohl et al. 1999, Cosford,
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Tehrani et al. 2003, Lindemann, Jaeschke et al. 2011). However, available data suggest
alternative signaling pathways are central to the regulation of synaptic protein synthesis
by mGilus (Osterweil, Krueger et al. 2010, Bhakar, Dolen et al. 2012, Richter, Bassell et
al. 2015). Thus, it is possible that therapeutic effects can be enhanced and separated
from side effects by selectively targeting the coupling of mGlus to disease-reievant

signaling pathway(s).

2.2.3: Honing in on disease-relevant targets: pathway-specific manipulation.

One pathway that is known to be central to mGlu5 stimulated protein synthesis
and fragile X pathophysiology culminates in activation of ERK1/2 and the
phosphorylation of proteins involved in the regulation of cap-dependent mRNA
translation (Banko, Hou et al. 2006, Osterweil, Krueger et al. 2010, Osterweil, Chuang
et al. 2013). Activation of this pathway by mGlus can occur independently of canonical
G-protein signaling, but how this is achieved has yet to be elucidated. As is the case for
many seven-transmembrane domain receptors, G-protein signaling of ligand-bound
mGlus is terminated by recruitment of -arrestin to the carboxyl tail of the receptor. In
recent years it has become clear that 3-arrestin recruitment can also trigger activation of
alternative signaling cascades. Of particular relevance is the observation that 3-
arrestin2 recruitment to the angiotensin Il receptor (which like mGlu5 is also Gq-
coupled) stimulates the ERK1/2 pathway and increases mRNA translation rates in both
human embryonic kidney 293 and rat vascular smooth muscle cells (DeWire, Kim et al.
2008, Ahn, Kim et al. 2009). We therefore hypothesized that -arrestin2 may comprise

the missing link between mGilus and protein synthesis in neurons.
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2.3: Results

2.3.1: B-arrestin2, but not B-arrestint, is involved in ERK-mediated synaptic
protein synthesis.

To test the hypothesis that B-arrestins couple mGlus activity to synaptic
translation, we stimulated hippocampal slices from male Arrb1*", Arrb2*", and wild-type
(WT) littermates with a selective positive allosteric modulator of mGilus, 3-Cyano-N- (1,3-
diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB, 10 uM, 30 minutes), and measured the
incorporation of 3*S-methionine/cysteine into new protein. We found that mGilus
activation caused a parallel increase in protein synthesis (Figure 2.1A) and ERK1/2
phosphorylation (Figure 2.1B) in WT slices, which were both absent in slices from
Arrb2*” mice. This blunted response to mGlus stimulation occurred in the absence of
differences in basal protein synthesis rates or ERK phosphorylation levels (Figure 2.1).
We failed to observe a comparable effect on stimulated protein synthesis in Arrb1*
mice (Figure 2.2), suggesting that B-arrestin2 is the relevant isoform for mGius
signaling. From a therapeutic standpoint, it is noteworthy that mGlu5 stimulated protein
synthesis is abrogated in mice lacking a single allele of Arrb2; a full knockout is not

required to see an effect.

2.3.2: AKT-mTOR signaling downstream of mGlus is intact in both Arrb7*" and
Arrb2*" hippocampal slices.

B-arrestins have also been shown to participate in additional signaling cascades,
including the Akt-mTOR pathway that has been implicated in the regulation of protein
synthesis (DeWire, Ahn et al. 2007). Consistent with previous studies performed in
hippocampal slices (Osterweil, Krueger et al. 2010), however, we found that mGius
activation failed to increase phosphorylation of Akt or ribosomal protein S6, an accepted
readout of mTOR activity (Bhattacharya, Mamcarz et al. 2016), in WT mice. These
measures of mTOR pathway activity were also unaffected in slices prepared from

Arrb1*" and Arrb2*" mice (Figure 2.3). These results suggest that loss of B-arrestin2
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decreases mGlus-stimulated protein synthesis by specifically uncoupling mGilus
activation from ERK signaling, while leaving other signaling cascades intact.

2.3.3: G, signaling is unaltered in Arrb2* hippocampal slices.

To assay the integrity of G4 signaling in the Arrb2*” mice, we examined mGilus-
mediated calcium mobilization in hippocampal slices from WT and Arrb2*" animals using
the cell-permeable calcium fluorescent dye Fluo4-AM, a commonly used read-out for G-
protein dependent mGlus activity during drug screening efforts. We found that a brief
application of the orthosteric mGlus agonist S-3,5-dihydroxyphenylglycine (DHPG, 25
LM, 1 min) to slices resulted in a rapid increase in Ca?*-mediated fluorescence that was
not significantly different between WT and Arrb2*” slices (Figure 2.4). These DHPG-
induced changes in calcium fluorescence were completely blocked by pretreatment with
the phospholipase C inhibitor, U73122 (data not shown). These results indicate that a
partial reduction in B-arrestin2 does not result in aberrant G4 signaling in response to
mGilus activation. Moreover, they suggest that modulation of mGlus receptor-mediated
protein synthesis can be dissociated from G-protein dependent signaling via

manipulation of B-arrestin2.

2.3.4: Arrb2*" slices lack the protein synthesis-dependent component of mGlus-
dependent LTD.

Activation of mGilus results in a form of synaptic long-term depression (LTD) in
the hippocampus that requires rapid de novo synaptic protein synthesis (Huber, Kayser
et al. 2000). We therefore investigated the functional relevance of the observed
biochemistry by determining if genetic reduction of Arrb2 also alters the expression
and/or protein synthesis-dependency of LTD induced with DHPG (25 yM, 5 min)
(Huber, Roder et al. 2001). Basal synaptic transmission was normal (Figure 2.6A) but
LTD magnitude was significantly reduced in Arrb2"" slices compared to WT (Figure
2.5A,B). Consistent with previous observations, LTD in WT slices was significantly
diminished in the presence of the protein synthesis inhibitor cycloheximide (CHX, 60

pM). In contrast, the residual LTD in slices from Arrb2*” animals was unaffected by CHX
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(Figure 2.5C,D). Therefore, we conclude that the protein synthesis-dependent

component of mGlus-dependent LTD is absent in the Arrb2*" hippocampus.

2.3.5: Arrb2*" mice have normal basal synaptic transmission, pre-synaptic mGlu-
LTD and NMDAR-LTD.

In WT mice, the LTD that remains when DHPG is applied in the presence of CHX
is expressed via a presynaptic mechanism, revealed by a change in the paired-pulse
ratio (Auerbach, Osterweil et al. 2011). This change in paired-pulse ratio after DHPG
was similarly observed in ArrbZ*" mice, indicating that this presynaptic, protein
synthesis-independent mechanism of LTD is unaffected by reducing signaling through
B-arrestin2 (Figure 2.6B). Another, mechanistically distinct form of hippocampal LTD
can be induced by stimulating NMDA receptors. This type of LTD is expressed
postsynaptically, but does not require ERK1/2 or immediate translation of mRNA. We
found that it is also unaffected by genetic reduction of B-arrestin2 in the hippocampus
(Figure 2.6C). Taken together, these results suggest that the diminished LTD
magnitude observed in Arrb2*” animals is likely a specific consequence of impaired

mGilus-stimulated mRNA translation at the synapse.

2.3.6: Genetic reduction of pB-arrestin2 in Fmr1 KO mice restores aberrant protein
synthesis and mGlu-LTD to WT levels.

Our results indicate that B-arrestin2 couples mGlus activation to ERK-dependent
protein synthesis and LTD. Aberrantly increased mGlus-dependent protein synthesis
has been shown to be pathogenic in Fmr1 KO mice (Dolen, Osterweil et al. 2007,
Bhakar, Dolen et al. 2012). Therefore, we investigated whether a genetic reduction of
Arrb2in Fmr1 KO mice could correct fragile X phenotypes. We crossed Arrb2*” male
mice to Fmr1*" female mice and found that both the increased synaptic protein
synthesis (Figure 2.7A,B) and exaggerated mGlu-LTD (Figure 2.7 characteristic of

Fmr1” mice were restored to WT levels in Arrb2*" x Fmr1™” mice.
2.3.7: Two wrongs make a right, yet again. Cognitive impairments in a
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hippocampus-associated aversive learning task in both Fmr1 KO and Arrb2"
mice are corrected in Arrb2* x Fmr1™ mice.

We next investigated the possibility that restoration of normal protein synthesis
and mGlus-dependent synaptic plasticity in Arrb2*” x Fmr1” mice could lead to
improvements in cognitive and behavioral assays previously shown to be impaired in
Fmr1?” mice. We assayed inhibitory avoidance, a hippocampus-dependent behavior
that is known to be disrupted in Fmr1™ mice (Qin, Kang et al. 2002, Dolen, Osterweil et
al. 2007) (Figure 2.8A). Memory strength was measured as the latency to enter the dark
side of a box that was associated with a foot shock. We discovered that Arrb2*" as well
as Fmr1” mice failed to form a strong association between the context and foot shock
(between time 0 and 6 hours) indicating impaired memory acquisition. This is consistent
with previous results showing that bidirectional changes in hippocampal synaptic protein
synthesis can actually manifest as similar impairment at the behavior level (Auerbach,
Osterweil et al. 2011). Remarkably, however, Arrb2*" x Fmr1”Y mice were
indistinguishable from WT and exhibited normal memory acquisition and extinction over

the course of 48 hours (Figure 2.8B).

2.3.8: Genetic reduction of p-arrestin2 in Fmr1 KO mice corrects loss of novelty
detection and alleviates susceptibility to audiogenic seizure.

We also investigated non-aversive object recognition memory. Mice were first
allowed to explore an arena with two identical objects for two sessions and then, the
next day, one of the familiar objects was replaced with a novel object (Figure 2.9A).
While Fmr1™ mice explored both the novel and familiar objects to an equal degree,
indicating a severe impairment in novelty detection, Arrb2*” x Fmr1™ mice as well as
Arrb2*" single mutants showed a strong preference for the novel object similar to WT
mice (Figure 2.9B). To ensure that this effect was not due to differential interest in
overall exploration, we scored total time spent sniffing the two familiar objects during
habituation session 1, and found no significant difference in exploration of either object,
or cumulative exploration, across genotypes (Figure 2.9C). In an additionai series of

behavioral experiments we investigated audiogenic seizures (AGS), as increased
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susceptibility to AGS is a hallmark phenotype in Fmr1” mice. Genetic reduction of
Arrb2 in Fmr1 KO mice significantly attenuated seizure incidence (Figure 2.10) very
similar to what has been observed using mGlus and ERK-pathway inhibitors (Yan,
Rammal et al. 2005, Dolen, Osterweil et al. 2007, Osterweil, Krueger et al. 2010).

2.3.9: Dose-limiting side effects seen with full mGlus inhibitors are not apparent in
Arrb2*" mice.

Our data suggest that the mGius signaling relevant to FX pathophysiology
specifically passes through B-arrestin2 to activate ERK and protein synthesis. If this
conclusion is correct, then modulators that specifically target mGlu5 coupling to 3-
arrestin2 might avoid side effects that arise from inhibition of canonical G4 and/or mTOR
pathway signaling. First-generation mGlus NAMs, identified based on inhibition of Gq
signaling, have been shown to act synergistically with the non-competitive NMDA
receptor blocker MK801 to induce hyper-locomotion in mice (Homayoun, Stefani et al.
2004, Pietraszek, Gravius et al. 2005). MK801 is psychotomimetic in humans, and
hyper-locomotion in mice is believed to be relevant to the mechanism(s) that cause
derealization and visual hallucinations in people treated with mGlu5 NAMs (Pecknold,
McClure et al. 1982, Porter, Jaeschke et al. 2005, Abou Farha, Bruggeman et al. 2014).
We confirmed that pretreatment with the selective mGlus inhibitor 3-[(2-Methyl-1,3-
thiazol-4-yl)ethynyl]-pyridine (MTEP) (Cosford, Tehrani et al. 2003) significantly
potentiates MK801-induced hyper-locomotion in WT mice. However, we found that
baseline locomotor activity was the same in Arrb2"" and WT mice, as was the
synergistic effect of MTEP pretreatment (Figure 2.11). The fact that MTEP continues to
exacerbate hyper-locomotion in mice that lack mGlus-regulated protein synthesis
suggests that the psychotomimetic effects of the NAM are mediated by inhibition of

pathways unrelated to FX pathophysiology.
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2.4: Discussion

2.4.1: p-arrestin2 facilitates ERK1/2-dependent synaptic protein synthesis.

The primary purpose of this study was to establish a role for B-arrestin2 in mGlus-
mediated signaling in the hippocampus. We found that mGlus-dependent ERK
activation and protein synthesis are deficient in Arrb2"" mice. Additionally, we found no
differences in the recruitment of other signaling pathways in Arrb2"" mice, including
canonical Gq signaling or the AKT-mTOR pathway, suggesting that B-arrestin2
selectively couples mGlus activation to the ERK cascade. The disruption in ERK
activation appears to have functional consequences as well, as Arrb2*" hippocampal
slices exhibit diminished mGlu-LTD, likely due to the loss of the protein synthesis-
dependent component of this form of plasticity. Our finding that B-arrestin2 acts as a
signaling scaffold facilitating Ras-ERK pathway activation and mRNA translation is
consistent with the role of B-arrestin2 at the angiotensin Il receptor, which is similarly
coupled to Gg signaling and activation of phospholipase C (DeWire, Kim et al. 2008,
Ahn, Kim et al. 2009).

2.4.2: There is a functional divergence of p-arrestin isoforms in mGlus function.
We have presented compelling evidence that B-arrestin1 and B-arrestin2 perform
functionally distinct roles at the mGlus receptor. While p-arrestin2 appears to be directly
coupled to transiation in a manner that is independent from canonical Gq signaling
pathways, 3-arrestin1 does not appear to be necessary for de novo protein synthesis.
While the obvious hypothesis would be that B-arrestin1 plays a crucial role in mGilus
internalization and desensitization, further investigation is necessary to confirm that this
is the case. Furthermore it is notable, that while a heterozygous deletion of B-arrestin2
does not yield quantifiable changes in calcium mobilization, that is not to say that 8-
arrestin2 is not involved in Ggq signaling. In fact, we would likely expect that full deletion
of B-arrestin2 might lead to enhanced mGius signaling as a result of reduced mGius
endocytosis and diminished receptor desensitization. Indeed, preliminary evidence

suggests that there is enhanced G, activation in ArrbZ” mice (data not shown).
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Nonetheless, we are not the first to report a divergence of function between the two -
arrestin isoforms, and in fact, B-arrestin1 and 3-arrestin2 show functional specialization
at a plethora of GPCRs, often taking on contradictory roles at different receptors

(Srivastava, Gupta et al. 2015).

2.4.3: mGlus-specific B-arrestin2-biased negative allosteric modulation could be a
viable pharmacological target for the treatment of Fragile X in humans.

Inhibitors of mGlus and the Ras-ERK pathway have been successful in
combating the excessive protein synthesis known to be pathogentic in the mouse model
of Fragile X (Dolen, Osterweil et al. 2007, Michalon, Sidorov et al. 2012, Osterweil, 2013
#4). In order to validate the therapeutic benefit of reducing B-arrestin2 signaling in the
Fragile X mouse model we employed a genetic reduction strategy. While we have
demonstrated that B-arrestin2 is a viable target in correcting the pathophysiology of
Fragile X, our strategy was merely a “proof of principle” attempt. The ideal
pharmacological intervention would involve developing a B-arrestin2-biased negative
allosteric modulator of mGlus (Figure 2.12). Allosteric modulation allows precise dose-
dependent control over receptor function by acting as a “dimmer” of orthosteric ligand
binding rather than introducing competition for the orthosteric binding site (or ligand
traps) associated with traditional receptor antagonism (Conn, Christopoulos et al. 2009).
There is compelling evidence that it is possible to develop compounds that have
receptor-targeted signaling-pathway-specificity (Sheffler, Gregory et al. 2011, lacovelli,
Felicioni et al. 2014, Hathaway, Pshenichkin et al. 2015). However, considering the high
degree of sequence and structural similarity of B-arrestin isoforms, achieving such

specificity at mGlus is likely to be challenging (Srivastava, Gupta et al. 2015).

2.4.4: Avoiding dose-limiting side-effects- the advantage of specificity.

One of the downfalls of mGlus inhibitors in the clinic, are the dose-limiting side
effects of global mGlus receptor inhibition, including drug tolerance and off-target
inhibition oi NMDARSs, leading to psychotomimetic tendencies leading to visual
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hallucinations (Pecknold, McClure et al. 1982, Porter, Jaeschke et al. 2005, Abou
Farha, Bruggeman et al. 2014). While our genetic reduction strategy did not allow us to
evaluate drug tolerance (see Chapter 3), we did find evidence that MK801-mediated
hyperlocomotion associated with mGilus inhibitors was not apparent in Arrb2*" mice.
Furthermore, when we inhibited mGlus with MTEP in Arrb2"" mice, we were able to
induce the same potentiated hyperlocomotion seen in WT mice pre-treated with MTEP,
indicating that this finding was not a consequence of some form of adaptation. We
believe that this is concrete evidence, in addition to the finding that Arrb2*” mice show
normal NMDAR-LTD, that NMDAR function is unaffected by reduction of B-arrestin2
signaling, that B-arrestin2-targeted negative allosteric modulation of mGlus could yield
clinically significant improvements over mGlus inhibitors that failed to meet safety and

efficacy endpoints in clinical trials.

2.4.5: Conclusion

G-protein coupled receptors respond to a wide variety of signals and initiate a
large number of distinct cellular signaling pathways. This versatility has made these
receptors attractive targets for pharmacological therapies, and over 50% of the current
drugs used clinically target these receptors (Insel, Tang et al. 2007). The finding that -
arrestin- and G protein-dependent cellular signaling are pharmacologically separable
has opened a new avenue for the treatment of disease. For some disorders, modulation
of only one of these signaling pathways may be therapeutically beneficial, while the
other(s) could mediate undesirable and possibly conflicting outcomes (Whalen,
Rajagopal et al. 2011). Our findings suggest that mGlus modulators for the treatment of
fragile X may be a case in point. There is little doubt that B-arrestin-biased allosteric
modulators of mGlu receptors are feasible (Sheffler, Gregory et al. 2011, lacovelli,
Felicioni et al. 2014, Hathaway, Pshenichkin et al. 2015), and their development could
lead to the next generation of drugs for the treatment of fragile X and several other
genetically defined causes of ID and ASD (Bozdagi, Sakurai et al. 2010, Auerbach,
Osterweil et al. 2011, Aguilar-Valles, Matta-Camacho et ai. 2015, Barnes, Wijetunge et
al. 2015, Tian, Stoppel et al. 2015, Wenger, Kao et al. 2016).
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2.5: Methods

2.5.1: Animals

Arrb2"" male and female mutant mice on the C57BI/6J clonal background were bred
together to produce the WT and Arrb2*" offspring used in this study. Fmr1™ female
mice (Jackson Labs) were crossed with Arrb2"" mice to generate double mutant
animals. All experimental animals were age-matched male littermates, and were
studied with the experimenter blind to genotype and treatment condition. Animals were
group housed and maintained on a 12:12 hour, light: dark cycle. The Institutional
Animal Care and Use Committee at MIT approved all experimental techniques and all

animals were treated in accordance with NIH and MIT guidelines.

2.5.2: Reagents

(S)-3,5-dihydroxyphenylglycine (S-DHPG) was purchased from Tocris. Fresh bottles of
DHPG were prepared as a 100x stock in H,O, divided into aliquots, and stored at -80°C.
Fresh stocks were made once a week. Cycloheximide (Sigma) was prepared daily at
100x stock in H20. Actinomycin D (Tocris) was prepared as a stock solution of 1mg/mL
in 0.01% DMSO and aCSF and stored at -20°C. CDPPB (Tocris) was prepared daily at
75 mM stock in DMSO. U73122 (Tocris) was prepared as a 5 mM stock in DMSO.
MK801 (Sigma) was prepared in H>O daily and .3 mg/kg was injected i.p. at a dosing
volume of 10 mi/kg. MTEP (Tocris) was prepared in H,O daily and 10 mg/kg was

injected i.p. at a dosing volume of 10 ml/kg.

2.5.3: Electrophysiology

Slices were prepared as described previously (Dolen, Osterweil et al. 2007). Acute
hippocampal slices were prepared from P28-35 animals in ice-cold dissection buffer
containing (in mM): NaCl 87, Sucrose 75, KCI 2.5, NaH,PO4 1.25, NaHCO; 25, CaCl,
0.5, MgSO;4 7, Ascorbic acid 1.3, and D-glucose 10 (saturated with 95% O, / 5% CO,).

Immediately following siicing the CA3 region was removed. Slices were recovered in

73



artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl 124, KCI 5, NaH:PO4 1.23,
NaHCO; 26, CaCl, 2, MgCl; 1, and D-glucose 10 (saturated with 95% 0,/5% CO,) at
32.5°C for = 3 hours prior to recording. Field recordings were performed in a
submersion chamber, perfused with aCSF (2-3 ml/min) at 30°C. Field EPSPs (fEPSPs)
were recorded in CA1 stratum radiatum with extracellular electrodes filled with aCSF.
Baseline responses were evoked by stimulation of the Schaffer collaterals at 0.033 Hz
with a 2-contact cluster electrode (FHC) using a 0.2 ms stimulus yielding 40-60% of the
maximal response. fEPSP recordings were filtered at 0.1 Hz - 1 kHz, digitized at 10
kHz, and analyzed using pClamp9 (Axon Instruments). The initial slope of the response
was used to assess changes in synaptic strength. Data were normalized to the
baseline response and are presented as group means + SEM. The input output function
was examined by stimulating slices with incrementally increasing current and recording
the fEPSP response. Paired pulse facilitation was induced by applying two pulses at
different interstimulus intervals. Facilitation was measured by the ratio of the fEPSP
slope of stimulus 2 to stimulus 1. NMDAR-dependent LTD was induced by delivering
900 test pulses at 1 Hz. mGlu-LTD was induced by S-3,5-Dihydroxyphenylglycine (S-
DHPG, 25 pyM) for 5 minutes. In order to determine the protein synthesis dependency
of mGlu-LTD, slices were incubated with the protein synthesis inhibitor cycloheximide
(60 yM) for at least 10 minutes prior to recording and throughout the entire experiment.
The magnitude of LTD was measured by comparing the average response 55-60
minutes post DHPG/LFS application to the average of the last 5 minutes of baseline.
Statistical significance for input-output function, paired-pulse facilitation, and mGlu- or
NMDAR-dependent plasticity was determined by two-way ANOVA and post-hoc

Student’s t-tests.

2.5.4: Fluorescence-based calcium imaging in brain slices

Hippocampal slices (350 ym thick) were recovered in aCSF for 2 hours at 32°C. Siices
were then moved to a small recovery chamber and incubaied in oxygenated aCSF
containing 20 yM fluo-4-acetoxymethy! ester (fluo-4 AM; ThermoFisher) and 0.1%

Pluronic F-127 (ThermoFisher) for 1 hour in the dark. After 1 hour, slices were then
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washed with oxygenated aCSF containing 1 yM tetrodotoxin (Abcam) and 50 yM D-AP5
(Tocris) for 20 minutes in a recording chamber. A low-powered (4X) objective was used
to identify the brain region of interest. CA1 pyramidal neurons were visualized using a
40X water immersion objective and a Nikon Eclipse E600FN microscope. Changes in
Ca®* fluorescence were monitored in the presence of 1 yM tetrodotoxin and 50 yM D-
AP5 using a Hamamatsu ORCA-100 camera, HCImage software (Hamamatsu), and a
mercury arc-lamp and power supply (Nikon). After a 10 second baseline, 25 uM (S)-
3,5-DHPG was bath applied. For a subset of experiments, slices were pre-treated with
10 M U73122 during the wash period to block phospholipase C activity. Data were
analyzed using Image J software. Increases in Ca®* mobilization in hippocampal
neurons were reported as changes in relative fluorescence divided by the baseline

fluorescence (AF/F).

