Adenomatous Polyposis Coli (APC) is Essential for
Synapse Maturation, Synaptic Plasticity, and Normal
Behavior

A dissertation
submitted by
Jesse Lee Mohn

In partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in
Cell, Molecular, and Developmental Biology

TUFTS UNIVERSITY
Sackler School of Graduate Biomedical Sciences
Date
January, 2012
ADVISER
Michele H. Jacob, Ph.D.

ABSTRACT
Autism

is

a

developmental

disorder

characterized

by

repetitive,

stereotyped behaviors, reduced social interactions, and reduced communication.
The pathology of autism is believed to be caused by underlying defects in
neuronal connectivity, and synaptic maturation and plasticity. Autism has a
strong genetic component, showing associations with many single-gene
mutations. Mutations in FMR1, NL3, and APC are all associated with autism in
humans.
The tumor suppressor APC is negative regulator of the Wnt signaling
pathway, and has recognized roles in the organization of microtubules, and
guidance of neuronal growth cones. APC’s roles in synapse maturation and
synaptic plasticity, however, are poorly defined. APC interacts with numerous
proteins that regulate synaptic maturation and plasticity, such as FMRP, βcatenin, and PSD-95, suggesting that APC may be central in a novel pathway
that directs neuronal connectivity, and synapse differentiation and function—all
implicated in autism.
In this dissertation, I use two model systems to define the role of APC at
neuronal synapses in vivo. Our studies using dominant negative blocking
peptides show that APC interactions with the microtubule plus-end binding
protein EB1 are essential for coordinating the maturation of both presynaptic and
postsynaptic specializations at nicotinic synapses in the embryonic chick
parasympathetic ciliary ganglion. Our findings provide the first identification of a
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protein that is required, in vivo, for targeting nAChRs, neuroligin and neurexin to
neuronal synapses
To define the role of APC at central synapse, we generated a new
transgenic mouse with conditional knock-out of the APC gene in excitatory
neurons during synapse differentiation (APC cKO). I have shown that APC is
required for proper synaptic maturation, and plasticity, learning and memory
formation, and social behaviors. APC cKO mice display autistic-like behaviors ,
including increased repetitive behaviors, reduced social interactions and reduced
bimanual fine motor coordination, as well as cognitive deficits (delayed learning,
poor long-term memory), and aberrant plasticity (enhanced LTP and LTD). APC
cKO mice also display agenesis of the corpus callosum, a structural feature that
is common in autistic individuals and correlates with impaired social cognition
and bimanual coordination. I find altered expression levels of key regulators of
synaptic plasticity, including NL3 and FMRP, and thereby identify APC as a novel
regulator of NL3 and FMRP protein levels in the hippocampus in vivo. FMRP null
mutations are the most common cause of autism and intellectual disability in
humans, highlighting the importance of identifying molecules that regulate its
levels in vivo. Similarly, APC cKO mice exhibit altered levels of two other
pathways, Wnt/β-catenin and ERK2, that have been implicated in autism caused
by diverse gene mutations. My data define a critical role for APC in directing
neuronal maturation and connectivity during development, and regulating
synaptic plasticity pathways that are focal to autism. The APC cKO mouse is a
useful new model for elucidating molecular causes and potential treatments for
autism.
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CHAPTER 1

INTRODUCTION

1

AUTISM
Autism was first characterized by Leo Kanner in 1943 (Kanner, 1943), who
described a group of children exhibiting strikingly similar, abnormal behaviors.
These behaviors included deficits in communication, repetitive stereotyped
behaviors, and a lack of social interaction. Today, these three behaviors form the
core diagnostic criteria for autism (APA, 2000). The prevalence of autism
spectrum disorders (ASDs)—which include autism, as well as the related
disabilities Asperger Syndrome and Pervasive Developmental Disorder-Not
Otherwise Specified (PDD-NOS) (Volkmar et al., 2004)—have recently climbed
as high as 1 in 110 children (Kadesjo et al., 1999; Wiggins et al., 2006). Despite
this apparent epidemic, proven effective treatments for autism have yet to
surface.
The lack of treatments for autism is reflective of the difficulty the clinical
and scientific communities have had in pinpointing a cause of the disorder.
Autism is known to be highly heritable and has a strong genetic component, with
concordance for monozygotic twins reported to be as high as 90% (Rosenberg et
al., 2009). Earlier studies have observed similarly high concordances for autism
and related cognitive and social abnormalities (Bailey et al., 1995; Steffenburg et
al., 1989). In 2003, Jamain et al. first reported that mutations in the genes
encoding the synaptic adhesion molecules neuroligin-3 (NL3) and neuroligin-4
(NL4) are associated with autism. Genetic copy number variations (CNVs) are
also known to be present in a sizeable number of autistic individuals, often
occurring de novo (Sebat et al., 2007; Szatmari et al., 2007; Zhao et al., 2007).
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Today, the Simons Foundation Autism Research Initiative cites 284 candidate
genes for autism (SFARI). However, no single mutation is thought to account for
more than 1-2% of ASD cases (Abrahams and Geschwind, 2008), and CNVs
present in autistic children are known to be highly heterogeneous (Sebat et al.,
2007). These findings suggest that ASDs likely arise from numerous,
heterogeneous causes. This genetic heterogeneity likely accounts for the wide
range in the severity of symptoms observed in individuals afflicted with ASDs
(State, 2010).