2.5.5: Metabolic labeling

Metabolic labeling of new protein synthesis was performed as previously described
(Osterweil, Krueger et al. 2010). Male P28-P32 littermate mice were anesthetized with
isoflurane and the hippocampus was rapidly dissected into ice-cold aCSF (in mM: 124
NaCl, 3 KCI, 1.25 NaH:PO., 26 NaHCO3;, 10 dextrose, 1 MgCl,, 2 CaCl,, saturated with
95% 0O, and 5% CO,). Hippocampal slices (500 um) were prepared using a Stoelting
Tissue Slicer and transferred into 32.5°C aCSF (saturated with 95% O, and 5% COy)
within 5 min. Slices were incubated in aCSF undisturbed for 3.5-4 h to allow for
recovery of basal protein synthesis. Actinomycin D (25 pM) and vehicle or CDPPB (10
uM) was then added to the recovery chamber for 30 min to inhibit transcription and
stimulate mGilu receptors, respectively after which slices were transferred to fresh aCSF
containing ~10 mCi/ml [**S] Met/Cys (Perkin Eimer) for an additional 30 min. Slices
were then homogenized, and labeled proteins isolated by TCA precipitation. Samples
were read with a scintillation counter and subjected to a protein concentration assay
(Bio-Rad). Data was analyzed as counts per minute per microgram of protein,

normalized to the [**S] Met/Cys aCSF used for incubation and the average incorporation
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of all samples analyzed and then normalized to percent WT for each experiment.

Statistical significance was determined using unpaired t-tests.

2.5.6: Inmunoblotting

Hippocampal slices were prepared and recovered as described in metabolic labeling
experiments. Sets of slices were stimulated with CDPPB (10 yM) for 30 minutes and
then flash frozen in liquid nitrogen immediately after stimulation, prior to processing.
Yoked unstimulated slices were also processed to assess basal signaling levels.
Immunoblotting was performed according to established methods using primary
antibodies to p-ERK1/2 (Thr202/Tyr204) (Cell Signaling Technology), ERK1/2 (Cell
Signaling Technology), p-Akt (Ser473) (Cell Signaling Technology), Akt (Cell Signaling
Technology), pS6 240/44 (Cell Signaling Technology) and S6 (Cell Signaling
Technology). Protein levels were measured by densitometry (Quantity One), and
quantified as the densitometric signal of phospho-protein divided by the total protein

signal in the same lane.

2.5.7: Inhibitory avoidance extinction

Inhibitory avoidance experiments were performed as previously described (Dolen,
Osterweil et al. 2007). On the day of testing, P56-P76 animals were placed into the dark
compartment of an A training box (a two-chambered Perspex box consisting of a
lighted safe side and a dark shock side separated by a trap door) for 30 seconds
followed by 90 seconds in the light compartment for habituation. Following the
habituation period, the door separating the two compartments was opened and animals
were allowed to enter the dark compartment. Latency to enter following door opening
was recorded (“baseline”, time 0, 8-9am); animals with baseline entrance latencies of
greater than 120 seconds were excluded. After each animal stepped completely into the
dark compartment with all four paws, the sliding door was closed and the animal
received a single scrambled foot-shock (0.5mA, 2.0 sec) via electrified stee! rods in the
floor of the box. This intensity and duration of shock consistently caused animals to

vocalize and jump. Animals remained in the dark compartment for 15 sec foilowing the
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shock and were then returned to their home cages. Six to seven hours following 1A
training, mice received a retention test (“post-acquisition”, time 6 hours, 2p.m.-3p.m.).
During post-acquisition retention testing each animal was placed in the lit compartment
as in training; after a 90 second delay, the door opened, and the latency to enter the
dark compartment was recorded (cut-off time 537 sec). For inhibitory avoidance
extinction (IAE) training, animals were allowed to explore the dark compartment of the
box for 200 seconds in the absence of foot-shock (animals remaining in the lit
compartment after the cutoff were gently guided, using an index card, into the dark
compartment); following IAE training animals were returned to their home cages.
Twenty-four hours following initial IA training, mice received a second retention test
(“post-extinction 1”, time 24 hours, 8a.m-9a.m.). Animals were tested in the same way
as at the six hour time point, followed by a second 200 second extinction trial in the dark
side of the box; following training animals were again returned to their home cages.
Forty-eight hours following avoidance training, mice received a third and final retention

test (“post-extinction 27, time 48 hours, 8a.m.- 9a.m.).

2.5.8: Audiogenic seizures

AGS experiments were performed as previously described (Dolen, Osterweil et al.
2007). Animals at P19-25 (immediately following weaning) were habituated to the
behavioral chamber (28x17.5x12 cm transparent plastic box) for 1 minute prior to
stimulus onset. AGS stimulus was a 125 db at 0.25 m siren (modified personal alarm,
Radioshack model 49-1010, powered from a DC converter). Seizures were scored for
incidence during a 2-minute stimulus presentation or until animal reached AGS endpoint
(wild running, status epilepticus, respiratory arrest or death were all scored as seizure

activity).

2.5.9: Object recognition
The object recognition task was adapted from experiments previously described (Leger,
Quiedeville et al. 2013). Animals at P56-70 were habituated to a 40 cm x 40 cm x 40

cm box during 2 x 15 minule sessions, spaced 1-2 nours apart. Animals were returned
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to their home cage in between sessions. 24 hours post habituation animals were
exposed to two identical objects for 2 x 10 minute exploration sessions in the same box,
spaced 1-2 hours apart. Animals were required to explore each object for at least 10
seconds (for a total of at least 20 seconds) in the first session to be included in the
subsequent sessions. 24 hours post object exploration, one object was replaced with a
novel object and the animals were allowed to explore the objects for 10 minutes. Time
spent sniffing was recording during this exploration period and was characterized by
sniffing within 2 cm of each object or directly touching the objects. Time spent climbing
or on top of the objects was not included. Familiar and novel object and side placement
was randomly assigned, by animal. Discrimination index was calculated as [(time spent
exploring novel object) / (time spent exploring novel object + time spent exploring

familiar object)].

2.5.10: MK801-induced hyperlocomotion

To determine the effects of genotype on MK801-induced hyperlocomotion, mice were
habituated in the open field (40 cm x 40 cm x 40 cm box) for 60 min, followed by the
administration of vehicle or MK801 and locomotor activity was recorded for another 60
min. To determine the effects of MTEP by genotype on MK801-induced
hyperlocomotion, mice were habituated in the open field for 30 min, followed by the
intraperitoneal (i.p.) administration of MTEP (10 mg/kg at a dosing volume of 10 ml/kg).
After an additional 30 min, MK801 (0.3 mg/kg at a dosing volume of 10 ml/kg) was
administered i.p. and locomotor activity was recorded for another 60 min. The time
course of drug-induced changes in ambulation was expressed as cm traveled/5 min
over the 120-min session. Sessions were recorded using Plexon's CinePlex® Studio and
analyzed using Plexon's CinePlex® Editor and code written in MATLAB. MK801-
induced locomotor activity was scored and analyzed using the average of the final 5

minutes (minute 115-120) per cohort.
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Figure 2.1: B-Arrestin2 is necessary for protein synthesis-dependent mGlu-LTD
and ERK1/2 activation.

(A) Schematic illustrates experimental timeline. Protein synthesis was elevated in WT
slices stimulated with CDPPB compared with vehicle whereas treatment had no effect in
Arrb2*" slices (two-way ANOVA, genotype vs. treatment, *p = 0.012). (B)
Representative immunoblots of ERK1/2 phosphorylation and total ERK protein from
hippocampal slices + CDPPB stimulation from WT and Arrb2*” mice. WT slices
stimulated with CDPPB show elevated ERK1/2 phosphorylation compared with vehicle,
whereas no change is observed in Arrb2"" mice (two-way ANOVA, genotype vs.
treatment, *p = 0.015).
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Figure 2.2: B-Arrestin1 is not necessary for protein synthesis-dependent ERK1/2
activation.

(A) Schematic illustrates experimental timeline. Protein synthesis was similarly
elevated in WT slices and Arrb1*" slices stimulated with CDPPB compared to vehicle-
treated slices of both genotypes (two-way ANOVA, genotype vs. treatment, p = 0.589).
(B) Schematic illustrates experimental timeline. Representative immunoblots of ERK1/2
phosphorylation and total ERK protein from hippocampal slices + 10uM CDPPB
stimulation from WT and Arrb7* mice. WT and Arrb1*" slices stimulated with CDPPB
show elevated ERK1/2 phosphorylation compared with vehicle, (two-way ANOVA,

genotype vs. treatment, p = 0.786).
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Figure 2.3: The AKT-mTOR pathway is not activated by COPPB in WT, ArrbT* or
Arrb2"" mice.

(A) Representative immunoblots of AKT phosphorylation and total AKT protein from
hippocampal slices + 10uM CDPPB stimulation from WT and Arrb1*" mice. Neither WT
nor Arrb1*" slices stimulated with CDPPB show elevated AKT phosphorylation
compared with vehicle, (two-way ANOVA, genotype vs. treatment, p = 0.727). (B)
Representative immunoblots of ribosomal protein S6 phosphorylation and total S6
protein from hippocampal slices + 10uM CDPPB stimulation from WT and Arrb 1" mice.
Neither WT nor Arrb1*" slices stimulated with CDPPB show elevated S6
phosphorylation compared with vehicle, (two-way ANOVA, genotype vs. treatment, p =
0.945). (C) Representative immunoblots of AKT phosphorylation and total AKT protein
from hippocampal slices + 10uM CDPPB stimulation from WT and Arrb2"" mice.
Neither WT nor Arrb2"" slices stimulated with CDPPB show elevated AKT
phosphorylation compared with vehicle, (two-way ANOVA, genotype vs. treatment, p =
0.894). (D) Representative immunoblots of ribosomal protein S6 phosphorylation and
total S6 protein from hippocampai slices + 10uM CDPPB stimulation from WT and
Arrb2"” mice. Neither WT nor Arrb2*" slices stimulated with CDPPB show elevated S6
phosphorylation compared with vehicle, (two-way ANOVA, genotype vs. treatment, p =
0.920).

81



- Wild-type  -e Arrb2+"

0.3+
DHPG
Slice Dye Load  Wash slices Image
LS
(T
Recovery || 1 hr 20 min <4
0.1 In TTX and D-AP5
-20 -10 0 10 20 30 40
Time (sec)
C D
0.3- 1.0- @
p =0.7959 . -
% 0.8-
w 0.2- o
5 2 o6
§ £ 04
8 0.1 = ,
E e Wild-type
s 0.2
o e Arb2+"
0.0" 2 \ 00 T T T 1
\\\Q q," 0.0 0.2 04 0.6 0.8
¥ &
\ 3 Peak AF/F

Figure 2.4: Genetic reduction in p-Arrestin2 does not alter G4-coupled calcium
mobilization in area CA1 of the hippocampus.

(A) Schematic illustrates experimental timeline: WT and Arrb2*"" hippocampal slices
were recovered in aCSF at 32 °C for 2 hours, incubated with 20 uM Fluo-4 AM dye and
0.1% pluronic F-127 for 1 hour in the dark prior to imaging. Slices were washed with
aCSF containing 1 uM tetrodotoxin and 50 uM D-APS5 for 20 minutes. After a 10
second baseline, 25 uM (S)-3,5-DHPG was added and changes in calcium fluorescence
were recorded. {B) Quantification of calcium fluorescence over time in WT and Arrb2*"
slices. Data are normalized as AF/F as detailed in the materials and methods. (C)
There is no significant difference in the peak calcium fluorescence measured between
WT and Arrb2*" slices (Mann-Whitney test, p = 0.7959). N represents individual
animals, where 3-4 slices per animal were analyzed. (D) The cumulative probability of
peak fluorescence for all cells analyzed is not different between WT and Arrb2*" slices.
(Experiments conducted by Rebecca Senter).
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Figure 2.5: LTD is impaired and independent of de novo protein synthesis in
Arrb2*" mice.

(A) LTD is significantly attenuated by pretreatment with the protein synthesis inhibitor
cycloheximide (CHX, 60 pyM) in slices from WT animals (*p < 0.001). (B) CHX treatment
has no effect on DHPG-LTD in slices from Arrb2*" mice. (C) The magnitude of protein-
synthesis-dependent post-synaptic mGlu-LTD is greatly diminished in slices from
Arrb2"" mice compared with WT mice (two-way ANOVA, genotype vs. treatment, *p =
0.003). (D) There is no significant difference in paired pulse facilitation between WT
and Arrb2"" mice. In this and subsequent figures, representative field excitatory
postsynaptic potential (fEPSP) traces (average of ten sweeps) were taken at the times
indicated by numerals. Scale bars equal 0.5 mV, 5 ms. N represents number of animals
(1-2 slices) per group. All data are plotted as mean + s.e.m. (Experiments conducted by
Benjamin Auerbach).
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Figure 2.6: Arrb2"" mice have normal basal synaptic function and NMDAR-
dependent LTD.

(A) Basal synaptic transmission (plotted as fEPSP amplitude against presynaptic fiber
volley amplitude) does not differ between genotypes. Scale bars equal 0.5 mV, 20 ms
for representative field potential traces. (B) Paired pulse facilitation is normal across
several inter-stimulus intervals (20, 30, 50, 100, 200, 300, 500 ms) in Arrb2*" slices.
Scale bars equal 0.5 mV, 20 ms. (C) The magnitude of NMDA receptor-dependent LTD
evoked by low frequency stimulation (LFS, 900 pulses at 1 Hz) does not differ between
genotypes (p = 0.610). Representative field potential traces (average of 10 sweeps)
were taken at times indicated by numerals. Scales bars equal 0.5 mV, 5 ms.
(Experiments conducted by Benjamin Auerbach).

84



Q@ Fmr1 Het (x/x) G Arrb2 Het (+/-)

“p < .0001
Y ‘ S5 1407 *p_<.0001
d Offspring o 1207
JB @ __ 100
w —_—
_— £5 o
mr1 | Arrb2 | Cross
(#y +H| -ty +10l(+y +- -yLa.-;. 2 g 60
Fet | 1Y | =Y | 4Y | =Y 2 401
Ambz| +/+ | A+ | H- | - o 2(; 9 9 9 9
QQ; » &R
) 6\* {0@ 9 &
& ¥ e
C D
o Wild-type @ Fmrt1 @ Arrb2¥ @ Arrb2+ X Fmr1 ™ ns
1 2 1 2 1 2 1| 2' *p <0.01
Vk/j VNV VI“ ; ) *p.<0.0001
455 - " <0.03
£ { DS 2
© 100
_g 30-
o
o o 207
(a] Foxey
F} 60' o
EL.
104
@ 404
-
20— 0 S o
20 -10 0 10 20 30 40 50 60 4 " < N
: b’d& 6“\ i R
Time (min) N < o W@
+

Figure 2.7: Genetic reduction of B-arrestin2 in Fmr1” mice corrects exaggerated
protein synthesis and mGlu-LTD.

(A) Genetic rescue strategy. (B) Basal protein synthesis is significantly increased in
slices from Fmr1” mice (*p < 0.0001) compared with WT slices. Basal protein synthesis
is comparable in slices from Arrb2*" x Fmr1™ mice and WT mice. (C) The magnitude of
DHPG-induced LTD in slices from Arrb2"" x Fmr1™ mice is significantly different from
Fmr1™ slices (*p < 0.03), and is indistinguishable from WT slices. Representative field
potential traces (average of 10 sweeps) were taken at times indicated by numerals.
Scales bars equal 0.5 mV, 2 ms. (D) Summary of LTD data. Bar graphs, percentage
decrease from baseline in fEPSP slope. (Experiments in panels C and D were
conducted by Benjamin Auerbach and Rebecca Senter).
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Figure 2.8: Genetic reduction of B-arrestin2 in Fmr1” mice corrects impaired
memory in a single-trial, hippocampus-associated learning task.

(A) Experimental design of inhibitory avoidance learning task. (B) Fmr1™” mice and
Arrb2"" mice show impaired acquisition of inhibitory avoidance learning compared to
WT mice (two-way ANOVA, *p < 0.001 for each comparison, WT vs. Fmr1™, WT vs.
Arrb2'"). Arrb2"" x Fmr1™ mice show comparable acquisition and extinction of
inhibitory avoidance to WT mice (two-way ANOVA, p = 0.916). There is a statistically
significant interaction between genotype and time point across groups (repeated
measures two-way ANOVA, *p = <0.001).
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Figure 2.9: Genetic reduction of B-arrestin2 in Fmr1” mice corrects impaired

familiar object recognition memory.

(A) Experimental design of familiar object recognition task. (B) Fmr1™” mice show
impaired novelty detection on experimental test day 2 when presented with a familiar
and novel object compared to WT (*p < 0.00001). In comparison, Arrb2*" x Fmr1™
show a discrimination index that is not significantly different from WT mice (Student’s
two-tailed t-test, p = 0.9598). (C) There is no significant difference in time spent
exploring each of two identical objects during the first object habituation session in any
genotype, nor is there any significant difference in total time spent exploring during

habituation session one.
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Figure 2.10: Genetic reduction of B-arrestin2 in Fmr1” mice alleviates the
susceptibility to audiogenic seizures.

Fmr1” mice exhibit increased susceptibility to audiogenic seizure activity compared to
WT (two-tailed Fisher’s exact test, *p = 0.0001) and Arrb2*"" mice (*p = 0.0001).
Genetic reduction of Arrb2in Fmr1™ mice significantly reduces the incidence of seizure
activity (*p = 0.0232).
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Figure 2.11: Genetic reduction in B-arrestin2 does not potentiate the
psychotomimetic effects of MK801.

WT and Arrb2"" mice injected intraperitoneally with the NMDAR antagonist MK801 (0.3
mg/kg) show comparable hyperlocomotion 60 minutes post-treatment compared to
vehicle (N = 10 mice per group). Data points represent distance travelled in cm over 5
minute bins, averaged as pooled animals per treatment group. Pre-treatment with
MTEP (10 mg/kg, i.p.) potentiates hyperlocomotion in both WT and Arrb2"" mice (N =9
mice per group). Two-way ANOVA for genotype: p = 0.499 and for treatment: *p <
0.001, no significant interaction between genotype and treatment. Student’s two-tailed t-
test WT + MK801 vs. WT + MTEP + MK801: *p = 0.009. Student’s two-tailed t-test
Arrb2"" + MK801 vs. Arrb2*" + MTEP + MK801 *p = 0.037.
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Figure 2.12: B-arrestin2-biased negative allosteric modulation could be beneficial
in the treatment of FX

(A) In WT mice, B-arrestin2 acts as a signaling scaffold for the Ras-ERK pathway, -
coupling mGlus activation to synaptic translation that is kept in check by FMRP. (B) In
Fmr1™ mice, loss of FMRP releases the brake on translation leading to a hyperactive
response to mGlus activation and ERK1/2 activity, leading to pathogenic exaggerated
protein synthesis. (C) Proposed model: in Fmr1™ mice, genetic reduction of B-arrestin2,
or more therapeutically relevant, B-arrestin2-biased negative allosteric modulation at
mGilus, prevents hyperactive signaling through the Ras-ERK pathway leading to
restoration of translation back to WT levels.
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Chapter 3

Selective inhibition of GSK3a but not GSK3p corrects many
phenotypes associated with a mouse modei of Fragile X
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3.1: Abstract

Several lines of evidence point to dysregulated synaptic protein synthesis
downstream of metabotropic glutamate receptor 5 (mGlus) as a primary pathogenic
culprit in Fragile X Syndrome (FX). Therapies designed to correct this dysregulation,
however, have failed in clinical trials, due in part to our incomplete understanding of the
signaling pathways that couple mGlus activation to the translational machinery at the
synapse. Dual inhibition of the glycogen synthase kinase 3 paralogs (GSK3a and
GSK3B) has been a promising therapeutic avenue, correcting a plethora of aberrant
phenotypes in a mouse model of FX. Likewise, the drug lithium which non-specifically
inhibits GSK3a/p has been used clinically to improve mood dysregulation in individuals
with FX. However, these potential therapies have been plagued by dose-limiting
toxicities driven by dual inhibition of both GSK3 paralogs. Recent development of two
highly-selective inhibitors of GSK3a or GSK3p has allowed us to probe paralog-specific
contribution to the pathophysiology of FX. Surprisingly, inhibition of GSK3a but not
GSK3p corrected excessive synaptic translation in a mouse model of FX, and reversed
many impairments including cortical hyperexcitability, susceptibility to audiogenic
seizures, and deficits in learning and memory. Importantly, GSK3a-specific inhibition
did not result in the pharmacodynamic tolerance or psychotomimetic activity associated
with mGilus inhibitors. Thus, our data implicates GSK3a as the disease-relevant paralog
in FX and suggests that GSK3a-specific inhibitors may offer significant advantages over

first-generation mGlus inhibitors for the treatment of FX and related disorders.
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3.2: Introduction

Fragile X syndrome (FX) is the most prevalent inherited monogenic cause of
autism and intellectual disability, affecting 1:4000 males and 1:4000-6000 females
(Turner, Webb et al. 1996, Song, Barton et al. 2003, Bailey, Raspa et al. 2008,
Hagerman, Berry-Kravis et al. 2009, Budimirovic and Kaufmann 2011). Evidence from
molecular and behavioral suggests that targeting mGlus or its downstream effectors may
be a fruitful approach to treating FX. Indeed, mGlus-based therapies have been
immensely successful at “correcting” FX in animal models (Table 1.1). However, in
contrast to pre-clinical studies, safety and efficacy results in clinical trials have been
disappointing, largely due to unexpected off-target effects (as discussed in Chapter 1).
This is likely due to the fact that global manipulation of mGlus also affects processes
unrelated to FX pathophysiology, resuiting in side effects that sharply limit the utility of
this approach. In particular, mGlus antagonists have been shown to induce
psychotomimetic effects in humans and potentiate MK801-driven psychotomimetic-like
behaviors in mice, likely due to cross talk between G-protein-dependent signaling
downstream of mGius and NMDA receptors (Homayoun, Stefani et al. 2004, Chen, Liao
et al. 2011, Abou Farha, Bruggeman et al. 2014, Gould, Amato et al. 2016). As such,
ideal pharmacological treatments should specifically interfere with the signaling
pathways that regulate FMRP-mediated translation proximal to the translational
machinery to minimize dose-limiting side effects. This led us to explore targets that are
not known to directly affect mGlus activity or Ras-ERK1/2 signaling, that may be

successful in alleviating FX phenotypes in the Fmr1 KO mouse.

3.2.1: Lithium as a therapeutic for FX.

The mood stabilizer lithium, more commonly used in the treatment of Bipolar
Disorder, has been validated in studies of the Fmr1 KO mouse as a possible
intervention in the treatment of FX (Min, Yuskaitis et ai. 2009, Mines, Yuskaitis et al.
2010, Yuskaitis, Mines et al. 2010, Choi, Schoenfeld et al. 2011, Liu, Chuang et al.
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2011, Liu, Huang et al. 2012, King and Jope 2013, Franklin, King et al. 2014). While
promising results from a pilot open-label clinical trial reinforce this notion (Berry-Kravis,
Sumis et al. 2008), a relatively high side effect rate sharply limits the potential of lithium
as a therapeutic in children and adolescents with FX and other autism spectrum

disorders (Siegel, Beresford et al. 2014).

3.2.2: GSK30a/p is overactive in the Fmr1 KO mouse.

Accumulating evidence suggests that the disease-relevant action of lithium is
inhibition of glycogen synthase kinase 3 (GSK3). GSK3 has two paralogs, GSKa and
GSKp, which are derived from different genes (Woodgett 1990). Despite sharing 85%
overall sequence homology and 98% amino acid sequence identity within their kinase
domains, differential actions of GSK3a and GSK3 have been identified (Woodgett
1990, Dajani, Fraser et al. 2001, Kaidanovich-Beilin and Woodgett 2011). Paralog-
specific contribution of GSK3 to the pathophysiology of FX has not been examined.
GSKB3B is a target of FMRP (Darnell, Van Driesche et al. 2011), and the inhibitory
serines of both GSK3a (at Ser9) and GSK3 (at Ser21) are hypoactive in the Fmr1 KO
mouse, implicating overactive GSK3o/ is core to the pathogenesis of FX (Min,
Yuskaitis et al. 2009, Yuskaitis, Mines et al. 2010, Liu, Chuang et al. 2011, Guo, Murthy
et al. 2012). Evidence from genetic and molecular studies has demonstrated that
dysregulated synaptic protein synthesis downstream of metabotropic glutamate receptor
5 (mGlus) contributes to the pathophysiology of FX (Qin, Kang et al. 2005, Dolen,
Osterweil et al. 2007). GSK3 can be regulated by mGlus and acute inhibition of mGlus
reduces aberrant GSK3 signaling in the Fmr1 KO mouse (Liu, Gong et al. 2005,
Yuskaitis, Mines et al. 2010). Furthermore, inhibition of GSK3a/B with either lithium or
non-specific GSK3 inhibitors corrects excessive protein synthesis and many other
protein-synthesis dependent deficiencies in the Fmr1 KO mouse, suggesting that
GSK3a/B is either directly or indirectly coupled to translation (Min, Yuskaitis et al. 2009,
Mines, Yuskaitis et al. 2010, Yuskaitis, Mines et al. 2010, Chci, Schoenfeld et al. 2011,
Liu, Chuang et al. 2011, Guo, Murthy et al. 2012, Liu, Huang et al. 2012, Chen, Sun et
ai. 2013, King and Jope 2013, Chen, Lu et al. 2014, Franklin, King et al. 2014).
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3.2.3: Paralog-specific contribution to FX has not been investigated.

Non-specific GSK3 inhibitors have failed in clinical trials for other indications due
to dose-limiting toxicities driven by dual inhibition of both GSK3 paralogs (Gupta, Gulen
et al. 2012, Lo Monte, Kramer et al. 2013, McCubrey, Steelman et al. 2014). In fact,
evidence suggests that there may be notable differences in the contribution of GSK3a
and GSK3p to neuropsychiatric disease (Lee, Kaidanovich-Beilin et al. 2011, Lipina,
Kaidanovich-Beilin et al. 2011) Kaidanovich-Beilin, Lipina et al. 2009). It was once
hypothesized that development of paralog-specific small molecule inhibitors would be
unlikely due to the high sequence identity of the GSK3a and GSK3 kinase domains
(Kaidanovich-Beilin and Woodgett 2011). Case in point, currently available GSK3
inhibitors lack true kinome selectivity, most often non-specifically acting on structurally
similar kinases as well (O'Leary and Nolan 2015).

Taking advantage of an Asp133 — Glu196 “switch” in the hinge binding region,
GSKBa/p, GSK3a, and GSK3p-selective inhibitors with exquisite kinase-specificity have
been synthesized. The recent development of these highly-selective inhibitors of
GSKB8a or GSK3p have allowed us to evaluate paralog-specific contribution to the
pathophysiology of FX. Much to our surprise, inhibition of GSK3a but not GSK3p
abrogated excessive protein synthesis in Fmr1 KO mice, as well as the amelioration of
cortical hyperexcitability, susceptibility to audiogenic seizures, and deficits in learning
and memory without exhibiting dose-limiting pharmacological properties and off-target
adverse consequences that have limited the potential success of mGlus inhibitors in the

clinic.
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3.3: Results

3.3.1: Development of paralog-specific inhibitors of GSK3a. and GSK3p.

Inhibitors with exquisite selectivity for either GSK3a, GSK3p, or pan GSK3a./3
were made available to us through a collaboration with the Stanley Center for
Psychiatric Research at the Broad Institute of MIT and Harvard University. Exploiting an
Asp133 — Glu196 “switch” in the hinge binding region of the adenosine triphosphate
(ATP) binding sites between GSK3a and GSK3p, these first-in-class small molecule
inhibitors exhibit high paralog specificity for either GSK3a (BRD0705) or GSK3p
(BRD3731). A third compound inhibits both GSK3a and GSK3p (BRD0320) with high
specificity (Figure 3.1A). Importantly, all three compounds demonstrate high selectivity
for GSK3 without binding to similar off-target kinase domains (Figure 3.1B). The
availability of these inhibitors ailowed us to probe the involvement of each gene
independently in the Fmr1 KO mouse and investigate paralog-specific inhibition as a

potential therapeutic target in the treatment of FX.

3.3.2: Acute inhibition of GSK3a but not GSK3p ameliorates seizure susceptibility
in Fmr1 KO mice.

In order to evaluate the therapeutic potential of GSK3a and GSK3B-specific
inhibition in FX, we acutely dosed Fmr1 KO mice and WT littermate controls with either
vehicle (10% DMSO, 45% PEG400, 45% normal saline) or 30mg/kg BRD0705,
BRD3731 or BRD0320 intraperitoneally (i.p.) 1 hr prior to exposure to a 125 dB alarm.
Fmr1 KO mice treated with vehicle were significantly more likely to exhibit seizure
activity in response to the alarm compared with WT controls. 30mg/kg BRD0705,
BRD3731 or BRD0320 did not affect seizure incidence in WT mice. To our surprise,
only inhibition of GSK3a with BRD0O705 or dual inhibition of GSK3a/p with BRD0320
significantly reduced audiogenic seizure susceptibility in Fmr1 KO mice. Importantly,
GSK3p-specific inhibition with BRD3731 yielded no significant change in seizure
activity, with BRD3731-treated Fmr1 KO mice exhibiting a high incidence of seizure

96



activity that was indistinguishable from vehicle-treated animals (Figure 3.2). Taken
together, this data suggested to us that GSK3a but not GSK3p may be the relevant

paralog contributing to the disease pathophysiology seen in Fmr1 KO mice.

3.3.3: Fmr1 KO mice do not develop drug-tolerance to chronic administration of
BRDO0705.

Gilobal inhibition of mGlus has demonstrated similar attenuation of seizure activity
in the Fmr1 KO mouse (Yan, Rammal et al. 2005, Dolen, Osterweil et al. 2007,
Michalon, Sidorov et al. 2012, Thomas, Bui et al. 2012). Consistent with these reports,
we found that acute administration of the mGlus negative allosteric modulator CTEP
ameliorates audiogenic seizures in the Fmr1 KO mouse (Figure 3.3A), to a similar
extent as inhibition of GSK3a or GSK3a/B. An important caveat to the apparent benefit
of global manipulation of mGlus is the observation that Fmr1 KO mice develop tolerance
to chronic delivery of mGlus inhibitors. Case in point, the observed benefit of CTEP in
reducing susceptibility to seizures in Fmr1 KO mice is completely lost after 5 days of
consecutive drug delivery (Figure 3.3B). In order to evaluate drug tolerance upon
chronic administration of BRD0705, we delivered 5 consecutive systemic doses of
30mg/kg BRDO705 or vehicle daily to WT and Fmr1 KO mice littermates (Figure 3.4A).
We did not observe any loss of drug efficacy as a result of multiple dosing, with chronic
administration of BRD0705 yielding an analogous reduction of seizure incidence in
Fmr1 KO mice (Figure 3.4B) as acutely delivered BRDO705 (Figure 3.2).

3.3.4: Acute inhibition of GSK3a but not GSK3p corrects elevated protein
synthesis in Fmr1 KO mice.

A previous study showed that chronic dietary lithium reduced elevated rates of
cerebral protein synthesis in Fmr1 KO mice (Liu, Huang et al. 2012). To examine the
consequence of GSK3a and GSK3 inhibition on synaptic translation, we performed
metabolic labeling on WT and Fmr1 KO hippocampal slices in the presence of 10 uM
BRDO0705 or BRD3731. We found that BRD0O705 (Figure 3.5) but not BRD3731 (Figure

3.6) corrected elevated protein synthesis in slices from Fmr1 KO mice, suggesting that
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GSK3a but not GSK3p is coupled to translation at the synapse. Inhibition of neither

GSKa3 paralog had an effect on protein synthesis in WT slices.

3.3.5: BRD0705 attenuates evoked hyperexcitability in the Fmr1 KO mouse visual
cortex.

Increased excitability in the cortex is a robust and reproducible phenotype
observed in Fmr1 KO mice. Excitingly, this hyperexcitability can be dampened by
inhibition of mGlus of downstream signaling pathways coupled to translation (Hays et
al., 2011). To investigate whether BRD0705 could also reduce cortical hyperexcitability,
we prepared acute slices of the visual cortex from WT and Fmr1 KO animals and
measured evoked activity in layer V pyramidal neurons. Electrical stimulation was
delivered once every 30 seconds to the white matter, with action potentials recorded by
placing a glass recording electrode in layer 5. Responses were collected for 30 minutes
in vehicle followed by an additional 30 minutes in the presence of 10 uM BRD0705
(Figure 3.7A). We found that the number of action potentials evoked in Fmr1 KO slices
was significantly greater compared to WT slices in vehicle conditions (Figure 3.7B, C,
D), however, application of BRD0705 significantly dampened this activity in Fmr1 KO
slices (Figure 3.7B, C, D).

3.3.6: BRD0705 attenuates spontaneous hyperexcitability in the Fmr1 KO mouse
visual cortex.

In addition to the action potentials generated in response to electrical stimulation
of the underlying white matter, we also observed a significant amount of spontaneous
activity in Fmr1 KO slices that was present spontaneously, prior to any electrical
stimulation. In order to determine if Fmr1 KO slices also displayed enhanced
spontaneous activity in this region, we recorded events occurring in between electrical
stimulations in addition to our evoked spiking. These events occur spontaneously and
are not dependent upon electrical stimulation. We observed a significantly more
spontaneous events in Fmr1 KO slices compared to wild-type slices (Figure 3.8A). We
were therefore motivated to determine if application of BRD0O705 would similarly

dampen this hyperexcitability in Fmr1 KO slices. Fmr1 KO slices dispiayed significantly
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more spontaneous events compared to WT slices, and, excitingly, this hyperexcitability
was significantly dampened by BRD0705 (Figure 3.8B, C).

3.3.7: Evoked spiking in layer V visual cortex is protein-synthesis dependent.

We have shown that GSK3a-specific inhibition with BRDO705 can normalize
protein synthesis in the hippocampus as well as reduce hyperexcitable spiking in layer
V of the visual cortex in Fmr1 KO slices. In order to investigate whether a reduction in
cortical hyperexcitability could be a direct consequence of the restoration of normal
synaptic translation, we treated cortical slices from WT and Fmr1 KO mice with the
protein synthesis inhibitor cycloheximide (CHX; 60 uM) and measured evoked activity in
layer V pyramidal neurons using the same induction paradigm described above. We
compared baseline evoked spiking activity during the first 30 minutes prior to washing in
CHX and the second 30 minutes following wash-in of CHX (Figure 3.9A). We found that
CHX blocked evoked spiking in WT slices and diminished prolonged firing in Fmr1 KO
slices to WT-vehicle levels (Figure 3.9B-D). We conclude that evoked spiking in layer V
of visual cortex is dependent on de novo protein synthesis. Furthermore, inhibition of
protein synthesis blocks the induction of evoked firing in WT slices, but not Fmr1 KO
slices, although it does significantly attenuate prolonged firing to physiologically normal
levels. Therefore, it is likely that the observed attenuation of cortical hyperexcitability by
BRDO0705 is a functional result of restored protein synthesis at the synapse.

3.3.8: Chronic inhibition of GSK3a restores learning and memory in Fmr1 KO
mice on an inhibitory avoidance task.

We next investigated the possibility that restoration of normal synaptic translation
by inhibition of GSK3u could lead to improvements in an assay of learning and memory
previously shown to be impaired in Fmr1 KO mice. We investigated inhibitory
avoidance, which is thought to be reliant on the hippocampus as well as protein
synthesis and mGlus-dependent (Qin, Kang et al. 2002, Dolen, Osterweil et al. 2007,
Sherry, Milsome et al. 2010, Gieros, Sobczuk et al. 2012). We administered 30 mg/kg
BRDO0705 or vehicle i.p. to adult WT or Fmr1 KO littermates for 5 consecutive days prior

to conditioning. !n order to minimize stress and behavioral modifications associated

99



with the i.p. injection itself, we administered “sham” saline injections once daily for 20
consecutive days prior to the first vehicle or BRD0705 injection (Figure 3.10A). Memory
strength was measured as the latency to enter the dark side of a box that was
associated with a foot shock. Consistent with previous findings, we observed that Fmr1
KO mice failed to form a strong association between the context and foot shock
(between time 0 and 6 hours) indicating impaired memory acquisition. Remarkably,
however, the behavior of Fmr1 KO mice chronically treated with BRD0705 was
indistinguishable from either vehicle or BRD0705-treated WT mice, exhibiting normal

memory acquisition and extinction over the course of 48 hours (Figure 3.10B).

3.3.9: Dose-limiting side effects seen with the mGlus inhibitor MTEP are not
induced by the GSK3a inhibitor BRD0705.

Administration of the non-competitive NMDA receptor blocker MK801 is known to
induce hyper-locomotion in mice (Carlsson and Carlsson 1989, Kuribara, Asami et al.
1992). Because mGilus itself indirectly couples to NMDA receptors, modulation of mGlus
activity is known to have off-target impact on the modulation of NMDA receptors as well
(Chen, Liao et al. 2011, Cleva and Olive 2011). First-generation mGlus NAMs,
identified based on inhibition of G, signaling, have been shown to act synergistically
with MK801 to potentiate the hyper-locomotive response to the NMDA receptor
antagonist in mice (Homayoun, Stefani et al. 2004, Pietraszek, Gravius et al. 2005).
MK801 is also known to be psychotomimetic in humans, and hyper-locomotion in mice
is believed to be relevant to the mechanism that causes derealization and visual
hallucinations in people treated with mGius NAMs (Pecknold, McClure et al. 1982,
Porter, Jaeschke et al. 2005, Abou Farha, Bruggeman et al. 2014). We confirmed that
pretreatment with the selective mGlus inhibitor 3-[(2-Methyl-1,3-thiazol-4-yl)ethynyl]-
pyridine (MTEP) (Cosford, Tehrani et al. 2003) significantly potentiates MK801-induced
hyper-locomotion in WT mice. Importantly, WT mice pretreated with BRD0705 did not
exhibit the same potentiation of the hyper-locomotive response to MK801 (Figure 3.11),

implying that GSK3a does not have parallel interactions with NMDARSs.

100



3.3.10: GSK3a is coupled to the translational machinery downstream of ERK1/2.

Excessive translation pathological to FX is thought to be, in part, a result of
hypersensitivity of the translational machinery in response to activation of mGlus and
extracellular signal-regulated kinase (ERK1/2). In addition to mGlus NAMs, inhibition of
ERK1/2 itself, or upstream effectors of ERK1/2, have been explored, but have been met
with cautious hesitation, as therapeutic targets for FX (Osterweil, Krueger et al. 2010,
Bhattacharya, Kaphzan et al. 2012, Busquets-Garcia, Gomis-Gonzalez et al. 2013,
Bhattacharya, Mamcarz et al. 2016, Berry-Kravis, Levin et al. 2015). We observed a
reduction in aberrant protein synthesis in hippocampal slices from Fmr1 KO mice as a
result of GSK3a-specific inhibition. However, the mechanism by which GSK3a couples
to synaptic translation downstream of mGilus is not known. To investigate this, we pre-
treated WT and Fmr1 KO slices with either vehiclie or BRD0705 and then probed
phosphorylation of key targets known to be coupled to translation in response to mGlus
activation. We stimulated mGlus by initially priming the slice with the mGilus positive
allosteric modulator CDPPB for 30 minutes followed by stimulation with the group 1
mGIuR agonist 3,5-dihydroxyphenylglycine (DHPG) for 5 minutes in order to achieve
maximal receptor activation which we hypothesized might augment subtie changes in
phosphorylation of targets (Figure 3.12A). We did not observe activation of the AKT-
mTOR pathway in WT or Fmr1 KO slices that had received either stimulation or vehicle,
in either the presence or absence of BRD0O705 (Figure 3.12C, D). In comparison, we
saw robust activation of ERK1/2 upon mGilus stimulation, in WT and Fmr1 KO slices
receiving either vehicle or BRD0705 pre-treatment (Figure 3.12B). The magnitude of
ERK1/2 was comparable in both WT and Fmr1 KO slices, reinforcing previous findings
suggesting that basal ERK1/2 activation is normai (Osterweil, Krueger et al. 2010,
Osterweil, Chuang et al. 2013). This evidence suggests that although protein synthesis
is attenuated by inhibition of GSK3a, ERK1/2 activation is not affected, implying that

GSK3a couples to translation at a target that is downstream of ERK1/2.
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3.4: Discussion

3.4.1: The effects of BRD0705 and BRD3731 on phosphorylation of GSK3a/p are
unknown.

Taken together, these results support a role for GSK3a in synaptic translation,
via an unknown mechanism, either downstream of ERK1/2 signaling or through another
pathway altogether. It has been shown that GSK3a and GSK3p are overactive in the
Fmr1 KO mouse, a consequence of hypo-phosphorylation of the inhibitory serines that
negatively regulate GSK3 activity. Interestingly, one study showed that GSK3a but not
GSK3p is pathogenically overactive in the Fmr1 KO mouse hippocampus which may be
consistent with our finding that selective inhibition of GSK3a led to the reversal of
hippocampus-associated cognitive impairments in these mice. We did not evaluate the
effects of BRD0705 or BRD3731 on phosphorylation of the inhibitory serines of GSK3a
and GSK3p as these small molecule inhibitors directly inhibit their targets by competing
for binding at the ATP binding site of each paralog-specific kinase domain.
Nonetheless, it is possible that these inhibitors may have indirect effects on these

inhibitory phosphorylation sites.

3.4.2: Selective inhibition of GSK3a but not GSK3p corrects pathological
phenotypes in the Fmr1 KO mouse.

Although selective inhibition of GSK3B had no effect on seizure incidence,
inhibition of GSK3a as well as dual inhibition of GSK3a/p induced a significant reduction
in the propensity to seize in Fmr1 KO mice. One might infer that the observed benefits
attributed to dual inhibition of GSK3a/p may, in fact, be exclusively driven by inhibition
of GSK3a. Several studies have concluded that direct and/or indirect inhibitors of GSK3
correct a wide variety of pathological phenotypes in the Fmr1 KO mouse (Min, Yuskaitis
et al. 2009, Mines, Yuskaitis et al. 2010, Yuskaitis, Mines et al. 2010, Choi, Schoenfeld
et ai. 2011, Liu, Chuang et ai. 2011, Guo, Murthy et al. 2012, Liu, Huang et al. 2012,
Chen, Sun et al. 2013, King and Jope 2013, Chen, Lu et al. 2014, Franklin, King et al.
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2014). The pharmacological interventions used to inhibit GSK3 in these previous
manipulations included lithium, CT99021, SB415286, TDZD-8, and VP0.7. While all of
these compounds either directly and/or indirectly inhibit GSK3, they are all known to act
on other kinases as well, confounding conclusions which attribute therapeutic benefit to
inhibition of GSK3 alone. More egregiously, many studies have misattributed
phenotypic improvements in response to treatment with lithium or other non-specific
compounds to inhibition of GSK3p, despite a total lack of evidence demonstrating that
GSK3p alone is the disease-relevant paralog (Chiu and Chuang 2011, Guo, Murthy et
al. 2012, Liu, Huang et al. 2012, Chen, Sun et al. 2013). All evidence collected in the
present series of experiments suggests that inhibition of GSK3a but not GSK3p

provides therapeutic benefit in the Fmr1 KO mouse.

3.4.3: Normalization of synaptic protein synthesis: a key mechanism in many
phenotypes.

Elevated cerebral protein synthesis is a halimark of the pathophysiology of FX.
We have shown previously, that global inhibition of either mGlus or the Ras-ERK
pathway is sufficient to correct this pathogenic phenotype in the Fmri1 KO mouse
(Figure 3.13). Interestingly, these same genetic and pharmacological interventions that
normalized protein synthesis were also effective in reducing susceptibility to audiogenic
seizures in Fmr1 KO mice, suggesting that audiogenic seizures could be a
pathophysiological consequence of elevated synaptic translation (Dolen, Osterweil et al.
2007, Osterweil, Krueger et al. 2010, Michalon, Sidorov et al. 2012, Osterweil, Chuang
et al. 2013). Consistent with this hypothesis, the same pharmacological manipulations
that corrected aberrant protein synthesis and seizure susceptibility also abrogated
cortical hyperexcitability in the Fmr1 KO mouse (Hays, Huber et al. 2011, Osterweil,
Chuang et al. 2013). We have shown here that evoked spiking activity in layer V of the
visual cortex is protein synthesis-dependent. Fmr1 KO mice also show deficits in
memory consolidation, reconsolidation, and memory recall on an inhibitory avoidance
task. We have observed that memory reconsolidation in this task is blocked by systemic

delivery of the protein synthesis inhibitor cycloheximide {data not shown). It has been
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shown that memory reconsolidation and retrieval on a similar passive avoidance task is
mGilus-dependent (Gieros, Sobczuk et al. 2012). A central theme, consistent with the
mGiluR theory of FX (Bear, Huber et al. 2004), suggests that phenotypic deficits
associated with the loss of FMRP, a translational repressor, can be attributed to
pathological dysregulation of protein synthesis at the synapse. GSK3a-specific
inhibition normalizes protein synthesis to WT levels in the Fmr1 KO mouse, thereby
correcting audiogenic seizure activity, cortical hyperexcitability, and cognitive
impairments in our studies. Importantly, inhibition of GSK3a does not alter normal
protein synthesis in WT slices. This suggests that mechanistically, BRD0705 is
correcting a pathology specific to FX without altering some other process necessary for

normal functioning.

3.4.4: GSK3a couples to the translational machinery by an unknown mechanism.
Although we have collected compelling evidence suggesting that GSK3a is
involved in the regulation of synaptic translation, a mechanism has not yet been
revealed. All previous manipulations that have abrogated altered protein synthesis
(Figure 3.13) in the Fmr1 KO mouse did sc by normalizing signaling through ERK1/2
specifically. We show that activation of the Ras-ERK1/2 pathway is not affected by
inhibition of GSK3a suggesting that it acts downstream of this signaling pathway,
possibly directly targeting the initiation or elongation steps of translation. This is
exciting, as it might avoid potential adverse consequences of altering ERK1/2, which
plays crucial roles in the brain unrelated to synaptic translation. Similarly, it does not
seem likely that GSK3a is acting within or upstream of the AKT-mTOR signaling
pathway known to be coupled to translation initiation. Elucidating the role of GSK3u in
translation will be key to the advancement and develocpment of targeted therapeutics in

FX and other related disorders of troubled translation.

3.4.5: Pre-clinical evidence that GSK3a is a better target than global mGius.
Manipulation of various targets within the mGlus pathway have shown great

promise in pre-clinical studies including components of the Ras-ERK1/2 pathway and
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mGilus itself. Despite the success and relative ease of correcting a number of
pathophysiologies in the Fmr1 KO mouse model, these targeted-strategies have failed
to translate to the clinic thus far. Observations from pre-clinical studies have identified
concerns that could be predictive of limitations of these compounds in clinical trials
investigating safety and efficacy. Chronic administration of the mGilus negative
modulators CTEP and MPEP demonstrated a loss of therapeutic benefit in the
audiogenic seizure assay in Fmr1 KO mice, presumably due to development of drug
tolerance in these mice over time (Yan, Rammal et al. 2005, Min, Yuskaitis et al. 2009).
A similar development of tolerance was previously seen in Fmr1 KO mice chronically
treated with GSK® inhibitors, with the noteworthy exception of lithium (Min, Yuskaitis et
al. 2009). Importantly, mice receiving chronic BRD0705 treatment did not appear to
exhibit any drug tolerance.