Comorbidities. Another facet of autism which presents a striking heterogeneity
is its association with numerous comorbidities. Intellectual disability (ID) and
mental retardation (MR) are perhaps the most widely accepted comorbidities of
autism, with reported comorbidity rates ranging from 20-70% (Dawson et al.,
2008). This large range is likely due to changing diagnostic criteria, and difficulty
diagnosing the individual disorders when both are present (Matson and
Shoemaker, 2009). Fragile X syndrome, an example of a syndromic form of
autism discussed in detail below, is the most common inherited form of both MR
and autism (Krueger and Bear, 2011). Epilepsy is comorbid with an estimated
20-25% cases of ASD. Additionally, MR is a recognized risk factor for seizure
occurrence in autistic individuals (Canitano, 2007), suggesting that MR and
epilepsy comorbid with autism may share common causes.
A comorbidity of autism with particular relevance to this dissertation is the
association of gastrointestinal (GI) symptoms with ASD (Steyaert and De la
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Marche, 2008). In a study performed by Valicenti-McDermott et al (2006), 70% of
ASD children reported a history of GI problems. Mutations in the APC gene lead
to familial adenomatous polyposis (FAP)—the development of pre-cancerous,
intestinal polyps—and eventually colon cancer (Kinzler et al., 1991). APC gene
mutations are associated with autism and MR (Barber et al., 1994; Heald et al.,
2007; Zhou et al., 2007). The APC gene product—the adenomatous polyposis
coli protein (APC)—is discussed in detail below. Other conditions which exhibit
comorbidity with autism are obsessive-compulsive disorder, attention deficit
hyperactivity disorder, sleep problems, and anxiety (Jacob et al., 2009; Richdale
and Schreck, 2009; Rommelse et al., 2011; White et al., 2009). Because ASD
cases arise with such numerous comorbidities, it suggests that distinct causes
could lead to similar presentations of the core ASD symptoms.
Environmental factors have also been implicated in the development of
ASDs (Arndt et al., 2005). Rates of ASD in children exposed to the
anticonvulsant and mood-stabilizing drug valproic acid (VPA) in utero are as
much as 5-fold higher than in the general population (Moore et al., 2000). Other
identified risk factors for autism include advanced parental age (Reichenberg et
al., 2006) and obstetric complications (Glasson et al., 2004). Additionally, in
monozygotic twin pairs discordant for autism, affected individuals are known to
be exposed to higher perinatal stress (Steffenburg et al., 1989). These risk
factors are all presented pre- and perinatally. Combined with the strong genetic
component of the disease, this suggests that the underlying causes of ASD are
developmental in nature. Remarkably, symptoms of ASDs may be detectable in
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infants as young as 6 months. When comparing home movies of infants who
would later be diagnosed with autism to movies of typically developing infants,
Maestro et al (2002) observed decreases in social attention and behavior, but no
change in nonsocial attention, in the autistic cohort. These results lend further
support to autism being a developmental disorder, and give hope that further
identification of biomarkers can lead to earlier diagnoses.
A picture of ASD is beginning to emerge as a highly heterogeneous
disorder, presenting an enormous challenge to researchers and clinicians to
unravel. It is known to have a multitude of genetic and environmental causes and
risk factors, which may underlie the diverse range of symptoms and
comorbidities witnessed in patients afflicted with the disorder. Recent research
has shown that autism-associated mutations converge on a number of common
pathways associated with neural development and function, including synapse
development and activity-regulated protein synthesis (Flavell et al., 2008; Gilman
et al., 2011; Kelleher and Bear, 2008; Sakai et al., 2011; Toro et al., 2010).
Studies such as these and others have lead to a number of theories aimed at
explaining the etiology of ASD. I offer a review of some of these theories—as
well as findings from the study of mouse models to support them—below.