Another liability associated with global negative modulation of mGlus is a
consequential predisposition to psychotomimetic tendencies which manifest as hyper-
locomotion in mice. Specifically, WT mice pre-treated with the mGlus antagonist MTEP
or MPEP prior to administration of the NMDA receptor antagonist MK-801 often
demonstrate a potentiated locomotor response compared with WT mice that did not
receive pre-treatment with MTEP or MPEP (Homayoun, Stefani et al. 2004, Gould,
Amato et al. 2016). This increased tendency to exhibit psychotomimetic locomotion is
reminiscent of visual hallucinations experienced by individuals treated with mGilus
antagonists and is thought to be caused by off-target inhibition of NMDA receptors.
Mice pre-treated with BRD0705 did not show any propensity to psychotomimetic
tendencies or potentiated hyper-locomotion in response to MK-801 treatment
suggesting that GSK3a does not directly or indirectly regulate NMDA receptor

activation.

3.4.6: GSK3 paralog specificity in neuropsychiatric disease.

GSK3 paralog-specific contribution to neuropsychiatric disease has been studied
previously (Kaidanovich-Beilin and Woodgett 2011), although not in the context of FX.
Paralog-specific GSK3 knock-out (KO) animals have been generated, and although
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GSK3a KO mice are viable, GSK3B KO mice die late in development so conclusions
about paralog function have been attributed to heterozygous deletion of GSK3p rather
than full knockout of gene function (Hoeflich, Luo et al. 2000, Beaulieu, Sotnikova et al.
2004, O'Brien, Harper et al. 2004). Both mouse models show learning and memory
impairments as well as a comparable anti-depressant-like state, which presumably
models the mood-stabilizing effects of lithium (Beaulieu, Sotnikova et al. 2004, O'Brien,
Harper et al. 2004, MacAulay, Doble et al. 2007, Bersudsky, Shaldubina et al. 2008,
Kimura, Yamashita et al. 2008, Kaidanovich-Beilin, Lipina et al. 2009). Interestingly,
evidence suggests that GSK3a KO mice exhibit impaired social interaction
(Kaidanovich-Beilin, Lipina et al. 2009). Additionally, in the Disc1-L100P mouse, which
models schizophrenia-related behaviors, genetic reduction of GSK3a specifically
reverses pre-pulse inhibition (Cooper, Coe et al.) and normalizes the hyperactivity
phenotype and spine development abnormalities of Disc1-L100P mutants (Lee,
Kaidanovich-Beilin et al. 2011, Lipina, Kaidanovich-Beilin et al. 2011). Intriguingly, the
Fmr1 KO mouse shares similar deficits in PPI, hyperactivity and spine abnormalities
(Yan, Rammal et al. 2005, Dolen, Osterweil et al. 2007, de Vrij, Levenga et al. 2008,
Min, Yuskaitis et al. 2009, Levenga, Hayashi et al. 2011, Michalon, Sidorov et al. 2012),
suggesting that paralog-specific inhibition of GSK3 could offer enhanced therapeutic
benefit by specifically targeting the paralog which is relevant to the pathophysiology of
FX. In particular, evidence presented here supports the conclusion that although both
GSK3a and GSK38 are dysregulated in FX, selective inhibition of GSK3a may be the

disease-relevant therapeutic target.



3.5: Methods

3.5.1: Animals

Fmr1™ female mice (Jackson Labs) were crossed WT C57BL/6J male mice to generate
WT and Fmr1” male offspring. All experimental animals were age-matched male
littermates, and were studied with the experimenter blind to genotype and treatment
condition. Animals were group housed and maintained on a 12:12 hour, light: dark
cycle. The Institutional Animal Care and Use Committee at MIT approved all
experimental techniques and all animals were treated in accordance with NIH and MIT

guidelines.

3.5.2: Reagents

GSKS inhibitors BRD0320, BRD3731, BRD0705 were all synthesized at the Broad
Institute and generously gifted to us. All compounds for acute and chronic AGS,
Inhibitory Avoidance, and MK-801-induced hyperlocomotion were administered at a
dose of 30 mg/kg in a vehicle of 10% DMSO, 45% PEG400, 45% normal saline. For
chronic AGS and Inhibitory Avoidance, vehicle and drug were delivered intraperitoneally
(i.p.) at a dosing volume of 10 ml/kg. For MK-801-induced hyperlocomotion, vehicle
and drug were delivered i.p. at a dosing volume of 2 ml/kg with a needle with precision
for small volumes, utilized due to gastrointestinal complications and impact on
locomotion at higher doses of the DMSO and PEG400 vehicle. For slice experiments,
all GSK3 inhibitors were prepared as 50 mM stocks in DMSO and stored in aliquots at -
20°C. (S)-3,5-dihydroxyphenylglycine (S-DHPG) was purchased from Tocris. Fresh
bottles of DHPG were prepared as a 100x stock in H20, divided into aliquots, and
stored at -80°C. Fresh stocks were made once a week. Actinomycin D (Tocris) was
prepared as a stock solution of 1mg/mL in 0.01% DMSO and aCSF and stored at -20°C.
CDPPB (Tocris) was prepared daily at 75 mM stock in DMSO. MK801 (Sigma) was
prepared in H,O daily and .3 mg/kg was injected i.p. at a dosing volume of 10 ml/kg.
MTEP (Tocris) was prepared in H,O daily and 10 mg/kg was injected i.p. at a dosing
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volume of 10 ml/kg. CTEP was formulated as a microsuspension in vehicle (0.9% NaCl,
0.3% Tween-8C). Chronic treatment consisted in one dose every 48 hours at 2 mg/kg

(i.p.) in a volume of 10 mi/kg.

3.5.3: Audiogenic seizures

AGS experiments were performed as previously described in Chapter 2 (Dolen,
Osterweil et al. 2007). For acute dosing, animals were animals at injected with either
vehicle or drug 1-2 hours prior to exposure to the alarm in a separate room. For chronic
dosing, animals were injected for four consecutive days prior to testing and received a
final (fifth) injection 1-2 hours prior to testing. All animals were run at P23-25
(immediately following weaning) and were habituated to the behavioral chamber
(28x17.5x12 cm transparent plastic box) for 1 minute prior to stimulus onset. AGS
stimulus was a 125 db at 0.25 m siren (modified personal alarm, Radioshack model 49-
1010, powered from a DC converter). Seizures were scored for incidence during a 2-
minute stimulus presentation or until animal reached AGS endpoint (wild running, status

epilepticus, respiratory arrest or death were all scored as seizure activity).

3.5.4: Metabolic labeling

Metabolic labeling of new protein synthesis was performed as previously described in
Chapter 2 (Osterweil, Krueger et al. 2010). Male P28-P32 littermate mice were
anesthetized with isofiurane and the hippocampus was rapidly dissected into ice-cold
aCSF (in mM: 124 NaCl, 3 KCI, 1.25 NaH,PO4, 26 NaHCOs3, 10 dextrose, 1 MgCly, 2
CaCly, saturated with 95% O, and 5% CO,). Hippocampal slices (500 um) were
prepared using a Stoelting Tissue Slicer and transferred into 32.5°C aCSF (saturated
with 95% O, and 5% CQO:) within 5 min. Slices were incubated in aCSF undisturbed for
3 h to allow recovery of basal protein synthesis and then transferred to either aCSF
containing vehicle (DMSOQ) or drug, which was present for the remainder of the
experiment. After 3.5-4 h recovery, Actinomycin D (25 uM) was then added to the
chamber for 30 min to inhibit transcription after which slices were transferred to fresh

aCSF containing ~10 mCi/ml [**S] Met/Cys (Perkin Eimer) for an additional 30 min.

108



Slices were then homogenized, and labeled proteins isolated by TCA precipitation.
Samples were read with a scintillation counter and subjected to a protein concentration
assay (Bio-Rad). Data was analyzed as counts per minute per microgram of protein,
normalized to the [*°*S] Met/Cys aCSF used for incubation and the average incorporation
of all samples analyzed and then normalized to percent WT for each experiment.
Statistical significance was determined using a two-way ANOVA for genotype and
treatment. Pairwise comparisons of significance were made using Student’s two-tailed

t-tests.

3.5.5: Evoked and spontaneous spiking in visual cortex LV

Slices of visual cortex were prepared from P16-P21 wild-type or Fmri1 KO male animals.
Slices were recovered for 30 minutes at 32°C and then for an additional 2.5 hours at
room temperature in a modified aCSF containing (in mM): 124 NaCl, 3.5 KCI, 1.25
NaH2POQ,, 26 NaHCOg3, 10 glucose, 0.8 MgCl,, and 1 CaCl,, saturated with 95%/5%
0,/CO,. Action potentials were evoked by electrical stimulation of the white matter
(clustered bipolar tungsten, FHC) and recorded by placing a glass recording electrode
(~1 MQ resistance when filled with aCSF) in layer V of the visual cortex. A single, 0.2
ms duration, electrical stimulation was delivered every 30 seconds using a stimulus
intensity between 35-80 pyA. Evoked extracellular recordings were first collected in
vehicle conditions for 30 minutes (60 trials total), followed by 30 additional minutes in
the presence of 10 yM BRDO0705. All recordings were made using a Multiclamp 7008
amplifier (Molecular Devices), amplified 1000 times, filtered between 0.3 and 3 Hz, and
digitized at 25 kHz. Evoked responses were measured for the first 3.2 seconds
following electrical stimulation. Spontaneous events were characterized as those
occurring between 3.2 seconds and 30 seconds after stimulation. To determine the
protein synthesis dependence of both the evoked and spontaneous activity in layer V, a
subset of slices were subjected to bath application of 60 yM cyclohexamide (CHX) for
30 minutes after an initial 30 minute baseline recording in aCSF. A third 30 minute

recording was also collected to fully capture the effect of CHX on spiking.
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3.5.6: Inhibitory avoidance extinction

Inhibitory avoidance experiments were performed as previously described (Dolen,
Osterweil et al. 2007). On the day of testing, P56-P76 animals were placed into the dark
compartment of an IA training box (a two-chambered Perspex box consisting of a
lighted safe side and a dark shock side separated by a trap door) for 30 seconds
followed by 90 seconds in the light compartment for habituation. Following the
habituation period, the door separating the two compartments was opened and animals
were allowed to enter the dark compartment. Latency to enter following door opening
was recorded (“baseline”, time 0, 8-9am); animals with baseline entrance latencies of
greater than 120 seconds were excluded. After each animal stepped completely into the
dark compartment with all four paws, the sliding door was closed and the animal
received a single scrambled foot-shock (0.5mA, 2.0 sec) via electrified steel rods in the
floor of the box. This intensity and duration of shock consistently caused animals to
vocalize and jump. Animals remained in the dark compartment for 15 sec following the
shock and were then returned to their home cages. Six to seven hours following I1A
training, mice received a retention test (“post-acquisition”, time 6 hours, 2p.m.-3p.m.).
During post-acquisition retention testing each animal was placed in the lit compartment
as in training; after a 90 second delay, the door opened, and the latency to enter the
dark compartment was recorded (cut-off time 537 sec). For inhibitory avoidance
extinction (IAE) training, animals were allowed to explore the dark compartment of the
box for 200 seconds in the absence of foot-shock (animals remaining in the lit
compartment after the cutoff were gently guided, using an index card, into the dark
compartment); following IAE training animals were returned to their home cages.
Twenty-four hours following initial 1A training, mice received a second retention test
(“post-extinction 17, time 24 hours, 8a.m-9a.m.). Animals were tested in the same way
as at the six hour time point, followed by a second 200 second extinction trial in the dark
side of the box; following training animals were again returned to their home cages.
Forty-eight hours following avoidance training, mice received a third and final retention

test (“post-extinction 2”7, time 48 hours, 8a.m.- 9a.m.).
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3.5.7: MK801-induced hyperlocomotion

To determine the effects of genotype on MK801-induced hyperlocomotion, mice were
habituated in the open field (40 cm x 40 cm x 40 cm box) for 60 min, followed by the
administration of vehicle or MK801 and locomotor activity was recorded for another 60
min. To determine the effects of MTEP and BRD0705 by genotype on MK801-induced
hyperlocomotion, mice were habituated in the open field for 30 min, followed by the
intraperitoneal (i.p.) administration of MTEP (10 mg/kg at a dosing volume of 10 ml/kg)
or BRD0705 (30 mg/kg at a dosing volume of 2 mi/kg). After an additional 30 min,
MK801 (0.3 mg/kg at a dosing volume of 10 mi/kg) was administered i.p. and locomotor
activity was recorded for another 60 min. The time course of drug-induced changes in
ambulation was expressed as cm traveled/5 min over the 120-min session. Sessions
were recorded using Plexon's CinePlex® Studio and analyzed using Plexon's CinePlex®
Editor and code written in MATLAB. MK801-induced locomotor activity was scored and

analyzed using the average of the final 5 minutes (minute 115-120) per cohort.

2.5.8: Inmunoblotting

Hippocampal slices were prepared and recovered as described in metabolic labeling
experiments. Sets of slices were stimulated with CDPPB (10 pyM) for 30 minutes
followed by DHPG (50 yM) for 5 minutes and then flash frozen in liquid nitrogen
immediately after stimulation, prior to processing. Yoked unstimulated slices were also
processed to assess basal signaling levels. Immunoblotting was performed according
to established methods using primary antibodies to p-ERK1/2 (Thr202/Tyr204) (Cell
Signaling Technology), ERK1/2 (Cell Signaling Technology), p-Akt (Ser473) (Cell
Signaling Technology), Akt (Cell Signaling Technology), p-S6 240/44 (Cell Signaling
Technology) and S6 (Cell Signaling Technology). Protein levels were measured by
densitometry (Quantity One), and quantified as the densitometric signal of phospho-

protein divided by the total protein signal in the same lane.
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1C5p (1M)
GSK3a GSK3p

GSK3a 100.8 0.079
GSK3p 96.5 0.488 6.2
BRD0320 0.008 0.005 CDK2/CycA2 65.3 6.87 869
+0.005 +0.003 CDK2/CycEl 534 9.43 119.3
CDK3/CycE1 52.8 9.74 1233
CDKS5/p25 52.0 9.20 116.4
BRD3731 0.215 0.015 PAK4 138
+0.186 +0.011 ROS 313
EPHA3 252
FLT3 25.0
BRDO705 0.066 0.515 FGFR4(N53SK) 221
+0.044 +0.257 CDC2/CycB1 172
HGK 149
EPHB4 14.7
EPHAS 127
MST3 1.7
MAP3K4_Cascade 1.6
COT_Cascade 12
PDHK4 110
LOK 9.6
PAKS 93
CDK9/CycT1 8.4
CDK7/CycH/MATI 83
YES 79
BRAF_Cascade 1.8
DYRK3 77
RAF1_Cascade 1.5
EPHAG 74
AurC 7.3

Figure 3.1: GSK3 inhibitors with exquisite paralog-specificity.

(A) GSK3 inhibitors synthesized at the Broad Institute show highly specific affinity for
GSK3a/B (BRD0320), GSK3B but not GSK3a (BRD3731) and GSK3a but not GSK3B
(BRDO705) allowing for investigation of paralog-specific contribution to Fragile X
pathology. (B) Selectivity panel for other kinases showing that BRD0705 is highly
specific for GSK3a. (Compounds were synthesized and evaluated for specificity by
Florence Wagner at the Broad Institute and generously provided to us in collaboration).
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Figure 3.2: Acute inhibition of GSK3a/f and GSK3a, but not GSK3, alleviates
audiogenic seizure susceptibility in Fmr1 KO mice.

Acute treatment (30 mg/kg) with three GSK3 specific inhibitors reveals paralog-
specificity in the alleviation of susceptibility to audiogenic seizures in Fmr1 KO mice.
Vehicle-treated (10% DMSO, 45% PEG400, 45% normal saline) WT mice were not
prone to seizures, with 2/23 animals exhibiting seizure activity in response to an
auditory alarm. In WT animals, acute treatment with BRD0705 (GSK3a-inhibitor),
BRD3731 (GSK3B-inhibitor) or BRD0320 (GSK3a/B-inhibitor) did not show a significant
effect on seizure incidence compared with vehicle; two-tailed Fisher’s exact test: p =
1.0; p = 0.4889; p = 1.0, respectively. Vehicle-treated Fmr1 KO mice exhibit
significantly enhanced susceptibility to seizure in response to an auditory alarm
compared with WT controls; *p < 0.001. Fmr1 KO mice given an acute dose of either
BRD0705 or BRD0320 (GSK3a or GSK3a/B-inhibitors), but not BRD3731 (GSK3B-
inhibitor) reduce this heighted susceptibility to seizures compared with vehicle-treated
Fmr1 KO mice; *p = 0.002; *p = 0.0043; *p = 1.0. Taken together, this suggests that
GSK3a but not GSK3 is relevant to enhanced hyperexcitability and audiogenic seizure
impairments in Fmr1 KO mice. (Experiments testing BRD0320 were conducted by
Michael Lewis and Arnold Heyren).
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Figure 3.3: Fmr1 KO mice develop tolerance to CTEP in AGS upon chronic
administration.

(A) Schematic shows acute dose schedule and AGS timeline. Fmr1 KO mice treated
with vehicle (DMSO) exhibit increased susceptibility to audiogenic seizures compared to
WT treated with vehicle; two-tailed Fisher’s exact test, *p = 0.0009. An acute dose with
2 mg/kg of the mGlus negative allosteric modulator CTEP significantly reduces the
incidence of audiogenic seizure in Fmr1 KO mice; *p = 0.0019. (B) Schematic shows
chronic dosing schedule and AGS timeline. Chronic treatment with 2 mg/kg CTEP no
longer alleviates susceptibility to audiogenic seizures, indicating that mice develop
tolerance to multiple doses of CTEP over 5 days. Two-tailed Fisher’s exact test, Fmr1
KO vehicle treated vs. CTEP treated: p = 1.0. (Experiments were conducted by
Rebecca Senter and Amanda Coronado).
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Figure 3.4: No evidence of drug tolerance in AGS with chronic BRD0705
treatment.

(A) Schematic shows chronic dosing schedule and AGS timeline. (B) Fmr1™” mice
treated with vehicle exhibit increased susceptibility to audiogenic seizure activity
compared to WT treated with vehicle (two-tailed Fisher’s exact test, *p < 0.0001).
Chronic (5 day) dosing with 30 mg/kg BRD0705 has no effect on WT mice but
significantly reduces the incidence of audiogenic seizure in Fmr1™ mice (*p = 0.0021).
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Figure 3.5: Excess protein synthesis in Fmr1 KO mice is corrected by GSK3a
inhibition.

(A) Schematic illustrates experimental timeline. (B) Basal protein synthesis is
significantly increased in slices from Fmr1” mice (Student’s two-way t-test; *p < 0.002)
compared with WT slices. Treatment with BRD0705, an inhibitor GSK3a significantly
reduces elevated protein synthesis in Fmr1™ mice back to wild-type levels (Student's
two-way t-test Fmr1™ vehicle vs. Fmr1™ drug: *p < 0.002; WT vehicle vs. Fmr1™ drug: p
= 0.805). There is a significant interaction between genotype and treatment (Two-way
ANOVA; p =0.012).
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Figure 3.6: Inhibition of GSK3p does not correct excessive protein synthesis in
Fmr1 KO mice.

(A) Schematic illustrates experimental timeline. (B) Basal protein synthesis is
significantly increased in vehicle-treated slices from Fmr1™ mice (Student’s two-way t-
test; *p < 0.0005) compared with vehicle-treated WT slices. Treatment with BRD3731,
an inhibitor GSK3 does not affect elevated protein synthesis in Fmr1™ mice compared
with WT slices (*p < 0.001). There is no significant interaction between genotype and
treatment (Two-way ANOVA; p = .617).
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Figure 3.7: BRD0705 reduces evoked hyperexcitability in the Fmr1 KO visual

cortex.
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(A) Extracellular recordings were performed in layer V of the visual cortex. Action
potentials were generated every 30 seconds with white matter stimulation for a total of
60 trials in vehicle, followed by 60 trials in 10 M BRD0705. (B) Representative rastor
plots and traces from both wild-type (WT) and Fmr1 KO slices show prolonged firing in
the Fmr1 KO, which is corrected by BRD0705 treatment. (C) BRD0705 significantly
reduces the number of action potentials (AP) in Fmr1 KO slices (paired t-test, p =
0.007). (D) The mean number of action potentials is significantly greater in Fmr1 KO
slices and can be corrected by application of 10 yM BRD0705 (two-way repeated
measures ANOVA, genotype x treatment, p = 0.0017, WT vehicle vs. Fmr1 KO vehicle,
p = 0.0027, Fmr1 KO vehicle vs. Fmr1 KO + BRD0705, p = 0.0007). (Experiments were
conducted by Rebecca Senter).
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Figure 3.8: BRD0705 reduces spontaneous hyperexcitability in the Fmr1 KO
visual cortex.

(A) Extracellular recordings were performed in layer V of the visual cortex and the
number of spontaneous action potentials was measured over 30 minutes in vehicle,
followed by 30 minutes in 10 yM BRD0705. (B) BRD0705 significantly reduces the
number of spontaneous action potentials (AP) in Fmr1 KO slices (paired t-test, p =
0.0003). (C) The mean number of spontaneous action potentials is significantly greater
in Fmri1 KO slices and can be corrected by application of 10 yM BRD0705 (two-way
repeated measures ANOVA, genotype x treatment, p = 0.0004, WT vehicle vs. Fmr1
KO vehicle, p = 0.0001, Fmr1 KO vehicle vs. Fmr1 KO + BRD0705, p = 0.0001).
(Experiments were conducted by Rebecca Senter).
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Figure 3.9: Evoked spiking in layer V visual cortex is protein synthesis-
dependent.

Cyclohexamide - + s +

(A) Evoked extracellular action potentials were recorded for 30 minutes in aCSF
(vehicle), followed by a 30 minute wash-in of 60 pM cyclohexamide (CHX). After the
wash-in period, an additional 30 minutes of recordings were collected in CHX. (B)
Representative rastor plots from both WT and Fmr1 KO slices showing prolonged firing
in Fmr1 KO slices, which is reduced by application of CHX. (C) Time course of the
averaged number of action potentials in response to application of CHX in Fmr1 KO
slices. Data are represented as % baseline action potential number. (D) The mean
number of action potentials is significantly greater in Fmr1 KO slices and can be
corrected by application of CHX (two-way repeated measures ANOVA, genotype x
treatment, WT vehicle vs. Fmr1 KO vehicle, p = 0.0265, Fmr1 KO vehicle vs. Fmr1 KO
+ CHX, p = 0.0053. (Experiments were conducted by Rebecca Senter).
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Figure 3.10: Inhibition of GSK3a in Fmr1” mice corrects impaired memory in an
inhibitory avoidance learning task.

(A) Experimental design of dosing schedule and inhibitory avoidance learning task.
Animals were dosed with saline for 20 days prior to vehicle or drug in order to habituate
to the injection. After 5 days of vehicle or drug, animals began the IA task, receiving a
daily dose throughout the remainder of the experiment. (B) Vehicle treated Fmr1™ mice
show impaired acquisition of inhibitory avoidance learning compared to vehicle treated
WT mice (two-tailed ANOVA, *p < 0.001). BRDO705 treated Fmr1™ mice show
comparable acquisition and extinction of inhibitory avoidance to vehicle and R-baclofen-
treated WT mice (two-way ANOVA, p = 0.859, p = 0.844, respectively). There is a
statistically significant interaction between genotype and time point across treatments
(repeated measures two-way ANOVA, *p = < 0.001).
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Figure 3.11: Inhibition of GSK3a does not potentiate the psychotomimetic effects
of MK801.

WT mice pre-treated with BRD0705 injected intraperitoneally with the NMDAR
antagonist MK801 (0.3 mg/kg) show comparable hyperlocomotion 60 minutes post-
treatment compared to mice pre-treated with vehicle (N = 10 mice per group). Student’s
two-tailed t-test vehicle + MK801 vs. BRD0705 + MK801: p = 0.633. Data points
represent distance travelled in cm over 5 minute bins, averaged as pooled animals per
treatment group. Comparatively, pre-treatment with MTEP (10 mg/kg, i.p.) potentiates
hyperlocomotion (N = 10 mice per group) compared to either BRD0705 or vehicle.
ANOVA on ranks: *p = 0.006. Holm-Sidak pairwise multiple comparisons: veh vs.
BRDO0705: not significant, veh vs. MTEP: *p < 0.05; BRD0705 vs. MTEP: *p <
0.05.Student’s two-tailed t-test vehicle + MK801 vs. MTEP + MK801: *p = 0.0075;
BRD0705 + MK801 vs. MTEP + MK801 *p = 0.025.
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Figure 3.12: Inhibition of GSK3a does not affect mGlus-stimulated ERK1/2, AKT,
or mTOR activation.

(A) Schematic illustrates experimental timeline. (B) Activation of mGlus causes a robust
activation of ERK1/2 across all conditions (stats represented are Student’s unpaired
two-way t-tests). There is no significant interaction between genotype and stimulation
(two-way ANOVA: p = 0.067). There is no significant interaction between genotype and
drug treatment (two-way ANOVA: p = 0.067). There is no significant interaction
between genotype and stimulation among drug treated slices (two-way ANOVA: p =
0.503). This suggests that BRD0O705 does have any affect mGlus-stimulated ERK1/2
activation. (C) Neither activation of mGlus nor treatment with BRD0O705 leads to
changes in AKT activation. There is no significant interaction between genotype and
stimulation (two-way ANOVA: p = 0.916). There is nc significant interaction between
genotype and drug treatment (two-way ANOVA: p = 0.620). There is no significant
interaction between genotype and stimulation among drug treated slices (two-way
ANOVA: p = 0.746). This suggests that BRD0O705 does have any affect mGlus-
stimulated AKT activation. (D) Neither activation of mGlus nor treatment with BRD0705
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leads to changes in S6 (a readout of mTOR) activation. There is no significant
interaction between genotype and stimulation (two-way ANOVA: p = 0.958). There is
no significant interaction between genotype and drug treatment (two-way ANOVA: p =
0.857). There is no significant interaction between genotype and stimulation among
drug treated slices (two-way ANOVA: p = 0.990). This suggests that BRD0705 does
have any affect mGlus-stimulated S6 activation.
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Figure 3.13: Pharmacological interventions which normalize mGluR-mediated
signaling rescue basal protein synthesis in Fmr1 KO mice.

Genetic reduction of mGlus or pharmacological inhibition with MPEP, a non-competitive
antagonist of mGlus or CTEP, a negative allosteric modulator of mGlus restores basal
protein synthesis to WT levels in Fmr1 KO hippocampal slices. Lovastatin, an inhibitor
of Ras-ERK signaling, and U0126, a direct inhibitor of ERK1/2, similarly correct elevated
protein synthesis in the Fmr1 KO mouse. Figure adapted from Dolen et al. (2007),
Michalon et al. (2012), Osterweil et al. (2010) and Osterweil et al. (2013).
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Chapter 4

Selective activation of GABAg receptors with R-baclofen corrects
several cognitive and behavioral deficits in a 16p11.2 CNV mouse
model

Portions of this chapter have been published:
Tian D, Stoppel LJ, Heynen AJ, Lindemann L, Jaeschke G, Mills AA, Bear MF.

Contribution of mGIuRS to pathophysiology in a mouse model of human chromosome
16p11.2 microdeletion. Nature Neuroscience 2015 Feb;18 (2):182-4
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4.1: Abstract

Human chromosome 16p11.2 microdeletion is the most common gene copy
number variation (CNV) in autism, affecting an estimated 3 in 10,000 people. Caused
by a single copy deletion of ~27 genes, people with 16p11.2 microdeletion syndrome
often exhibit impaired communication and socialization skills as well as intellectual
disability. Studies on animal models of human 16p11.2 microdeletion disorder have
revealed morphological, behavioral and electrophysiological deficits. In particular, we
found that neuronal dysfunction downstream of metabotropic glutamate receptor 5
(mGilus) contributes to cognitive deficits in mouse model of 16p11.2 microdeletion
disorder and may be a point of convergence in the synaptic pathophysiologies of this
and other genetic causes of autism including Fragile X Syndrome. Recently, R-
baclofen, a GABAg receptor agonist, was shown to correct many disease-related
pathologies in a mouse model of Fragile X Syndrome including cognitive impairments,
and has shown promising outcomes in clinical trials with patients with autism and
Fragile X Syndrome. We investigated the efficacy of R-baclofen to treat cognitive
deficits in heterozygous 16p11.2 deletion mice. We chronically administered R-baclofen
to 8-12 week old group-housed 16p11.2 df/+ and WT male littermates for 2 weeks prior
to behavioral testing. We found that vehicle-treated 16p11.2 df/+ mice exhibited
profound deficits in a familiar object recognition task and contextual fear discrimination
task, similar to previous reports. Additionally, we found that 16p11.2 df/+ mice exhibit
hyperactivity, spend more time in the center in the open field and fail to habituate across
testing sessions. Importantly, chronic R-baclofen treatment corrected deficits in object
recognition and contextual fear discrimination and restored normal habituation and
behavior in the open field. Our results indicate that inhibition of GABAg receptors with
R-baclofen may be a promising treatment avenue for patients with 16p11.2
microdeletion disorder and other genetic causes of autism with similar dysfunction.
Additionally, we also examined basai protein synthesis, ERK1/2 activation, as well as

habituation to an open field and novelty detection in mice harbaoring a duplication of the
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16p11.2-syntenic region on chromosome 7. We found that 16p11.2 dp/+ animals tend
to exhibit reciprocal phenotypes to those of 16p11.2 df/+ mice, including increased

basal protein synthesis, ERK1/2 activation and enhanced novelty detection.
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4.2: Introduction

4.2.1: 16p11.2 CNVs cause neuropsychiatric disorders and intellectual disability
in humans.

Chromosomal copy number variations (CNVs) have been associated with 5-10%
of patients with ASD (Levy, Ronemus et al. 2011, Pinto, Darvishi et al. 2011, Malhotra
and Sebat 2012). Variation at human chromosome 16p11.2 is the most common of
these and accounts for approximately 0.5-1% of all ASD cases (Malhotra and Sebat
2012). The common clinical presentations in individuals carrying the 16p11.2
microdeletion are language impairment, inteliectual disability (ID), ASD, anxiety,
attention deficit hyperactive disorder (ADHD), and epilepsy {Hanson, Nasir et al. 2010,
Zufferey, Sherr et al. 2012). Clinical studies have indicated that patients with the
microdeletion CNV tend to exhibit more severe symptems, commonly associated with
ASD, ID and obesity compared to patients with the duplication, which is more commonly

associated with schizophrenia (Weiss, Shen et al. 2008).

4.2.2: Several genes within the affected 16p11.2 region are implicated in FX.

The 16p11.2 region includes ~27 annotated protein-coding genes, many of which
are expressed in the mouse brain, and specifically, in CA1 of the hippocampus (Horev,
Ellegood et al. 2011). Two of these genes, MAPK3 and MVP are directly involved in
signaling pathways downstream of mGlus signaling, and several other genes in this
region are targets of FMRP (Kolli, Zito et al. 2004, Paspalas, Perley et al. 2008, Crepel,
Steyaert et al. 2011). MAPKS3, which codes for the ERK1 isoform protein product, is an
integral protein in the pathway that leads to the production of synaptic proteins
necessary for mGIluR-LTD. Interestingly, evidence indicates that Major Vault Protein
(MVP) is a negative regulator of MAPK (ERK1/2) (Kolii, Zito et al. 2004), and a rare
inherited deletion in the 16p11.2 region confined to MVP, CDIPT1, SEZ6L2, ASPHD1,
and KCTD13 has been shown to be associated with ASD (Crepel, Steyaert et ai. 2011).

The net effect of allelic variation of these and other genes in the 16p11.2 region on
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synaptic protein synthesis and function remains to be fully determined, but considering
the identity of the genes in this area, it would be surprising if variation in this region did
not cause synaptic pathophysiology on the same axis that is disrupted in FX.
Specifically, we hypothesize that disruption of the synaptic control of protein synthesis
may contribute to cognitive impairment in 16p11.2 CNV carriers, similar to patients with
FX.

4.2.3: Animal models of 16p11.2 CNVs reveal cognitive, behavioral, and synaptic
deficits.

Mouse models of both the human 16p11.2 duplication (16p11.2 ap/+) and
deletion (16p11.2 df/+) have been established (Horev, Ellegood et al. 2011, Portmann,
Yang et al. 2014). The first published mouse models of the 16p11.2 CNVs carry either
deletion or duplication of the region spanning mouse genes Six1b-Sept1, ~30 genes in
total (Horev, Ellegood et al. 2011). A subsequent 16p11.2 df/+ mouse model spans ~24
genes, from Coro1a-Spn. Interestingly, despite harboring the shortest regional deletion,
overlapping with both other deletion models, these mice are deaf, whereas no other
16p11.2 df/+ model shows auditory deficits (Portmann, Yang et al. 2014). Another pair
of 16p11.2 df/+ and 16p11.2 dp/+ mouse models, which models the BP4-BP5 human
interval, corresponds to a region in mice ranging from the genes Sult1atl to Spn,
approximately 26 genes (Arbogast, Ouagazzal et al. 2016).

Characterization of the first 16p11.2 CNV mouse models indicated that similar to
the human CNV phenotypes, deletion or duplication led to macrocephaly or
microcephaly, respectively, with behavioral phenotypes associated with the deletion
being more severe than the duplication (Horev, Ellegood et al. 2011). At this time,
surprisingly, much remains unknown regarding the synaptic pathophysiology and
accompanying cognitive deficits in these mice, with only a handful of studies
characterizing animal models of these CNVs. In zebrafish it has been shown that
deletion or duplication of only KCTD13 (a single gene in the 16p11.2 region, which
functions as an E3 Ubiquitin-ligase adaptor) mirrors neuroanatomical macro and

microcephaly characteristics of 16p11.2 CNVSs. Interestingly, manipulation of either MVP
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or MAPK3 in addition to KCTD13 exacerbated these anatomical defects (Golzio, Willer
et al. 2012).

A second mouse model of 16p11.2 df/+ was more recently characterized and
recapitulated many of the gross anatomical and motor phenotypes previously
published(Horev, Ellegood et al. 2011, Portmann, Yang et al. 2014). Investigation of
the second 16p11.2 df/+ mouse model revealed dysfunction in the basal ganglia
circuitry, specifically elevated dopamine-sensitive cells in the striatum of 16p11.2 df/+
mice, despite fewer cells with dopamine receptors compared with controls in deeper
layers of the cortex. These researchers found no deficits in social interaction or anxiety
while there was a robust deficit in recognition of familiar objects, indicating a complete
lack of habituation in these mice(Portmann, Yang et al. 2014). Consistent with this
notion, the same group looked at ultrasonic vocalizations (USVs) as a readout of the
response to social cues in this mouse model and found a deficiency in 16p11.2 df/+
mice in initial USV responses to novel social cues(Yang, Mahrt et al. 2015).

Most recently, a study confirmed a similar deficit in familiar object recognition in
the original mouse model of 16p11.2 microdeletion.(Horev, Ellegood et al. 2011) They
also observed deficient habituation in an open field task as well anxiolytic tendencies in
the open field and elevated plus maze(Pucilowska, Vithayathil et al. 2015). An
investigation of embryonic 16p11.2 df/+ tissue has revealed abnormal progenitor cell
dynamics, consistent with what was previously reported in an ERK2 deficient mouse
model(Pucilowska, Puzerey et al. 2012), implying that the loss of MapK3 (ERK1
isoform) in 16p11.2 df/+ mice strongly contributes to the observed anatomical and

cognitive deficits in these mice (Pucilowska, Vithayathil et al. 2015).

4.2.4 Investigation of 16p11.2 df/+ and 16p11.2 dp/+ mouse models have revealed
largely reciprocal phenotypes.

16p11.2 df/+ and 16p11.2 dp/+ mice harboring the human BP4-BP5 mutation
(the most recent models to be generated) have been extensively compared, revealing
largely reciprocal phenotypes (Arbogast, Ouagazzal et al. 2016). Notably, opposite
phenotypes were observed in locomotor activity, with 16p11.2 df/+ mice being
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hyperactive compared with WT controls and 16p11.2 dp/+ mice being hypoactive.
16p11.2 df/+ mice demonstrated greater repetitive behavior, as measured by rearing,
jumping and climbing, while 16p11.2 dp/+ mice exhibited reduced climbing compared to
WT littermates. 16p11.2 df/+ mice also showed impaired memory in a novel object
recognition task, while 16p11.2 dp/+ demonstrated superior performance compared to
WT, as measured by time spent attending to a novel object versus a familiar object.
Interestingly, both 16p11.2 df/+ and 16p11.2 dp/+ mice showed impairments in social
interaction, providing some face validity to these models, as human carriers of both the
microdeletion and microduplication are at higher risk for developing ASD, although the
latter is notably more prone to schizophrenia (Weiss, Shen et al. 2008). Although
preliminary comparisons of hippocampal synaptic transmission and LTP have been
investigated between 16p11.2 df/+ and 16p11.2 dp/+ mice (Arbogast, Ouagazzal et al.

2016), no one has explored translational control at the synapse.

4.2.5: FX and 16p11.2 CNVs: convergence at mGlus.

As mentioned previously, two genes within the affected 16p11.2 region either
directly or indirectly impact the ERK signaling pathway, known to be pathogenic in FX.
Several other genes are targets of FMRP (Kolli, Zito et al. 2004, Paspalas, Perley et al.
2008, Crepel, Steyaert et al. 2011). Given the important role of ERK in synaptic
translation and plasticity, we hypothesize that 16p11.2 df/+ and/or 16p11.2 dp/+ mice
may phenocopy the Fmr1 KO mouse and share similar synaptic deficits. Similarly,
interventions that have been successful in rescuing phenotypes in the Fmr1 KO mouse
may be effective in correcting deficits associated with 16p11.2 CNV mouse models.
Chronic or acute treatment with the mGlus negative allosteric modulator CTEP corrected
elevated protein synthesis and impaired mGIuR-LTD as well as hippocampus-
associated cognitive deficits in Fmr1 KO mice (Michalon, Sidorov et al. 2012).
Additionally, reducing glutamatergic signaling through mGilus by chronic treatment with
the GABAg agonist R-baclofen was also useful in correcting elevated protein synthesis
and mGIuR-LTD in Fmr1 KO mice, and has showing promising preliminary results in
clinical trials FX (El Idrissi, Ding et al. 2005, D'Hulst, De Geest et al. 2006, Selby, Zhang
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et al. 2007, Centonze, Rossi et al. 2008, Curia, Papouin et al. 2009, D'Hulst, Heulens et
al. 2009, Pacey, Heximer et al. 2009, Adusei, Pacey et al. 2010, Olmos-Serrano,
Paluszkiewicz et al. 2010, Pacey, Tharmalingam et al. 2011, Henderson, Wijetunge et
al. 2012, Heulens, D'Hulst et al. 2012, He, Nomura et al. 2014, Martin, Corbin et al.
2014, Braat, D'Hulst et al. 2015, Qin, Huang et al. 2015, Wahlstrom-Helgren and
Klyachko 2015, Zhao, Wang et al. 2015, Martin, Martinez-Botella et al. 2016).

4.2.6: Characterization and correction of synaptic and cognitive deficits in
16p11.2 df/+ and 16p11.2 dp/+ mice.

We obtained the original 16p11.2 df/+ and 16p11.2 dp/+ mouse models,
generated in Alea Mills’ lab at Cold Spring Harbor, which contain a ~30 gene deietion or
duplication spanning a region from mouse genes Six1b-Sept1 (Horev, Ellegood et al.
2011). We found that 16p11.2 df/+ mice (and to a lesser extent, 16p11.2 dp/+ mice)
exhibit synaptic and cognitive deficits that overlap with the Fmr1 KO mouse model.
Furthermore, we observed that chronic treatment with the mGlus negative allosteric
modulator CTEP, as well as the GABAg agonist R-baclofen, is efficacious in correcting a

number of these impairments.



4.3: Results

4.3.1: Steady decline of transmission rate of the 16p11.2 df/+ allele.

Mutant 16p11.2 deletion mice mice (16p11.2 df/+), engineered to be
heterozygous null at the region of chromosome 7gF3 that is syntenic to human
chromosome 16p11.2 (Horev, Ellegood et al. 2011), were back-crossed for 5-10
generations to C57BL/6J mice (Charles River) to allow a comparison of synaptic
physiology with previous studies(Auerbach, Osterweil et al. 2011, Michalon, Sidorov et
al. 2012). As noted previously (Horev, Ellegood et al. 2011), loss of the genes in this
region can compromise survival, and we found that this effect was amplified in
successive generations on the C57BL/6J (Figure 4.1). As a result of this phenomenon,
animals were particularly limited for this study; however, all data was generated using

group-housed littermates, age-matched whenever possible.

4.3.2: Basal synaptic transmission is normal in 16p11.2 df/+ mice.

We first characterized basal synaptic transmission at the Schaffer collateral-CA1
synapse using hippocampal slices from 4-5 week old mice and found no difference from
wild type (WT) in input-output or paired-pulse facilitation (PPF) (data not shown). To
investigate NMDA receptor-dependent synaptic plasticity, we induced long-term
potentiation (LTP) with theta-burst stimulation (TBS), and long-term depression (LTD)
with low-frequency (1 Hz) stimulation (LFS). Again, there was no difference from WT
(Figure 4.2A, B), suggesting basic excitatory synaptic transmission and plasticity

mechanisms are intact in the mutant mice.

4.3.3: There is deficient postsynaptic regulation of protein synthesis in 16p11.2
df/+ mice.

We next assayed mGlus mediated long-term depression (mGIuR-LTD). mGIuR-
LTD was induced either by brief application of the mGluR1/5 agonist S-3,5-
dihydrozyphenylglycine (DHPG) or by applying a series of paired pulses at 50 ms
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interval (PP-LFS-LTD) (Huber, Gallagher et al. 2002). We again found no difference
between WT and the 16p11.2 df/+ mutant with either induction protocol (Figure 4.2C-F).

A distinctive property of mGIuR-LTD in WT animals is a requirement for mRNA
translation at the time of induction (Huber, Gallagher et al. 2002). In slices from Fmr1™
mice, however, mGIuR-LTD is unaffected by translation inhibitors such as
cycloheximide (CHX) (Hou, Antion et al. 2006, Nosyreva and Huber 2006) because
basal synaptic synthesis of LTD-regulatory proteins such as Arc(Waung, Pfeiffer et al.
2008, Jakkamsetti, Tsai et al. 2013, Wilkerson, Tsai et al. 2014) is elevated downstream
of constitutive mGlus activity due to loss of the translational repressor FMRP (Osterweil,
Krueger et al. 2010). We were therefore compelled to investigate the protein synthesis-
dependence of mGIuR LTD in the 16p11.2 df/+ mice, and discovered a striking
difference from WT. Like FX model mice, mGIuR-LTD in the 16p11.2 df/+ mice was
unaffected by CHX using either the chemical or electrical induction protocols (Figure
4.2D,F).

As reported previously in WT animals, DHPG induces LTD via two mechanisms:
a postsynaptic reduction in AMPA receptors and a presynaptic reduction in glutamate
release probability. Only the postsynaptic mechanism is CHX sensitive (Auerbach,
Osterweil et al. 2011). To test whether the different sensitivity of LTD to CHX in the
mutant was due to a qualitatively different expression mechanism, we analyzed PPF at
the beginning and end of each DHPG-LTD experiment. No difference was observed
between the WT and mutant slices (data not shown). These findings point to a

deficiency in postsynaptic regulation of protein synthesis in the 16p11.2 df/+ mice.

4.3.4: 16p11.2 df/+ mice show significant cognitive impairment in two aversive-
learning tasks.

Evidence indicating that mGIuR-LTD was protein synthesis independent in
16p11.2 df/+ mice is reminiscent of similar findings in the Fmr1 KO mouse. This
prompted us to test the mutant mice in two hippocampus-dependent behaviorai assays,
contextual fear conditioning (CFC) and inhibitory avoidance (lA), which have been

shown in previous studies to reveal cognitive impairments in Fm:1” mice (Auerbach,
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Osterweil et al. 2011, Michalon, Sidorov et al. 2012). CFC requires intact mGlus
signaling (Lu, Jia et al. 1997) and new protein synthesis at the time of conditioning
(Stiedl, Palve et al. 1999). In this assay, mice are exposed to a distinctive
environmental context in which a foot-shock is delivered, and 24 h later the mice are
returned to either the same (familiar) or a different (novel) context (Figure 4.3A). WT
mice expressed fear memory by freezing in the familiar context, and demonstrated an
ability to discriminate different contexts by freezing less in the novel context. In
contrast, the mutant mice showed significantly less freezing in the familiar context, and
were unable to distinguish between the familiar and novel context (Figure 4.3B). To
determine if this deficit was due to reduced sensitivity to foot-shock, we measured the
distance each animal traveled during and immediately after the shock(Mauceri, Freitag
et al. 2011) (Figure 4.3C). We found the shock elicited comparable movement in the
two genotypes, suggesting the difference in freezing at 24 h was due to an impairment
in memory formation in the mutant mice.

In the IA assay, mice received a foot shock upon entry into the dark side of a
two-chamber box (Figure 4.3D). Memory strength and extinction were measured as the
latency to enter the dark side when given the opportunity at 6, 24, and 48 h
intervals(Dolen, Osterweil et al. 2007, Michalon, Sidorov et al. 2012). The 16p11.2 df/+

mice showed impaired acquisition and extinction of IA memory.

4.3.5: Chronic treatment with mGlus NAM CTEP reverses cognitive deficits in
inhibitory avoidance learning.

We next investigated the possibility that chronic post-adolescent treatment with
the mGlus NAM CTEP could ameliorate the IA deficits. WT and mutant mice were
treated every second day with CTEP (2 mg/kg p.o.) or vehicle for 4 weeks(Michalon,
Sidorov et al. 2012) and were then tested in the IA assay as described above. Although
treatment had no effect in the WT mice, it corrected the deficits in the mutants both in

terms of acquisition and extinction (Figure 4.3E).
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4.3.6: 16p11.2 df/+ mice exhibit deficient basal protein synthesis, which is
accompanied by an increase in Arc protein levels.

The mGIuR-LTD deficit and the correction of cognitive deficits with an mGilus
NAM bear a striking resemblance to what has been shown previously in the FX mouse
model. We were motivated to investigate the possibility of shared pathophysiology for
several reasons, including the fact that four deleted genes are targets of FMRP (MAZ,
SEZ62L, TAOK2, ALDOA) (Darnell, Van Driesche et al. 2011) and disruption of several
genes in this region are predicted to affect mGlus signaling (MVP, CDIPT, MAPK3) or
protein turnover (KCTD13) (Golzio, Willer et al. 2012). The most straightforward
prediction from our results is that synaptic protein synthesis downstream of mGilus is
exaggerated by the 16p11.2 microdeletion, and this gives rise to cognitive impairment.
In the Fmr1”¥ mouse, bulk protein synthesis in hippocampal slices is elevated and
corrected by manipulations of mGlus (Dolen, Osterweil et al. 2007, Osterweil, Krueger et
al. 2010). In contrast, we found reduced basal protein synthesis in hippocampal slices
in the 16p11.2 df/+ mice, possibly explained by the decrease in ERK pathway activity
(Figure 4.4). However, immunoblots for Arc protein showed a significant increase. The
mGlus-dependent synthesis of Arc protein normally gates LTD and synapse
elimination(Waung, Pfeiffer et al. 2008, Jakkamsetti, Tsai et al. 2013, Wilkerson, Tsai et
al. 2014). Therefore, constitutive elevation of Arc could render mGIuR-LTD insensitive

to acute inhibition of protein synthesis and contribute to cognitive impairment.

4.3.7: Investigation of the therapeutic implications of chronic R-baclofen
treatment on 16p11.2 df/+ mice.