In agreement with autism being a

Theories of the cause of autism.

developmental disorder, a number of theories have arisen to explain its cause,
which implicate disruptions in the development of distinct morphological and
functional features of the brain. Increased brain size during the first two years of
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life has been proposed as a possible cause, as this measure correlates with
severity of ASD symptoms (Courchesne et al., 2004). Another theory is that
autism is caused by aberrant connectivity between key brain regions (Frith, 2004;
Geschwind and Levitt, 2007). Imaging studies have shown reduced functional
connections between the classic language regions in the brains of ASD
subjects—compared to normal-developing, age-matched controls—when asked
to perform a sentence comprehension task (Just et al., 2004). Additional studies
suggest that connections normally linking the frontal lobe to other brain regions
may be lacking in ASD children, while connections within the frontal lobe are
overdeveloped (Courchesne and Pierce, 2005).

Corpus callosum. Much attention has been given to the possible role of the
corpus callosum in autism (Booth et al., 2011). MRI-based morphometric
analyses have shown that children with autism have reduced corpus callosum
volume compared to age-matched, healthy controls (Hardan et al., 2009).
Severity of clinical autism symptoms—including repetitive behaviors and social
deficits—is associated with reduced corpus callosum volume. Agenesis of the
corpus callosum (AgCC) is also correlated with deficits in bimanual coordination
(Mueller et al., 2009). Bimanual coordination deficits have recently been
observed in children with ASD (Isenhower et al., 2012), and general motor
coordination deficits are thought to be pervasive across multiple ASD diagnoses
(Fournier et al., 2010). Though decreases in corpus callosum size have not been
directly linked to motor deficits in ASD patients, it is highly likely that these
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abnormalities share a common molecular cause. Studies of mouse models offer
a similar finding. The BALB/cJ mouse strain displays low levels of sociability with
a high degree of intrastrain variability. Corpus callosum development is also
highly variable. Much as in autistic children, BALB/cJ mice show a positive
correlation between corpus callosum size and sociability, with mice possessing
less developed corpora callosa spending less time interacting with a novel
stimulus mouse (Fairless et al., 2008). The finding that many rare, de novo CNVs
associated with autism affect genes involved in axon guidance provide genetic
support for the aberrant connectivity hypothesis as well (Fenton and Gout, 2011).
The corpus callosum, and other white matter tracts in the brain, begin to
develop during gestation, and continue to be refined during postnatal
development (Levitt, 2003). Multiple events are key for the proper development
of the corpus callosum, including proper targeting of pioneer axons—originating
from the cingulate cortex—which are the first to cross the rostral midline, and the
proper formation of the glial wedge, a group of radial glial cells which prevents
callosal axons from entering the septum, and repels axons away from the
midline, into the contralateral hemisphere (Paul et al., 2007). Correct axonal
interactions with the glial wedge involve multiple signaling pathways. Notably,
Wnt signaling plays a key role in repulsing callosal axons from the midline into
the contralateral hemisphere (Keeble et al., 2006). APC, discussed later, is a
well-known negative regulator of Wnt signaling (Sansom et al., 2004), and
mutations of APC are associated with MR and ASD (Barber et al., 1994; Heald et
al., 2007; Zhou et al., 2007). While these data show a strong correlation between
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AgCC and ASD, it should be noted that AgCC is often seen without ASD
symptoms and diagnoses (Paul et al., 2007), which suggests that additional
factors must be involved in the development of the disorder.

Synapses.