Based on our finding that chronic CTEP administration ameliorated some of the
cognitive deficits associated with 16p11.2 df/+ mice (Figure 4.3E), we were compelled
to investigate the effect of R-baclofen, a GABAg receptor agonist, on these mice.
Recently, R-baclofen, was shown to correct many disease-related pathologies in a
mouse rodel of Fragile X Syndrome including cognitive impairments, and has shown
promising outcomes in clinicai trials with patients with autism and Fragile X Syndrome

(Berry-Kravis, Hessl et al. 2012, Henderson, Wijetunge et al. 2012, Qin, Huang et al.
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2015). We hypothesized that R-baclofen may show efficacy in treating many of the
cognitive and behavioral phenotypes associated with 16p11.2 df/+ mice based on the
aforementioned similarities between the synaptic pathophysiology of 16p11.2 df/+ and
Fmr1 KO mice. In order to investigate this hypothesis, we treated WT and 16p11.2 df/+
group-housed littermates with either vehicle (drinking water obtained from the mouse
facility) or R-baclofen (0.5 mg/ml in drinking water from the same source) chronically for
12 days prior to the first day of behavioral testing. Dosing continued for the remainder
of the study and water was changed daily for both vehicle and drug-treated animals.
Animals were subjected to a behavioral battery consisting of an open field habituation
test followed by an object recognition task, concluding with a context discrimination
(aversive stimulus) task followed by one week of recovery from an aversive stimulus.
One week post-context discrimination testing, one brain hemisphere was Golgi-stained
and the other hemisphere was dissected with the hippocampus, visual cortex, and
frontal cortex being prepared for Western Blot analysis (Figure 4.5). A separate cohort
of mice received the same 12-day chronic dosing schedule of either vehicle or drug
prior to testing, but was only subject to the context discrimination task, as the task

design dictated a much larger cohort of animals.

4.3.8: Habituation deficits in the open field are normalized by chronic R-baclofen
treatment in 16p11.2 df/+ mice.

We measured the total distance traveled by WT and 16p11.2 df/+ mice as an
indicator of hyperactivity in a 40cm x 40cm behavior arena across two 15-minute
habituation sessions, spaced 1-2 hours apart. Vehicle treated 16p11.2 df/+ mice
traveled a significantly greater distance in the arena across both habituation sessions,
indicative of a generalized hyperactivity in these mice. Chronic administration of 0.5
mg/ml R-baclofen had no effect on locomotion in these mice, but rather induced
hyperactivity in WT mice, to a similar magnitude as both vehicle and R-baclofen treated
16p11.2 df/+ imice (Figure 4.6). During each habituation session, we monitored the time
spent in three pre-defined zones (outer, middle, and center) of the arena (Figure 4.7A).

Vehicle-treated WT mice spend significantly more time near the walls in the outer zone
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of the arena across both sessions combined (30 minutes total), whereas 16p11.2 df/+
mice spend roughly equal time exploring the outer and inner (middle + center) zones of
the arena. Interestingly, chronic R-baclofen administration does not affect exploration
patterns of WT mice, but restores normal exploration in 16p11.2 df/+ mice, leading to
increased time spent in the outer zone and decreased time spent exploring the inner
zones (Figure 4.7B). We then analyzed each habituation session independently in all
four treatment groups. WT and 16p11.2 df/+ mice spent indistinguishably similar
percentages of time exploring each zone (with a moderate but significant preference for
the outer zone) during the first 15-minute habituation session, regardless of treatment
(Figure 4.7C). Interestingly, during the second 15-minute habituation session, vehicle-
treated WT mice spent significantly more time in the outer zone than 16p11.2 df/+ mice
(82.6% +/- 3.29 vs. 53.1% +/- 3.84, Student’s two-tailed t-test: *p < 0.0001) (Figure
4.7D). We hypothesized that this may indicative of a deficit in habituation in 16p11.2
df/+ mice from session 1 to session 2. While WT mice spend significantly more time in
the outer zone and less time in the inner zones of the arena during session 2 compared
with session 1 (Figure 4.7E), 16p11.2 df/+ mice behavior that is indistinguishable across
habituation sessions (Figure 4.7F). Intriguingly, chronic R-baclofen treatment corrected
this habituation deficit in 16p11.2 df/+ mice, while the behavior of WT mice treated with

R-baclofen was unaffected (Figures 4.7C-F).

4.3.9: Chronic R-baclofen restores novelty detection and associative memory
deficits in 16p11.2 df/+ mice.

We next examined the effects of chronic R-baclofen treatment on the
performance of WT and 16p11.2 df/+ mice in a non-aversive object recognition memory
task. Mice were first allowed to explore an arena with two identical objects for two
sessions and then, the next day, one of the familiar objects was replaced with a novel
object (Figure 4.8A). Similar to previous reports, we observed a severe deficit in novelty
detection in vehicle-treated 16p11.2 df/+ mice, reminiscent of what we observed in the
Fmri KO mouse in the same task (see Chapter 2). Chronic treatment with R-baclofen

had no effect on preference for a novel object in WT mice, but completely restored
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novelty detection in 16p11.2 df/+ mice. Finally, mice were subjected to an aversive
context-recognition task. Confirming previous observations (Figure 4.3B) vehicle-
treated 16p11.2 df/+ exhibited profound memory deficits on the testing day, as
evidenced by lack of freezing in the familiar context where they had previously received
a foot shock (Figure 4.9). 16p11.2 df/+ mice treated with R-baclofen froze significantly
more in the familiar context on testing day, comparable to WT mice treated with either
vehicle or R-baclofen, demonstrating that R-baclofen restored the ability to both acquire

and recall the association between context and an aversive event (Figure 4.9B).

4.3.10: Acute R-baclofen restores deficient protein synthesis in hippocampal
slices from 16p11.2 df/+ mice in vitro.

Previously, we reported deficits in de novo translation at the synapse in 16p11.2
df/+ mice (Figure 4.4A). In order to investigate the effects of R-baclofen on protein
synthesis in WT and 16p11.2 df/+ mice, we pre-incubated hippocampal slices from P28-
P32 animals in either vehicle (DMSO) or 10 uM R-baclofen in ACSF for 1 hour prior to
measuring rates of basal protein synthesis with a metabolic labeling assay (Figure
4.10A). Recapitulating our previous observerations, vehicle-treated 16p11.2 df/+ slices
had significantly impaired translation compared to vehicle-treated WT slices.
Astonishingly, we found that pre-treatment with R-baclofen significantly elevated rates
of protein synthesis in 16p11.2 df/+ slices, such that they were indistinguishable from
vehicle-treated WT slices. Interestingly, WT slices pre-treated with R-baclofen also
showed elevated rates of protein synthesis compared to vehicle-treated slices (Figure
4.10B).

4.3.11: Chronic R-baclofen does not impact ERK1/2 signaling in hippocampus,
visual cortex, or frontal cortex.

We hypothesized that deficient rates of protein synthesis in 16p11.2 df/+ mice
were largely a result of deficent ERK1/2 signaling, shown to be reduced in respose 1o a
hemizygous loss of Mapk3, the gene that codes for the ERK1 protein (Boulton,
Yancopoulos et al. 1990). We measured basal activity of ERK1/2 in the hippocampus,
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visual cortex, and frontal cortex in WT and 16p11.2 df/+ animals that had been
chronically treated with vehicle or R-baclofen to determine whether enhancing GABAg
signaling impacted aberrant ERK1/2 signaling in 16p11.2 df/+ mice. We observed
significantly elevated ERK1/2 and ERK1-isoform-specific phosphorylation normalized to
total ERK and ERK1 protein in the hippocampus of vehicle-treated 16p11.2 df/+ mice
that does appear to be impacted by R-baclofen treatment (Figure 4.11A). However, we
do not attribute the significant improvement in 16p11.2 df/+ mice on cognitive and
behavioral tasks after R-baclofen treatment to changes in ERK activity, as no significant
interactions were found (two-way ANOVA) between genotype and treatment in any

brain region evaluated for either isoform of ERK (Figures 4.11, 4.12, 4.13).

4.3.12: Chronic R-baclofen treatment restores elevated Arc in 16p11.2 df/+ mice,
but has no effect on c-fos.

We previously reported elevated expression of the activity-regulated “plasticity”
protein Arc in the hippocampus of 16p11.2 df/+ mice, which we rationalized may
contribute to the finding that mGIuR-LTD was independent of de novo protein synthesis
in these mice. We measured Arc expression in the hippocampus, visual cortex, and
frontal cortex in WT and 16p11.2 df/+ animals that had been chronically treated with
vehicle or R-baclofen. Consistent with our previous findings, we observed elevated
basal Arc in the hippcocampus of 16p11.2 df/+ mice compared with WT, and expanded
this observation to incude the visual cortex and frontal cortex as well. Chronic R-
baclofen treatment normalized Arc to WT levels in 16p11.2 df/+ mice, having no impact
on Arc expression in WT mice (Figure 4.14A). Because Arc expression can be
regulated by activity and exposure to the environment, we measured expression cf
another activity-regulated protein, c-fos, to determine if the observed changes in Arc
expression were merely reflecting changes in activity of the mice. We observed
significantly upregulated expression of c-fos in the hippocampus, visual cortex, and
frontal cortex of vehicle-treated 16p11.2 df/+ mice, as well as R-baclofen-treated WT
and 16p11.2 df/+ compared with WT mice treated with vehicle (Figure 4.14B). Thisis

consistent with our observations that 16p11.2 df/+ mice are hyperactive compared with
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WT mice, and that R-baclofen treatment induced hyperactivity in WT mice, while having
no impact on 16p11.2 df/+ mice (Figure 4.6). Based on the finding that elevations in c-
fos mirror elevated locomotor activity in WT and 16p11.2 df/+ mice, but expression of
Arc does not, we hypothesize that the correction of elevated Arc signaling in 16p11.2
df/+ mice treated with R-baclofen is not due to changes in locomotion. Therefore, one
possible explanation for the observed therapeutic benefits of chronic R-baclofen
treatment in 16p11.2 df/+ mice could be that increased GABAg signaling corrects
augmented production of Arc at the synapse, thus restoring normal synaptic plasticity

leading to improvements in learning and memory in 16p11.2 df/+ mice.

4.3.13: 16p11.2 dp/+ mice have elevated basal rates of hippocampal protein
synthesis, elevated ERK1/2 phosphorylation and increased total ERK1.

We have shown that deletion of the syntenic-16p11.2 region in mice results in
deficient synaptic translation in hippocampal slices (Figures 4.4A, 4.10B). We therefore
hypothesized that a duplication of the same region may result in aberrant protein
synthesis as well. We measured basal protein synthesis rates in hippocampal slices
from WT and 16p11.2 dp/+ mice and observed a reciprocal significant elevation in
protein synthesis in 16p11.2 dp/+ slices compared with WT controls (Figure 4.15A). We
hypothesized that this elevation was possibly a consequence of enhanced ERK1/2
activity, as the gene encoding ERK1 is duplicated in this region. We measured basal
phosphorylation of ERK1 and ERK2 (as well as total ERK1/2 activity) in hippocampal
slices and found that ERK1/2 is overactive in 16p11.2 dp/+ slices (Figure 4.15B). As
expected, total ERK1 protein is significantly elevated in 16p11.2 dp/+ mice; however,
phosphorylation rates of ERK1 are unaffected, although it impcrtant to note that total
pERK1 is elevated due to elevated total ERK1 protein. Surprisingly, we found elevated
rates of ERK2 phosphorylation, which we hypothesize may contribute to the observed

elevated rate of translation in these animals (Figure 4.15C).

4.3.14: 16p11.2 dp/+ mice show enhanced novelty detection, a phenotype
reciprocal to impairments observed in 16p11.2 df/+ mice.
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Based on the finding that protein synthesis is augmented in 16p11.2 dp/+ mice,
which appears to be pathogenic in other mouse models of intellectual disability (most
notably the Fmr1 KO mouse model), we hypothesized that 16p11.2 dp/+ mice may
exhibit behavioral and cognitive impairments. To our surprise, 16p11.2 dp/+ mice were
indistinguishable from WT mice in the open field, demonstrating a strong preference for
the outer zone near the walls of the arena, across both sessions. We also observed no
difference between WT and 16p11.2 dp/+ mice in total distance traveled during the task,
a measure of overall locomotor activity (Figure 4.16). Additionally we found that
16p11.2 dp/+ show normal memory acquisition and recall in an aversive-contextual
memory task (data not shown). Interestingly, we observed that 16p11.2 dp/+ mice
perform better than WT mice in a familiar object recognition task, spending significantly
more time exploring a novel object during the test session (Figure 4.17). Overall, our
data indicate that compared with a deletion of the syntenic-16p11.2 region, duplication

of the same region in mice results in largely reciprocal phenotypes.
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4.4: Discussion

4.4.1: A mouse model of human 16p11.2 microdeletion reveals deficits in
translational regulation at the synapse.

Investigation of 16p11.2 df/+ mice, a mouse model harboring a ~30 gene deletion
(Horev, Ellegood et al. 2011), modeling a similar deletion found in humans at the
16p11.2 loci, has identified significant synaptic deficits that may be pathogenic in this
disorder. 16p11.2 df/+ mice have deficient hippocampal synaptic translation which may
be a result of the deletion of one copy of the gene encoding the protein ERK1, an
important protein coupled to synaptic protein synthesis. Reduced ERK1 protein
expression results in an overall reduction of ERK1 activation. Others have shown that
ERK1 and ERK2 may be hyperactive as a resuit of the missing copy of Mapk3
(Pucilowska, Vithayathil et al. 2015); however, quantification of total phosphorylated
ERK1/2 remains significantly decreased compared with WT controls (Tian, Stoppel et
al. 2015). Interestingly, although bulk basal protein synthesis is decreased, protein
expression of the plasticity protein Arc is elevated in the hippocampus. Arc has been
implicated as a critical protein for the induction and maintenance of long-term
depression, a form of synaptic plasticity that is dependent on de novo protein synthesis
at the synapse (Waung, Pfeiffer et al. 2008, Jakkamsetti, Tsai et al. 2013).
Interestingly, elevated Arc expression is also implicated in the pathophysiology of the
Fmr1 KO mouse (Busquets-Garcia, Gomis-Gonzalez et al. 2013). Although we did not
observe deficits in basal synaptic transmission or the magnitude of mGIuR-LTD (or
other forms of synaptic plasticity) in 16p11.2 df/+ mice, the protein synthesis-
dependence of mGIuR-LTD was absent in these mice, presumably a consequence of
abundant Arc at the synapse. Similarly, mGIuR-LTD is maintained-independent of new
protein synthesis-in the Fmr1 KO mouse, consistent with shared pathophysiology

between these two animal models.

4.4.2: 16p11.2 df/+ mice exhibit profound cognitive and behavioral abnormalities,

consistent with highly penetrant ID in human deletion carriers.
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Investigation of the 16p11.2 df/+ mouse model has revealed muitiple behavioral
and cognitive impairments. 16p11.2 df/+ mice failed to form the association between an
adverse event (footshock) and a context in two hippocampus-dependent tasks. They
also perform poorly on a non-aversive task, designed to measure novelty detection.
They demonstrate dysfunction in habituation to a novel environment, with an enhanced
tendency to explore the center of the environment, indicative of reduced anxiety (or
more likely, increased impulsivity). Notably, 16p11.2 df/+ mice also display extreme
hyperactivity. While face validity of the 16p11.2 mouse models remains controversial,
our observations demonstrate striking similarities between mouse models of 16p11.2
CNVs and human carriers, most notably impaired cognitive function. Intellectual
disability is highly penetrant in carriers of the 16p11.2 microdelection (Zufferey, Sherr et
al. 2012). Intriguingly, all of the identified behavioral and cognitive deficits characteristic
of 16p11.2 df/+ mice phenocopy Fmr1 KO mice. Taken together, our findings suggest
that dysfunctional translational control may be important in the pathogenesis of these

deficits.

4.4.3: Shared pathophysiology between 16p11.2 CNVs and FX may inform
potential therapeutic interventions for 16p11.2 carriers.

The GABAergic system as well as mGlus-mediated signaling are known to be
altered in the Fmr1 KO mouse. Although GABA function has not been examined in
16p11.2 df/+ mice, MAZ, a gene in the deleted region, is a target of FMRP and directly
regulates genes involved in GABA signaling (Murakami, Matsuda et al. 2006).
Furthermore, observations that aberrant mGlus signaling may contribute to
pathophysiology in 16p11.2 CNV mouse models suggests that the same
pharmacological interventions that have been useful in correcting deficits in the Fmr1
KO mouse may translate to models of 16p11.2 CNVs as well. Our results thus far
support this hypothesis. Chronic administration of the mGlus negative allosteric
modulator CTEP restored memory acquisition in a passive avoidance task. Chronic
administration of the drug R-baclofen, a GABAg agonist, restores normal novelty

detection, habituation and memory acquisition in 16p11.2 df/+ mice as well.
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One important caveat to our theory- that common phenotypes shared between
the Fmr1 KO mouse and 16p11.2 df/+ mice stem from shared deficits in translational
control, is the finding that protein synthesis is elevated in Fmr1 KO mice yet deficient in
16p11.2 df/+ mice. Although others have shown that defective protein synthesis can
lead to cognitive dysfunction in many of these same assays (Auerbach, Osterweil et al.
2011, Liu, Ma et al. 2015), compelling evidence suggests that both CTEP and R-
baclofen reduce elevated rates of translation in the Fmr1 KO mouse (Henderson,
Wijetunge et al. 2012, Michalon, Sidorov et al. 2012, Qin, Huang et al. 2015). One
possibility that is supported by our data would be that shared impairments in learning
and memory between the Fmr1 KO mouse and 16p11.2 df/+ mice are a consequence of
eievated synthesis of specific proteins important for plasticity rather than elevation of
bulk protein synthesis. Specifically, elevated translation of the “plasticity protein” Arc is
similarly observed in both FX and 16p11.2 microdeletion mouse models. Chronic R-
baclofen treatment resulted in a normalization of elevated Arc in the hippocampus,
frontal cortex, and visual cortex of 16p11.2 df/+ mice. Although no one has investigated
the effects of GABAg agonism on Arc in the Fmr1 KO mouse, a parallel correction of
pathogenic Arc over-expression could explain the comparable phenotypic
improvements between these two mouse models.

Another possibility arises from the recent observation that administration of R-
baclofen in WT mice causes an increase in bulk protein synthesis in vivo, despite a
contradictory decrease in Fmr1 KO littermates (Qin, Huang et al. 2015). Notably, we
observe a similar effect on protein synthesis in WT slices in our preparation in vitro.
Furthermore, the same group found variable doses of R-baclofen to have widely
different effects on locomotion, with lower-threshold doses actually inducing
hyperactivity in WT mice while higher doses reduced activity, more predictive of
increased inhibition (Qin, Huang et al. 2015). We observed baseline hyperactivity in
16p11.2 df/+ mice that was not affected by chronic administration of 0.5 mg/mi R-
baclofen. WT mice became hyperactive as a result of chronic R-baclofen treatment,

which would be consistent with what has been previously seen with lower-dose
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treatment. Thus, it may be important to investigate whether the observed improvements

in cognition with R-baclofen treatment are dose-dependent.

4.4.4: 16p11.2 df/+ and 16p11.2 dp/+ mice exhibit many reciprocal phenotypes
consistent with differences observed between human deletion and duplication
carriers.

Consistent with previous reports, we found 16p11.2 df/+ mice to be significantly
more impaired that 16p11.2 dp/+ mice. Interestingly, we found phenotypes of these two
mice to be largely reciprocal. While 16p11.2 df/+ mice lacked novelty detection,
exhibited impaired protein synthesis and decreased ERK1 activation, 16p11.2 dp/+ mice
showed enhanced novelty detection, exaggerated protein synthesis and elevated ERK1
phosphorylation. 16p11.2 microdeletion disorder is more associated with ASD and
intellectual disability in humans, while microduplication carriers are at a heightened risk
for schizophrenia. Schizophrenia has been characterized by a heightened awareness
of sensory stimuli, thus enhanced novelty detection in 16p11.2 dp/+ mice may be
consistent with this clinical observation. Similarly, multiple learning and memory
impairments observed in 16p11.2 df/+ mice are reminiscent of severe intellectual
disability in human deletion carriers, suggesting that these 16p11.2 CNV mouse models

may have high predictive validity as models of disease.

4.4.5: Conclusion

16p11.2 df/+ mice appear to share common phenotypes with the Fmr1 KO
mouse, most notably, impairments in learning and memory as a consequence of altered
signaling at mGlus. Further investigation into the exact mechanism by which R-baclofen
reduces Arc expression and corrects multiple impairments in 16p11.2 df/+ mice,
including deficient protein synthesis and behavioral and cognitive impairments, is
warranted. Clinical trials examining the safety and efficacy of R-baclofen in patients
with FX have shown promising results and could potentially iead to the first FDA-
approved intervention for this disorder. Therefore, based on our observations that

deficits common to both the Fmr1 KO mouse and 16p11.2 df/+ mice can be corrected
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by chronic R-baclofen treatment, we suggest that R-baclofen may ameliorate behavioral

and cognitive impairment in human 16p11.2 CNV carriers.
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4.5: Methods

4.5.1: Animals

A mouse line carrying a microdeletion of mouse chromosome 7qF3, the syntenic region
of human chr16p11.2, was generously provided by Professor Alea Mills from the Cold
Spring Harbor Laboratory prior to publication (Horev, Ellegood et al. 2011). In the
present study F3 heterozygous 16p11.2 df/+ male mice on a mixed 129/C57BL/6
background were backcrossed greater than 3 generations to C57BL/6J mice from
Charles River Laboratory. Mice carrying a microduplication of mouse chromosome
7qF3 re-derived on a C57/BL/6J background was acquired from Jackson Laboratory.
All mice were group-housed on a 12 hour on/12 hour off light/dark cycle. All
experiments were conducted in accordance with the rules and regulations of The
Institutional Animal Care and Use Committee at MIT. During backcrossing 16p11.2 df/+
mice we observed a steady decline in the percentage of heterozygous 16p11.2 df/+
mice, indicating a non-Mendelian transmission of the 16p11.2 df/+ allele. All

experiments were performed by an experimenter blind to genotype and treatment.

4.5.2: Reagents

S-3,5-dihydrozyphenyiglycine (S-DHPG) was purchased from Sigma-Aldrich. Aliquots of
DHPG were prepared in HO as 100x stock (50 mM) and used within 7 days of
preparation. Cycloheximide (CHX) was purchased from Sigma-Aldrich, prepared fresh
in H.O as 100x (60 mM) stock and used on the same day of preparation. CTEP, [2-
chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-
yl)ethynyl)pyridine], was synthesized at Hoffmann-La Roche, formulated as a micro-
suspension prepared in 0.9% saline/0.3% Tween-80, and administered by oral gavage
at a dose of 2 mg/kg. R-baclofen, a gift from the Simon’s foundation, was dissolved at
0.5 mg/ml in drinking water acquired from the animal facility daily in regular water

bottles. Dissolving required mild heating and water was cooled to rcom temperature
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before administraticn. Vehicle (drinking water) and R-baclofen treated water were given

ad libitum and changed daily for the duration of the experiment.

4.5.3: Hippocampal electrophysiology

Electrophysiological experiments were performed at the Schaffer collateral-CA1
synapse of dorsal hippocampal slices (400 um thick) prepared from p28-35 male mice
using experimental protocols previously described(Auerbach, Osterweil et al. 2011).
Input-output functions were determined by incrementally (10 pA to 100 pA) stimulating
the Schaffer collaterals and recording the resulting fEPSP response. Paired-pulse
facilitation was conducted by applying two stimulus pulses (stimulus 1 and 2) at varying
inter-stimulus-intervals (Sidorov, Krueger et al.). Facilitation was measured by taking
the ratio of the fEPSP slope in response to stimulus 2 to that of stimulus 1. Long-term
potentiation (LTP) was induced using theta-burst stimulation (TBS) delivered in two
trains with a 30 sec interval. Each train was composed of 50 ms bursts of stimuli (100
Hz) delivered at 5 Hz for 1 sec. NMDA receptor dependent long-term depression (LTD)
was elicited with low-frequency stimulation (LFS) comprised of 900 pulses at 1 Hz. For
DHPG-LTD, slices were incubated in artificial cerebrospinal fluid (aCSF) in the presence
or absence of the protein synthesis inhibitor cycloheximide (+ CHX, 60 uM, 40 min), and
mGlus was activated by bath application of DHPG (50 uM, 5 min). Synaptic responses
were followed for an additional 60 min following DHPG application. Paired pulse
facilitation was assessed 30 min prior to, and 60 min following DHPG application in all
slices used in DHPG-LTD experiments (see Figure 4.2C, D). For paired-pulse low
frequency stimulation (PP-LFS), slices were incubated in aCSF containing APV (50 yM)
+ CHX for 30 min mGIuR-LTD was then induced by application of 1200 paired-pulse
stimulation (50 ms ISI) at 1Hz, and synaptic responses were recorded for an additional
60 min in the presence of APV. Statistical significance was determined using repeated

measures two-way ANOVA and post hoc Bonferroni tests.

4.5.4: Contextual discrimination task
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Context discrimination was performed in a Freezeframe Chamber (Coulbourn
Instrument) as previously described (Ehninger, Han et al. 2008, Auerbach, Osterweil et
al. 2011). Briefly, 6 to 12 week-old wildtype and 16p11.2 df/+ male mice were fear
conditioned on day 1 and the subsequent percentage of time spent freezing in either the
familiar or a novel context was determined 24 hr later. On the day of conditioning,
animals were allowed to explore the behavioral chamber for 3 min, followed by delivery
of a 2 sec, 0.8 mA foot-shock. Mice remained in the context for 15 sec after the shock
before returning to their home cages. Fear response was assessed 24 hr later. To
determine context specificity of the conditioned response, mice trained on day 1 were
separated into two groups on day 2: one group was tested in the same training context
(familiar context), and the other tested in a novel context. The novel context was
created by varying spatial cues, floor material, and lighting of the testing chamber. The
percentage of time a mouse spent freezing during a testing session of 4 min on day 2
was the behavioral readout. To determine if WT and 16p11.2 df/+ mice had the same
sensitivity to foot-shock, the distance traveled by each subject during the 2 sec foot-
shock and 1 sec immediately following was recorded. Statistical significance was

determined using repeated measures two-way ANOVA and post hoc Student’s t-tests.

4.5.5: Inhibitory avoidance extinction

Inhibitory avoidance tests were performed with a passive avoidance apparatus (Ugo
Basile Passive Avoidance Apparatus, Step-through model for mouse) as previously
described with modification (Dolen, Osterweil et al. 2007). In all IA tests, a mouse was
subjected to one training session (0 hr) and three subsequent testing sessions (6, 24
and 48 hr). In each session, a mouse was first placed in a LED-illuminated “START”
compartment of a two-compartment test apparatus for 30 sec prior to the partition door
opening. Upon entering the dark compartment the door was closed immediately. The
subject remained in the dark compartment for 60 sec before being taken out. During the
training session, a 2 sec foot-shock of 0.4 mA was delivered. No shock was delivered
in the three testing sessions. The latency to enter the dark compartment was recorded

to assess baseline level (C hr), acquisition of fear memory (6 hr), and memory extinction
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(24 hr and 48 hr). Male mice 6-10 weeks of age were used in IA tests without drug
treatment. In |A tests with CTEP treatment, 4-6 week old male mice were divided into
four groups according to genotype (WT or 16p11.2 df/+) and drug treatment (vehicle or
CTEP). Administration of vehicle or CTEP (2 mg/kg) was initiated at the age of 4-6
weeks, given as one dose every 48 hr by oral gavage, and continued for 4 weeks prior
to IA testing by an experimenter blind to both genotype and drug condition. Statistical
significance was determined using repeated measures two-way ANOVA and post hoc

Student’s t-tests.

4.5.6: Metabolic labeling

Metabolic labeling of new protein synthesis was performed as previously described
(Osterweil et al. 2010). Male P28-P32 littermate WT and 16p11.2 df+/- mice were
anesthetized with isoflurane and the hippocampus was rapidly dissected into ice-cold
artificial cerebral spinal fluid (aCSF) (in mM: 124 NaCl, 3 KCI, 1.25 NaH.POQ,, 26
NaHCOs, 10 dextrose, 1 MgCl,, 2 CaCl,, saturated with 95% O, and 5% CO,).
Hippocampal slices (500 uM) were prepared using a Stoelting Tissue Slicer and
transferred into 32.5°C aCSF (saturated with 95% O, and 5% CQ,) within 5 min. Slices
were incubated in aCSF undisturbed for 3.5-4 h to allow for recovery of basal protein
synthesis (Sajikumar et al., 2005, Osterweil et al., 2010). Actinomycin D (25uM) was
then added to the recovery chamber for 30 min to inhibit transcription after which slices
were transferred to fresh aCSF containing ~10 mCi/ml [**S] Met/Cys (Perkin Elmer) for
another 30 min. Vehicle (DMSO) or R-baclofen (10 uM) treated slices were incubated in
vehicle or drug 30 minutes prior to the addition of Actinomycin D and remained in
vehicle or drug for the duration of the experiment. Slices were then homogenized, and
labeled proteins isolated by TCA precipitation. Samples were read with a scintillation
counter and subjected to a protein concentration assay (Bio-Rad). Data was analyzed
as counts per minute per microgram of protein, normalized to the [*°S] Met/Cys aCSF
used for incubation and the average incorporation of all samples analyzed and then

normalized to percent WT for each experiment.
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4.5.7: Immunoblotting

Tissue for immunoblotting was harvested from slices used in metabolic labeling as well
as gross dissection of the hippocampus, visual cortex, and frontal cortex of animals
chronically treated with vehicle or R-baclofen. Immunoblotting was performed
according to established methods using primary antibodies to ARC (Osterweil, Krueger
et al.), p-ERK1/2 (Thr202/Tyr204) (Cell Signaling Technology), ERK1/2 (Cell Signaling
Technology), MVP (Abcam), and cFOS (Cell Signaling Technology). ARC, cFOS, MVP,
ERK1 and ERK2, as well as ERK1 and ERK2 phosphorylation were measured by
densitometry (Quantity One), and quantified as the densitometric signal of each protein
divided by the total protein signal (determined by Memcode staining) in the same lane.

Statistical significance was determined using unpaired Student’s two-way t tests.

4.5.8: Open field habituation

Open field habituation task was performed in a 40 cm x 40 cm x 40 cm box during 2 x
15 minute habituation sessions, spaced 1-2 hours apart. Animals at 8-12 weeks of age
were placed in the behavior box and allowed to explore freely for each habituation
session. Sessions were recorded and locomotor activity was tracked using Plexon's
CinePlex® Studio and analyzed using Plexon's CinePlex® Editor and code written in
MATLAB. For analysis, the box was divided into three zones: a “center” zone
(containing the inner 20 x 20 cm center square), an “outer” zone (the outermost area 5
cm from the walls) and a “middle” zone (the 5 cm thick space between the center and
outer zones). The center and middle zones were pooled to become the “inner” zone for
some analyses. Total distance traveled was computed as the sum of distance covered
over the course of each habituation session. Statistical significance was determined

using Student’s two-way t tests for each comparison.

4.5.9: Object recognition
Object recognition task was adapted from experiments previously described (leger,
Quiedevilie et al. 2013). Animals at 8-12 weeks of age were habituated to a 40 cm x 40

cm x 40 cm box during 2 x 15 min sessions, spaced 1-2 hours apart. Animals were
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returned to their home cage in between session. 24 hours post habituation animals
were exposed to two identical objects for 2 x 10 min exploration sessions in the same
box, spaced 1-2 hours apart. Animals were required to explore each object for at least
10 seconds (for a total of at least 20 seconds) in the first session to be included in the
subsequent sessions. 24 hours post object exploration, one object was replaced with a
novel object and the animals were allowed to explore the objects for 10 minutes. Time
spent exploring was recording during this exploration period and was characterized by
sniffing within 2 cm of each object or directly touching the objects. Time spent climbing
or on top of the objects was not included. Familiar and novel object and side placement
was randomly assigned, by animal. Discrimination index was calculated as [(time spent
exploring novel object) / (time spent exploring novel object + time spent exploring

familiar object)].
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Figure 4.1: Steady decline of transmission rate of the 16p11.2 df/+ allele.

The percentage of the heterozygous 16p11.2 df/+ mutant mice, including both male and
female, gradually declines across multiple generations during backcrossing to
C57BL/6J. The number of positive and total mice for each generation are: F5: 21/53,
F6: 26/118, F7: 41/250, F8: 57/434, F9:16/202, and F10: 8/102. (Data tracked and
analyzed by Di Tian).
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Figure 4.2: mGluR-LTD is protein synthesis independent in 16p11.2 df/+ mice.

(A) TBS-LTP is unchanged in the 16p11.2 df/+ (n = 9 animals, 17 slices) as compared
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with WT (n =10 animals, 19 slices) mice. (B) LFS-LTD remains unchanged in 16p11.2
df/+ (n =7 animals, 13 slices) as compared with WT (n =9 animals, 15 slices) mice. (C,
D) The magnitude of DHPG-LTD is comparable in hippocampal slices from the WT
(WT, n =17 animals, 23 slices) and 9 16p11.2 df/+ (16p11.2 df/+, n = 17 animals, 26
slices) mice in the absence of CHX. However, CHX blocks DHPG-LTD in WT (WT, n =
17 animals, 25 slices) but not 16p11.2 df/+ slices (16p11.2 df/+, n = 17 animals, 23
slices) (Two-way ANOVA, genotype x CHX, p = 0.0074). (E, F) The magnitude of PP-
LFS-LTD is comparable in hippocampal slices from the WT (n = 12 animals, 17 slices)
and 16p11.2 df/+ (n = 7 animals, 12 slices) mice in the absence of CHX. CHX
significantly attenuates PP-LFS-LTD in the WT (WT, n = 12 animals, 15 slices) but not
16p11.2 df/+ slices (16p11.2 df/+, n = 7 animals, 15 slices) (Two-way ANOVA, genotype
x CHX, p = 0.013). Representative fEPSP traces (average of 10 sweeps) were taken at
the times indicated by numerals. All data are plotted as mean + SEM. (Experiments
conducted by Di Tian)
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Figure 4.3: 16p11.2 df/+ mice exhibit deficits in hippocampal-associated context
discrimination task and inhibitory avoidance (1A).

(A) Context discrimination task experimental design. (B) 16p11.2 df/+ mice show
significantly less freezing in the familiar context compared with WT (unpaired t-test, p =
0.0018). While WT mice are able to distinguish a novel from familiar context (unpaired t-
test, p < 0.0001), the 16p11.2 df/+ mice are impaired (unpaired t-test, p = 0.284). Two-
way ANOVA, genotype x context, p = 0.0193. (C) 16p11.2 df/+ and WT mice have the
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same running response to foot-shock during the training session (unpaired t-test, p =
0.92). (D) 16p11.2 df/+ mice are impaired in 1A acquisition (WT vs 16p11.2 df/+, O hr vs
6 hr, repeated measures two-way ANOVA, p =0.0108; WT vs 16p11.2 df/+at 6 hr,
post-hoc Student’s t-test, p = 0.0033). Unlike WT (WT, 6 hr vs 48 hr, post-hoc paired t-
test, p = 0.0101), the 16p11.2 df/+ mice show no extinction of fear memory (WT vs
16p11.2 df/+, 6 hr vs 48 hr, repeated measures two-way ANOVA, p = 0.0197; 16p11.2
df/+, 6 hr vs 48 hr, post-hoc paired t-test, p = 0.6278). (E) CTEP treatment ameliorates
behavioral deficits in 16p11.2 df/+ mice in IA. In 16p11.2 df/+ mice, CTEP treatment
enhances acquisition (16p11.2 df/+ +Veh vs 16p11.2 df/+ + CTEP, O hr vs 6 hr,
repeated measures two-way ANOVA, p = 0.0011; 16p11.2 df/+ +Veh vs 16p11.2 df/+ +
CTEP at 6 hr, post-hoc paired t-test, p = 0.0013) and extinction of fear memory
(16p11.2 df/+ + Veh vs 16p11.2 df/+ + CTEP, 6 hr vs 48 hr, repeated measures two-
way ANOVA, p = 0.0016; 16p11.2 df/+ + Veh, 6 hr vs 48 hr, post-hoc paired t-test, p =
0.4281; 16p11.2 df/++CTEP, 6 hr vs 48 hr, post-hoc paired t-test, p = 0.014). There is
no statistically significant difference between WT + Veh and 16p11.2 df/+ + CTEP at 6
hr (unpaired t=test, p = 0.6088). In WT mice, CTEP has no effect on either acquisition
(WT + Veh vs. WT+CTEP, 0 hr vs. 6 hr, repeated measures two-way ANOVA, p =
0.6564) or extinction of fear memory (WT + Veh vs. WT+CTEP, 6 hr vs. 48 hr, repeated
measures two-way ANOVA, p = 0.9882). All data are plotted as mean + SEM.
(Experiments conducted by Di Tian and Arnold Heynen)
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Figure 4.4: 16p11.2 df/+ mice exhibit a decrease in basal protein synthesis, which
is accompanied by an increase in Arc protein levels.

(A) Metabolic labeling of hippocampal slices reveals a significant reduction of basal
protein synthesis in 16p11.2 df/+ as compared to WT mice. (B) MVP, ERK1 and pERK1
are decreased in 16p11.2 df/+ mice as compared to WT mice, whereas ERK2 and
pERK2 levels are comparable between 16p11.2 df/+ and WT mice. Arc protein levels
are significantly increased in 16p11.2 df/+ mice as compared to WT mice. All data are
plotted as mean + SEM; n indicates number of animals.
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Figure 4.5: R-baclofen treatment schedule and behavioral test battery timeline.

Schematic illustrates experimental timeline. WT and 16p11.2 df/+ group-housed male
littermate animals 8-16 weeks of age were treated for 12 days prior to testing with either
vehicle (drinking water) or 0.5 mg/mL R-baclofen in standard issue water bottles
obtained from the animal facility, changed daily. Animals were run through a battery of
behavioral tests, beginning with open field habituation, an object recognition task,
followed by a context discrimination task. Open completion of the behavioral battery,
animals received 7 more days of vehicle or drug prior to euthanasia. Brains were
extracted after 7 days and one hemisphere was Golgi stained while the other
hemisphere was dissected and the hippocampus, visual cortex, and frontal cortex were
saved for western blot analysis.
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Figure 4.6: R-baclofen treatment does not reverse a hyperactivity phenotype in
16p11.2 df/+ mice.

(A) Experimental design of open field habituation task. (B) 16p11.2 df/+ mice treated
with vehicle show statistically significant hyperactivity compared with WT animals
treated with vehicle in the open field as indicated by distance traveled over the course of
both habituation sessions (Student’s two-way t-test, *p < 0.003). WT animals treated
with R-baclofen show significantly increased locomotion compared with vehicle treated
animals (*p < 0.01). There is no statistical significance between: 16p11.2 df/+ animals
treated with vehicle or R-baclofen (p = 0.504); WT animals treated with R-baclofen and
16p11.2 df/+ animals treated with vehicle (p = 0.992) or WT animals and 16p11.2 df/+
treated with R-baclofen (p = 0.839). (C) Across genotypes and treatments, animals
travel a greater distance in the first habituation session compared with the second
habituation session (Student’s two-way t-tests, WT vehicle: *p < 0.0001; 16p11.2 df/+
vehicle: *p < 0.0001; WT R-baclofen: *p < 0.006; 16p11.2 df/+ R-baclofen: *p < 0.009).
All data are plotted as mean + SEM; n indicates number of animals.
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Figure 4.7: 16p11.2 df/+ mice show habituation deficits in an open field task,
which is reversed by chronic R-baclofen treatment.

(A) Experimental design of open field habituation task. (B) R-baclofen treatment
restores preference for the outer zone in 16p11.2 df/+ mice. Pooling both habituation
sessions, 16p11.2 df/+ mice treated with vehicle spend an equal time in the inner
(center + middle) zone of the box whereas WT mice treated with vehicle spend
significantly more time in the outer zone than the inner zone (Student’s paired two-way
i-tests; p = 0.944; *p < 0.0001, respectively). In comparison, WT and 16p11.2 df/+ mice
treated with R-baclofen spend significantly more time in the outer zone than the inner
zone (Student’s paired two-way t-tests; *p < 0.007; *p < 0.0001, respectively). There is
no significant difference between time spent in either the inner or the outer zone
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between WT and 16p11.2 df/+ mice treated with R-baclofen (p = 0.984; p = 0.981,
respectively). (C) WT and 16p11.2 df/+ mice exhibit similar zone exploration during
habituation session 1, regardless of treatment. (D) WT mice treated with vehicle spend
significantly more time in the outer zone than 16p11.2 df/+ mice during habituation
session 2 and significantly less time in the middle and center zones (unpaired Student’s
t-tests, *p < 0.000002; *p < 0.00002; *p < 0.002, respectively). There is no significant
difference between time spent in any zone (outer, middle, center) between WT and
16p11.2 df/+ mice treated with R-baclofen (unpaired Student’s t-tests, p = 0.899; p =
0.728; p = 0.485, respectively. (E, F) Shows the data in C and D plotted by genotype
and treatment across habituation sessions. Figure emphasizes that 16p11.2 df/+ mice
treated with vehicle show little habituation to the environment across sessions 1 and 2.
This apparent lack of habituation is restored to WT levels (WT habituation is unaffected
by treatment) with R-baclofen administration.
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Figure 4.8: Chronic R-baclofen treatment restores novelty detection deficits in an
object recognition task in 16p11.2 df/+ mice.

(A) Experimental design of familiar object recognition task. (B) Vehicle treated 16p11.2
df/+ mice show impaired novelty detection on experimental test day 2 when presented
with a familiar and novel object compared to vehicle treated WT (*p < 0.00005).
Chronic R-baclofen treatment restores novelty detection in 16p11.2 df/+ mice, making
them indistinguishable from WT mice (Student’s two-tailed t-test; p = 0.950). (C) As
depicted in (B), WT vehicle, WT R-baclofen, and 16p11.2 df/+ R-baclofen treated mice
show significantly more exploration of a novel object compared with a familiar object. In
comparison, vehicle treated 16p11.2 df/+ mice show no preference for the novel or
familiar object, exploring each approximately equally. (D) There is no significant
difference in time spent exploring each of two identical objects during the first object
habituation session in either genotype regardless of treatment, nor is there any
significant difference in total time spent exploring during either habituation session.
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Figure 4.9: Chronic R-baclofen treatment restores memory deficits in a context-
dependent aversive learning task in 16p11.2 df/+ mice.

(A) Experimental design of context-dependent discrimination task. (B) Smiiar to what
was previously found (Figure 4.3B), vehicle-treated 16p11.2 df/+ mice show significantly
less freezing in the familiar context compared with WT mice (unpaired two-tailed t-test,
p < 0.0001). Vehicle and R-baclofen treated WT mice are able to distinguish a novel
from familiar context (unpaired two-tailed t-test, *p < 0.0001, *p < 0.0001). Upon
chronic treatment with R-baclofen, 16p11.2 df/+ mice are able to distinguish a novel
from familiar context as indicated by significantly increased freezing in the familiar
context compared with novel context (unpaired two-tailed t-test, p < 0.0001). Two-way
ANOVA, genotype x context, WT vehicle: "p < 0.001; 16p11.2 df/+ vehicle: p = 0.885;
WT R-baciofen: *p <0.001 ; 16p11.2 df/+ R-baclofen: *p < 0.001.

167



+ 10 uM 35
Slice R-baclofen ActD S-Met/Cys  Process
|
Recovery || 30 min 30 min 30 min
B
*p =0.0079
*p =0.0077
0 : (R 3
9 1207 *p = 0.0065
‘gl— 1004
= 80+ Wi
c :
EC').E © 60
(¢]

a < 401

20+

WT df/+ WT df/+
R-baclofen - - * &
(n=8)(n=6)  (n=8)(n=6)

Figure 4.10: Deficient protein synthesis in 16p11.2 df/+ mice is restored to WT
levels by R-baclofen.

(A) Schematic illustrates experimental timeline. (B) Basal protein synthesis is
significantly decreased in slices from 16p11.2 df/+ mice (Student’s two-way t-test; *p =
0.0065) compared with WT slices. Treatment with R-baclofen, a GABAg agonist
significantly increases protein synthesis in both WT and 16p11.2 df/+ mice (Student’s
two-way t-test WT + vehicle vs. WT + R-baclofen: *p = 0.0079; df vehicle vs. 16p11.2
df/+ + R-baclofen: *p = 0.0077). There is no significant difference between rates of
protein synthesis in WT slices treated with vehicle and 16p11.2 df/+ slices treated with

R-baclofen.
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Figure 4.11: R-baclofen treatment does not affect ERK1/2 activation in the
hippocampus.

Chronic R-baclofen treatment does not have an effect on ERK1, ERK2, or total ERK1/2
protein expression, or overall ERK activity in the hippocampus of WT and 16p11.2 df/+
mice. Two-tailed ANOVAs fail to show significant interaction between genotype and
treatment for any parameter measured, with the exception of total pERK1: (A)
pERK/ERK: p = 0.578; pERK1/ERK1: p = 0.941; pERK2/ERK2: p = 0.355. (B) total
pERK: p = 0.315; total pERK1: p = 0.006; total pERK2: p = 0.589. (C) total ERK: p =
0.516; total ERK1: p = 0.313; total ERK2: p = 0.870.
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Figure 4.12: R-baclofen treatment does not affect ERK1/2 activation in visual

Chronic R-baclofen treatment does not have an effect on ERK1, ERK2, or total ERK1/2
activity or protein expression in the visual cortex of WT and 16p11.2 df/+ mice. Two-
tailed ANOVAs fail to show significant interaction between genotype and treatment for
any parameter measured: (A) pERK/ERK: p = 0.180; pERK1/ERK1: p = 0.934;
PERK2/ERK2: p = 0.545. (B) total pERK: p = 0.573; total pERK1: p = 0.222; total
PERK2: p = 0.671. (C) total ERK: p = 0.840; total ERK1: p = 0.479; total ERK2: p =
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Figure 4.13: R-baclofen treatment does not affect ERK1/2 activation in frontal

Chronic R-baclofen treatment does not have an effect on ERK1, ERK2, or total ERK1/2
activity or protein expression in the frontal cortex of WT and 16p11.2 df/+ mice. Two-
tailed ANOVAS fail to show significant interaction between genotype and treatment for
any parameter measured: (A) pERK/ERK: p = 0.260; pERK1/ERK1: p = 0.900;
pERK2/ERK2: p = 0.549. (B) total pERK: p = 0.189; total pERK1: p = 0.201; total
pERK2: p = 0.413. (C) total ERK: p = 0.888; total ERK1: p = 0.708; total ERK2: p =
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Figure 4.14: Arc is restored to WT levels in 16p11.2 df/+ mice treated with R-
baclofen.

(A) Arc is elevated in the hippocampus, visual cortex, and frontal cortex of vehicle
treated 16p11.2 df/+ mice compared with WT (Student’s two-tailed t-test; *p = 0.014, *p
= 0.039, *p < 0.007, respectively by region). Chronic R-baclofen administration led to
an overall increase in Arc protein expression in WT yet a paradoxical decrease in
16p11.2 df/+ mice to WT-vehicle-treated levels. Two-tailed ANOVA for genotype and
treatment: hippocampus- *p = 0.026; visual cortex- *p = 0.034; frontal cortex- *p =
0.044. (B) Changes in Arc protein expression do not appear to be a result of increased
locomotor activity, as reflected by changes in c-fos expression. In the hippocampus, but
not the visual cortex or frontal cortex, chronic R-baclofen treatment led to increased c-
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fos expression in WT mice compared with vehicle (Student’s two-tailed t-test; *p <
0.016), reflecting increased activity in these mice (Figure 4.6B). Vehicle and R-
baclofen-treated 16p11.2 df/+ mice express comparable levels of c-fos protein but
elevated compared with vehicle-treated WT mice, reflecting baseline hyperactivity in
these mice which is unaffected by R-baclofen treatment. Two-tailed ANOVA for
genotype and treatment: hippocampus- *p = 0.021; visual cortex- *p = 0.454; frontal
cortex- *p = 0. 282.
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Figure 4.15: 16p11.2 dp/+ mice have elevated basal hippocampal protein
synthesis, elevated ERK1/2 phosphorylation and total ERK1 protein.