Much attention and research has recently been focused on the

synapse as a site of dysfunction in both ASD and MR. Analysis of rare, de novo
CNVs in autism revealed that many affected genes are associated with synapse
development (Gilman et al., 2011). An ambitious study by Sakai et al (2011)
sought to identify the protein interactome of 35 autism-associated gene products
using a yeast two-hybrid screen. Their screen uncovered a striking convergence
of these proteins on Tsc1—a negative regulator of protein synthesis via the
inhibition of mTOR (Orlova and Crino, 2010)—and the synaptic scaffold Shank3.
Mutations in TSC1—as well as TSC2—are the cause of tuberous sclerosis, a
multi-system genetic disorder which often causes MR and autism (Baker et al.,
1998). Mutations in Shank3, a postsynaptic protein, are associated with nonsyndromic autism (Durand et al., 2007; Moessner et al., 2007), while Shank3
knockout mice present synaptic defects, as well as repetitive grooming and
decreased social interactions—behaviors reminiscent of human ASD (Peca et
al., 2011).
Further support for a synaptic locus of ASD pathology comes from work
on the transcription factor MEF2. MEF2 regulates gene transcription in an
activity-dependent manner, and is necessary for proper synapse elimination
during development (Flavell et al., 2006). By analyzing the transcriptional
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program of MEF2, Flavell et al (2008) found that many genes under MEF2
control are mutated in cases of autism and epilepsy. This important finding
presents the possibility that autism and other neurological disorders may be
caused by disruptions to transcriptional programs which exert control over
synapse development. Because MEF2 is involved in synapse elimination, it
suggests that an imbalance in synaptic homeostasis could underlie autism and
other disorders. A review by Toro et al (2010) echoes this viewpoint, and is
further supported by the theory that disruptions in the balance of excitatory and
inhibitory function lead to cognitive impairment and ASDs (Bourgeron, 2009).
The excitatory/inhibitory imbalance theory is derived from findings that
mutations in the genes encoding neuroligins and neurexins are associated with
autism (Feng et al., 2006; Glessner et al., 2009; Jamain et al., 2003; Szatmari et
al., 2007), and is supported by the association of GABA and NMDA receptor
subunit genes with autism (Barnby et al., 2005; Ma et al., 2005a; O'Roak et al.,
2011). Neuroligins and neurexins are synaptic adhesion molecules which interact
with

each

other

trans-synaptically,

and

induce

pre-

and

postsynaptic

differentiation, respectively (Graf et al., 2004; Scheiffele et al., 2000). Owing to
multiple genes, promoters, and splice variants, neurexin and neuroligin proteins
exist in an array of isoforms which show preferential trans-synaptic interactions
with one another (Boucard et al., 2005; Chih et al., 2006). Additionally, specific
isoforms separately influence excitatory and inhibitory synapse development
(reviewed in Craig and Kang, 2007). Therefore, mutation of a single gene would
be expected to elicit a shift in excitatory/inhibitory balance. This is indeed
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witnessed in knockin mice expressing a form of neuroligin-3 (NL3) harboring the
R451C point mutation, which is associated with autism in humans (Jamain et al.,
2003; Tabuchi et al., 2007). These mice show increases in inhibitory synaptic
transmission, but no change in excitatory transmission. Importantly, NL3 R451C
mice show impaired social interactions when compared to wild type, littermate
controls (Tabuchi et al., 2007). These findings show that a mutation associated
with autism in humans can recapitulate phenotypes of the disorder in a mouse
model, and also lend support to the excitatory/inhibitory imbalance theory.
Yet another theory for autism which implicates synaptic homeostasis is
that disruptions in activity-dependent protein synthesis cause symptoms of the
disorder (Bear et al., 2004; Kelleher and Bear, 2008). This theory stems primarily
from studies of fragile X syndrome—the most common form of inherited MR and
autism (Hatton et al., 2006)—and its associated mouse model, the fragile X
mental retardation protein (FMRP) knockout mouse (The Dutch-Belgian Fragile X
Consortium, 1994), both discussed in depth below. Activity-dependent protein
synthesis is necessary for both long-term potentiation (LTP) and long-term
depression (LTD), two forms of synaptic plasticity widely thought to be involved in
learning and memory (Huber et al., 2000; Shepherd and Bear, 2011). This theory
posits that ongoing abnormal synaptic plasticity causes deficits in cognitive
function, as well as autistic symptoms throughout life. Zoghbi (2003) draws a
similar conclusion from comparisons made between autism and Rett syndrome,
a neurological disorder exhibiting symptoms similar to autism (Amir et al., 1999).
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This viewpoint also contends that defects in synaptic plasticity underlie the
symptoms of autism.
The notion that deficits in synapse development, homeostasis, and
plasticity are the root cause of ASDs derive from studies identifying many
individual genes as risk factors, and draw further support from mouse models
where these genes are mutated. Mutations in some of these genes cause
recognized syndromes in humans which are often associated with autism, while
many others are associated with non-syndromic autism.
Much of our current understanding of the possible molecular causes of
autism comes from identification of single gene mutations associated with the
disorder in humans, and from studies of mouse models with mutations in those
genes. As mentioned previously, the first functional mutations involved in
idiopathic autism were identified in the genes coding for NL3 and NL4 by Jamain
et al (2003). Expressing the NL3 R451C mutation in mice led to deficits in social
interaction, demonstrating that autism-associated mutations could cause
phenotypes reminiscent of the human disorder in mice (Tabuchi et al., 2007).
Since then, mutations of a plethora of individual genes have been associated
with autism in humans. Mice have been developed with targeted mutations in
many of these genes, in the hope that these lines will model the human disorder,
allowing the elucidation of its pathology, while providing a system in which to test
possible therapeutic interventions.
An successful example of this approach is offered by study of the
CNTNAP2 gene. CNTNAP2 encodes contactin-associated protein-like 2
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(CNTNAP2), a neurexin superfamily member. Mutations in CNTNAP2 were
recently shown to be associated with increased risk of autism (Arking et al.,
2008), as well as epilepsy (Friedman et al., 2008) and ADHD (Elia et al., 2010). A
CNTNAP2 knockout mouse model displays deficits in all three core behaviors of
autism. CNTNAP2 KO mice spend more time grooming and exhibit increased
perseveration in two reversal learning tasks, emit fewer ultrasonic vocalizations,
and show reduced social interactions (Penagarikano et al., 2011). These
behavioral abnormalities are widely thought to correlate with repetitive,
stereotyped