(A) Hippocampal siices from 16p11.2 dp/+ mice show elevated basal protein synthesis
compared to WT slices (Student’s two-way t-test; *p < .01). (B) 16p11.2 dp/+ mice show
elevated phosphorylation of ERK1/2 but no significant different in total ERK1/2 levels (*p
=0.0253, p = .210, respectively). (C) 16p11.2 dp/+ mice have significantly elevated
levels of total ERK1 protein with no difference in ERK1 activation compared to WT
slices (*p = 0.002, p = 0.398, respectively). There is elevated ERK2 activity in 16p11.2
dp/+ slices compared to WT (*p = 0.05) but no difference in total ERK2 protein between
WT and 16p11.2 dp/+ slices (p = 0.516), likely accounting for the overactive ERK1/2

phosphorylation in (B).
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Figure 4.16: 16p11.2 dp/+ mice show normal behavior in an open field.

(A) Experimental design of open field habituation task. (B) There is no difference in total
distance traveled across sessions between WT and 16p11.2 dp/+ mice (unpaired
Student’s two-way t-test; p = 0.640). (C) There is no difference in time spent in either
the outer or inner (center and middle combined) zones of the arena between WT and
dp/+ mice (p = 0.572, p = 0.453, respectively), with both genctypes showing a strong
preference for the outer zone over the inner zone (paired Student’s t-test; *p = 0.0164,
*p < 0.0002, respectively). (D) There is no significant difference between WT and
16p11.2 dp/+ mice in any zone in either habituation session.
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Figure 4.17: 16p11.2 dp/+ mice show enhanced novelty detection in an object
recognition task.

(A) Experimental design of Object Recognition task. (B) 16p11.2 dp/+ mice show an
enhanced preference for the novel object compared with WT mice (unpaired Student’s
two-way t-test; *p = 0.035). (C) Both WT and 16p11.2 dp/+ mice spend more time
exploring a nove! object than a familiar object, which they were previously exposed to
(paired Student’s two-way t-test; *p = 0.0377; *p < 0.0003, respectively). (D) There is
no difference in total exploration in any session, or combined across both habituation
sessions between WT and 16p11.2 dp/+ mice.
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Chapter 5

Implications and Future Directions
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5.1: Introduction

Our understanding of autism has evoclved considerably since it was first
hypothesized to be a consequence of emotional deprivation caused by negligent
“refrigerator mothers” (Kanner and Eisenberg 1957). More than half a century later, an
overwhelming breadth of evidence now supports the hypothesis that ASDs and
intellectual disability (ID) are predominantly rooted in genetic perturbations, albeit
heterogeneous in nature. Advancements in whole-genome sequencing have led to the
identification of a diversity of monogenic and polygenic modifications that are known to
confer risk for ASD and ID. One hypothesis, which has garnered a great deal of support
from human brain transcriptome mapping studies, suggests that ASDs and ID may be a
common consequence of disorders diverse in genetic origin but related in synaptic
dysfunction. It is overly simplistic to assert that dysfunction downstream of mGilus is the
point of convergence shared amongst all genetic causes of ASD and ID. More likely,
impaired mGlus signaling may be one of many processes disrupted in these disorders.
However, mGilus is a known modulator of protein synthesis and synaptic plasticity at the
synapse (Huber, Roder et al. 2001, Simonyi, Schachtman et al. 2005, Osterweil,
Krueger et al. 2010) and has been implicated in the synaptic pathophysiology of many
distinct monogenic and polygenic causes of ASDs and ID in mouse models (Dolen,
Osterweil et al. 2007, Auerbach, Osterweil et al. 2011, Michalon, Sidorov et al. 2012,
D'Antoni, Spatuzza et al. 2014, Pignatelli, Piccinin et al. 2014, Barnes, Wijetunge et al.
2015, Ebrahimi-Fakhari and Sahin 2015, Tian, Stoppei et al. 2015, Zantomio, Chana et
al. 2015, Gogliotti, Senter et al. 2016). Therefore, we and others have hypothesized
that restoring normal mGlus signaling may be sufficient for correcting aberrant
phenctypes known to be a consequence of altered synaptic translation in mouse
models of disease (Bear, Huber et al. 2004). Indeed, studies of the Fmr1 KO mouse
have garnered overwhelming evidence supporting this postulation (Dolen, Osterweil et
al. 2007, Michalon, Sidorov et al. 2012). Many others have investigated the efficacy of
targeting other mediators of translation downstream of mGlus signaling (see Chapter 1).
These attempts have largely been met with great success. Despite the enormous body

of evidence supporting modulation of mGlus or downstream signaling pathways as
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promising therapeutic avenues in the treatment of FX and other ASDs, outcomes from
clinical trials have not been as optimistic. In this thesis, we have examined the
possibility that refining the therapeutic target- to selectively modulate translation, while
leaving other important cellular processes intact- may avoid dose-limiting adverse
consequence associated with global inhibitors of mGlus. Although we have gathered
significant evidence suggesting that these strategies may be more successful in
minimizing unintended outcomes, a realistic possibility is that these approaches may
present their own limitations. In this chapter, we consider the benefits of honing in on
disease relevant targets in ASDs and ID and discuss potential limitations on

translatability between mouse models of disease and human disorders.

5.2: At the heart of it all: troubled translation is a hallmark of FX and 16p11.2
CNVs.

When the mGluR theory of FX was first proposed, it was known that impairments
in protein synthesis-dependent forms of plasticity at mGlus were core to the synaptic
pathophysiology of FX. Given the known role of FMRP as a translational repressor, it
was assumed, although not yet confirmed, that synaptic protein synthesis would be
altered in the mouse model of FX. Similarly, it was hypothesized that pathogenic
phenotypes associated the Fmr1 KO mouse, such a susceptibility to audiogenic
seizures, were rooted in abnormal translation. Because the role of synaptic protein
synthesis in the Fmr1 KO mouse had not fully been explored, the mGIuR theory of FX
focused on modulating mGlus rather than selectively targeting the signaling pathways
specific to synaptic translation downstream of mGlus. As we begin to decipher how
receptor activation is coupled to protein synthesis, we can now appreciate that
activation of mGlus catalyzes a variety of important cellular processes unrelated to
synaptic translation, predominantly as result of G protein coupled signaling. As such,
although global modulation of mGius may successfully restore normal translation, it
could also lead to adverse modulation of processes that were not pathogenic in FX. In
light of the wealth of knowledge uncovered over the past 12 years since the reveal of

the mGluR theory of FX, it seems important to revise some of the details. In particular,
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emphasis should be put on the notion that potential therapeutics for FX should
specifically aim tc restore normal translation of specific aberrantly expressed mRNAs
known to be pathogenic in FX but leave other signaling arms downstream of mGlus
intact.

5.2.1 Treating troubled translation with p-arrestin2-biased negative allosteric
modulation at mGlus.

In Chapter 2 we presented evidence suggesting that B-arrestin2 mediates the
Ras-ERK signaling pathway that is coupled to translation at mGlus and known to be
pathogenic in FX. Importantly, a genetic reduction of B-arrestin2 in the Fmr1 KO mouse
restores normal rates of protein synthesis and corrects a number of pathological
phenotypes associated with FX. Although our “proof of principle” approach did not allow
us to evaluate the potential translatability of pharmacological reduction of 3-arrestin2-
biased signaling at mGlus for FX, evidence indicates that receptor-specific “biased
ligands” are feasible and well tolerated, thus far (Sheffler, Gregory et al. 2011, lacovelli,
Felicioni et al. 2014, Hathaway, Pshenichkin et al. 2015).

5.2.2 Treating troubled translation with GSK3a-selective inhibition.

In Chapter 3 we examined the selective involvement of both GSK3a and GSK3p
independently in the Fmr1 KO mouse. Previous evidence suggested that both GSK3a
and GSK3p were overactive in the Fmr1 KO mouse, although interestingly, GSK3«
seemed to be altered in the mouse hippocampus (Yuskaitis, Mines et al. 2010).
Conversely, only GSK3p has been identified as a target of FMRP (Darnell, Van
Driesche et al. 2011). We found that GSK3a-specific inhibition but not GSK3p-specific
inhibition alleviated many of the phenotypes associated with FX pathology. Exciting to
us, and consistent with the “revised” mGIuR theory of FX, selective inhibition of GSK3a
abrogated excessive protein synthesis in the Fmr1 KO mouse. Furthermore, we
determined that cortical hyperexcitability, thought to be pathogenic to sensory
hyperexcitability and thus hypersensitivity seen in both the Fmr1 KO mouse and
individuals with FX, is protein synthesis-dependent. Furthermore, hyperexcitability
persists in the Fmr1 KO mouse, even in the presence of protein synthesis inhibitors,

consistent with similar observations irn the protein synthesis-dependent form of synaptic
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plasticity, mGIuR-LTD. Evidence suggesting that selective inhibition of GSK3a is
sufficient to correct protein synthesis-dependent phenotypes associated with the Fmr1
KO mouse is groundbreaking. Therapeutics that inhibit GSKS, including lithium, have
been plagued by dose-limiting toxicities driven by dual inhibition of both GSK3 paralogs.
GSKS3 plays integral cellular functions that are not involved in mGlus signaling. GSK3 is
a key regulatory kinase in the WNT pathway, and as such, a major concern in the
clinical application of dual GSK3a/ inhibitors is potential oncogenic consequences due
to dysregulation of B-catenin, a direct substrate of GSK3 phosphorylation (Gupta, Gulen
et al. 2012, Lo Monte, Kramer et al. 2013, McCubrey, Steelman et al. 2014). Paralog-
specific inhibition allows us to modulate only the paralog relevant to FX (GSK3a) while
keeping WNT signaling and subsequent degradation of B-catenin by GSK3 intact
(Doble, Patel et al. 2007). While our evaluation of the efficacy of these novel targets
were limited to the Fmr1 KO mouse model, we suspect they may have therapeutic
potential in other mouse models of ASDs and ID characterized by similar perturbations
in synaptic translation.
5.2.3: Troubled translation in other models of ASDs and ID: 16p11.2 CNVs.
Supporting the hypothesis that impaired translation at mGlus could be a common
hub of dysfunction in multiple distinct genetic causes of ID and ASDs, we found protein
synthesis to be altered in both 16p11.2 df/+ mice and 16p11.2 dp/+ mice, models of
16p11.2 microdeletion and microduplication disorder, respectively, in humans. While
16p11.2 dp/+ mice had elevated rates of protein synthesis, reminiscent of the Frmr1 KO
mouse (Dolen, Osterweil et al. 2007, Osterweil, Krueger et al. 2010), 16p11.2 df/+ mice
had deficient translation, more reminiscent of a mouse model of Tuberous Sclerosis
(Auerbach, Osterweil et al. 2011). Despite this, 16p11.2 df/+ mice exhibited significantly
impaired cognition and hyperactivity, phenocopying Fmr1 KO mice, while 16p11.2 dp/+
mice showed remarkable performance on a cognitive assay, exhibiting enhanced
novelty detection compared with their WT littermates. In support of this, chronic
administration with the mGlus NAM CTEP corrected impairments in a passive avoidance
task in 16p11.2 df/+ mice, consistent with similar observations in Fmr1 KO mice treated

with CTEP. Offering a hypothesis to explain this perplexity, we found Arc, an activity
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regulated immediate early gene that is known to be important for changes in synaptic
plasticity, to be upregulated in 16p11.2 df/+ mice, despite deficient bulk protein
synthesis. Furthermore, chronic application of the GABAg agonist R-baclofen corrected
many cognitive and habituation impairments in 16p11.2 df/+ mice which we believe may
be attributed to restoration of physiological levels of Arc. This presents the possibility
that convergence of synaptic dysfunction across multiple genetic models of disease
may be more exquisite than initially expected. To this point, we may not be able to
capture an accurate snapshot of dysfunction by examining gross changes in (for
example) protein synthesis or synaptic plasticity. It may be necessary to examine
protein or kinase-specific changes of targets (for example, the “plasticity protein” Arc)
known to be imperative in important processes at the synapse.

5.2.4: The axis of troubled translation- bidirectional impairments with similar
consequences.

It has been theorized that mutations defining syndromic autism define an axis of
synaptic pathophysiology (Auerbach, Osterweil et al. 2011). In particular, this is based
on the observation that two disorders that have reciprocal alterations in synaptic
translation manifest similar cognitive and behavioral impairments. Indeed, investigation
of a variety of mouse models of neuropsychiatric disease (including but not limited to
FX, Tuberous Sclerosis, 16p11.2 CNVs, Rett Syndrome, Phelan McDermid Syndrome,
and Syngap1 Syndrome) would all adequately fit on such an axis and support this
notion. One caveat to this hypothesis, highlighted above in the discussion about
convergence between FX and 16p11.2 CNVs is that global changes may be misleading.
Based on the defective rate of protein synthesis in the 16p11.2 df/+ mouse model, we
would likely place this syndrome on the opposite side of the axis as FX. However, as
previously discussed, we can appreciate that more likely, these two syndromes should
be placed in the vicinity of each other, as they share a similar pathophysiology, likely
due to parallel increases in Arc protein expression. Therefore, it may be more useful to
re-define such an axis to reflect aberrations in expression of “plasticity proteins” known
to be core to dysfunctional regulation cf changes in synaptic strength in response to

stimuli.



5.3: Do ‘autistic’ mice exist? The importance of semantics.

I have continually been reminded throughout my PhD that “there is no such thing
as an autistic mouse. Mice don’t have autism, people do.” A consistent misnomer used
liberally in the FX (and 16p11.2) animal model literature (and likely this thesis) is the
claim that our studies investigate “mouse models of ASD”. In order to receive a
diagnosis of ASD, an individual must show (1) impairments in social communication,
language, and related cognitive skills and behavioral and emotional regulation and (2)
the presence of restricted, repetitive behaviors (Volkmar and Reichow 2013). The Fmr1
KO mouse does exhibit behaviors that may be reminiscent of DSM-5 criterion (1) and
(2). Consistent with criterion (1), Fmr1 KO mice show impairments in social interaction
(Spencer, Alekseyenko et al. 2005), deficient pup isolation-induced ultrasonic
vocalizations (USVs) (Lai, Sobala-Drozdowski et al. 2014), and deficient behavior in a
resident-intruder assay of social aggression (Mineur, Huynh et al. 2006). Others have
found that, consistent with criterion (2), the Fmr1 KO mouse shows increased repetitive
behavior in a marble burying assay (Spencer, Alekseyenko et al. 2011). We did not
evaluate these behaviors in our analyses, as the gap between “social interaction” in
mice and humans is vast, and is thought to lack predictive validity. Therefore, when we
refer to our study of the Fmr1 KO mouse as a “mouse model of ASD”, our claim is
misleading. It would be more valid to refer to the Fmr1 KO as a “mouse that has been
engineered to model a genetic mutation that confers risk for ASD in humans.” Throwing
caution (and semantics) to the wind, we are often guilty of incorrectly claiming to study
something that we are, in fact, not evaluating. Perhaps (negligibly) less misleading, we
also make claims that the Fmr1 KO mouse is a “mouse maodel of ID”. We, and others,
have found the Fmr1 KO mouse (and 16p11.2 df/+ mouse) to exhibit strongly impaired
learning and memory. Although we cannot measure the IQ of a mouse, poor
performance on cognitive tasks has proven to be a reasonable (and reproducibie)
indicator of ID in mouse models and can be corrected by pharmacological intervention.

To this point, in the case of both FX and 16p11.2 CNVSs, ID is highly penetrant- much



more so than ASDs in individuals with these mutations supporting the claim that these

mutant mice are “models of ID”.

5.4: Limitations of animal models in studying human disease.

Humans diverged from mice approximately ~75 million years ago (Zhao, Shetty
et al. 2004), yet the protein-coding regions of the mouse and human genomes are 85%
identical (Emes, Goodstadt et al. 2003). Despite this, since the lineages originally split,
new genes in the mouse genome have disproportionately affected the reproductive
system, whereas in the human lineage, expression of new genes are overwhelmingly
skewed in the brain, in particular the neocotex (Zhang, Landback et al. 2011). Due to
the enormous disparity between cognitive potential in mice and humans, the
translatability of using animal models to study function (and more importantly
dysfunction) in the human brain has been called into question.

5.4.1: Construct, face, and predictive validity.

As originally proposed by McKinney and Bunney (1969), an archetypal animal
model of disease should mimic the human condition in its etiology, symptomatology,
biochemistry, and treatment, thus laying the foundation for the concept of construct,
face, and predictive validity of animal models (McKinney and Bunney 1969, Wiliner
1984, Blanchard, Summers et al. 2013). As it pertains to mouse models of
neuropsychiatric disease, construct validity refers to the theoretical rationale of the
mouse model. It requires that the model be generated with the same underlying
biological or genetic cause (for example, a genetic mutation or particular
neuroanatomical abnormality). Face validity refers to the similarities between
symptoms that define a disease in humans and phenotypes or deficits observed in the
mouse model (for exampie epilepsy and seizure disorders in individuals with FX and
susceptibility to audiogenic seizures in mouse models of FX). Finally, predictive validity
requires that treatments that are efficacious for improving pathological phenotypes in
mouse models should be predictive of similar success in the human condition in clinical
trials.

5.4.2: Validity of the Fmri KO mouse.
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In Chapters 2 and 3 we evaluated novel targets as potential treatments for FX.
Taking advantage of either a “proof of principle” approach in which we manipulated -
arrestin2 genetically, or a pharmacological approach were we inhibited GSK3 with
paralog-selective inhibitors, we assessed the efficacy of our strategies in the Fmr1 KO
mouse. As a model of disease, the Fmr1 KO mouse is considered to have reasonable
construct and face validity making it a valuable tool for studying the synaptic
pathophysiology of FX. In individuals with FX, an epigenetic silencing of the FMR1
gene leads to either complete or nearly complete elimination of the protein product
FMRP, with full loss of FMRP leading to the most severe cases of FX (Pieretti, Zhang et
al. 1991, Verkerk, Pieretti et al. 1991, Devys, 1993 #62, Devys, Lutz et al. 1993, Fu,
Kuhl et al. 1991, Pieretti, Zhang et al. 1991). Although this implies that the Fmr1 KO
mouse might have more construct validity as a model of FX patients with fully silenced
FMRP, it is generally accepted that knocking out Fmr1 effectively models methylation-
mediated silencing of Fmr1. Of interesting note, attempts to model the CGG repeat
instability that leads to hypermethylation and epigenetic silencing of the FMR1 gene in
humans have failed result in functional loss of FMRP in mice (Lavedan, Grabczyk et al.
1998).

Knocking out Fmr1 in mice leads to a number of phenotypes that share common
features with symptoms and impairments seen in individuals with FX. The Fmr1 KO
mouse is prone to audiogenic seizures, exhibits hyperactivity, shows impairments in
social interaction, exhibits repetitive behavior in a marble burying task, as well as a
number of deficits on tasks evaluating learning and memory (see Table 1.1). Individuals
with FX exhibit similar characteristics including co-morbid seizure disorders and
epilepsy, attention deficit hyperactivity disorder, ASD, obsessive compulsive disorder
and ID (Bhakar, Doien et al. 2012). At the cellular level, similar to observations in Fmr1
KO mice, patients with FX show increased levels of pERK and pAKT in platelets and
increased density of immature spines (Wisniewski, Segan et al. 1991, Comery, Harris et
al. 1997, Irwin, Galvez et al. 2000, lrwin, Patel et al. 2001, Gsterweil, Krueger et al.
2010, Pellerin, Caku et al. 2016). Based on a plethora of shared phenotypes and
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impairments, the Fmr1 KO mouse model exhibits face validity as an animal model of
FX.

Despite demonstrating strong construct and face validity, the Fmr1 KO mouse
has not yet established predictive validity as a translatable model of disease. Countless
manipulations have fully reversed aberrant phenotypes in the Fmr1 KO mouse yet these
same strategies have failed in clinical trials. The projects in Chapters 2 and 3 of this
thesis are dedicated to refining our hypotheses and honing in on targets that may
optimize therapeutic benefit while minimizing off-target effects. In this way, we hope
that the Fmr1 KO mouse will be substantiated as an animal model with predictive
validity.

5.4.3: Validity of 16p11.2 CNV mouse models.

As discussed in Chapter 4, the construct validity of 16p11.2 df/+ and 16p11.2
df/+ animal models is a point of contention. Significantly fewer studies have
investigated the face validity of mouse models of 16p11.2 CNVs. Face validity may be
difficult to evaluate due to the wide phenotypic range associated with these disorders in
human carriers. Furthermore, to our knowledge the predictive validity of these models
has not yet been challenged. Three 16p11.2 df/+ mouse models and two reciprocal
16p11.2 dp/+ models differ by the size and span of the altered region. In humans, the
affected region harbors ~25 genes with another 4 genes located in the segmentally
duplicated regions that flank this region, leading to the CNV in the proband. Mouse
models of these CNVs differ in the size of the deletion or duplication, affecting either 24
(Portmann, Yang et al. 2014), 26 (Arbogast, Ouagazzal et al. 2016), or 30 (Horev,
Ellegood et al. 2011) genes. While all three sets of 16p11.2 CNV animal models have
reasonable construct validity, it will likely be more important to evaluate the face and
predictive validity of these models before making overall statements about utility as a

model of human disease.
5.5: Other strategies to model FX or known genetic causes of disease.
Studies of mouse models, in particular the Fmr1 KO mouse and 16p11.2 CNV

mouse models, are the mainstream in the FX and ID field. Although zebrafish models
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of both disorders as well as a drosophila model of FX have been established and
characterized, the vast majority of our knowledge and understanding of these disorders,
and in particular, potential treatments for these disorders, stems from mouse models.
Recent advances in technology, in particular the optimization of CRISPR, an efficient
gene editing technology, has paved the way for the development of higher order
transgenic animal models, including rat and marmoset models of disease. These
animal models would enable the evaluation of more complex cognition and behavior
and may prove to show superior predicative validity as animal models of disease.
Similarly, manipulation of induced pluripotent stem cells (iPSCs) from individuals with
FX or 16p11.2 CNVs may offer significant advantages and predictive validity over
animal models. Time will tell if these new experimental strategies will demonstrate
more predictive validity than animal models and have the capacity to better inform

therapeutic interventions for the treatment of FX, 16p11.2 CNVs and similar disorders.

5.6: Concluding remarks.

An overarching theme reflected in this thesis supports the theory that troubled
translation at the synapse may be a core feature of the pathophysiology of a wide
variety of disorders that cause ID in humans. In the case of FX, a monogenic disorder,
it is known that synaptic dysfunction is a direct result of the loss of FMRP. However, in
polygenic disorders such as 16p11.2 CNVs in which ~29 genes are affected, the
mechanistic cause of synaptic dysfunction may not be as clear. Evidence presented
here supports the possibility that identification of pathological phenotypes (for example,
elevated Arc or cortical hyperexcitability), may be good predictors of overall synaptic
dysfunction. More importantly, evaluating the efficacy of various targeted treatments in
monogenic causes of these phenotypes may provide sufficient evidence to apply these
same interventions to polygenic mutations marked by similar phenotypes.

Although the exact mechanism that couples mGilus to the translational machinery
at the synapse has not yet been fully deciphered, evidence collected here suggests that
the adaptor protein -arrestin2 is a key component that mediates the ERK1/2 signaling

pathway. Similarly, GKS3a, more traditionally known for its role in WNT signaling, is
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coupled to protein synthesis at some point downstream of ERK1/2 signaling. Finally,
16p11.2 CNVs share core features and phenotypes with FX based on evidence from
animal models and human carriers of these mutations. Therefore, it is possible that
potential treatments proven to be efficacious and safe in patients with FX may represent

promising treatments for 16p11.2 CNVs as well.
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