behaviors,

decreased

communication,

and

impaired

social

interactions in humans, respectively (Crawley, 2007; Silverman et al., 2010).
Additionally, CNTNAP2 KO mice show spontaneous seizures, and hyperactivity
in the open field test (Penagarikano et al., 2011). These results show that
CNTNAP2 KO mice seemingly recapitulate not only autism, but also the
associated disorders of epilepsy and ADHD. Importantly, treatment with the
atypical antipsychotic risperidone was able to rescue the hyperactivity,
perseverative, and repetitive behavior phenotypes in the CNTNAP2 KO mouse,
but had no effect on social interactions.

FRAGILE X SYNDROME
A wealth of knowledge concerning synaptic plasticity, activity-dependent protein
synthesis, and their possible roles in the pathology of autism has been gleaned
from studies of the FMRP KO mouse, a model of fragile X syndrome (FXS). FXS
was originally characterized in 1943 as “Martin-Bell Syndrome” (Martin and Bell,

12

1943). In 1991, the FMR1 gene was identified, and shown to exhibit trinucleotide
expansion—CGG repeats—in FXS patients (Verkerk et al., 1991). Subsequent
studies found hypermethylation within the CGG repeats, and a lack of expression
of FMR1 mRNA in FXS patients (Pieretti et al., 1991). Functional knowledge of
the protein encoded by the FMR1 gene—FMRP—was first gained in 1993, with
the finding that FMRP is an RNA-binding protein (Ashley et al., 1993). An FMRP
knockout mouse was generated shortly thereafter (The Dutch-Belgian Fragile X
Consortium, 1994). Importantly, this mouse model recapitulates a morphological
hallmark of the human disorder: altered dendritic spine architecture. Cortical
neurons of human FXS patients display increased spine density, and longer, less
mature spines (Irwin et al., 2001). Analysis of spines in the FMRP KO mouse
reveals a similar phenotype (Comery et al., 1997). Today, FXS is considered the
most common form of inherited MR and autism (Hatton et al., 2006), and FMRP
is regarded as a key regulator of protein synthesis and synaptic plasticity,
particularly LTD induced by metabotropic glutamate receptor (mGluR) activation
(reviewed in Bassell and Warren, 2008; Krueger and Bear, 2011; Penagarikano
et al., 2007).

mGluR LTD. Metabotropic glutamate receptor-mediated long-term depression
(mGluR LTD) was demonstrated to be a distinct form of synaptic plasticity from
NMDA receptor-dependent LTD in 1997 (Oliet et al., 1997). mGluR LTD is
mediated by group I mGluRs, primarily mGluR5 (Palmer et al., 1997). By this
time it had already been established that activation of mGluRs triggered protein
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synthesis (Weiler and Greenough, 1993), suggesting that mGluR LTD may be a
protein synthesis-dependent form of synaptic plasticity. This was indeed
demonstrated by Huber et al (2000) who showed that mGluR LTD—induced by
the group I mGluR agonist DHPG—could be blocked by preincubating
hippocampal slices with inhibitors of protein synthesis, but not transcription.
Additionally, mGluR LTD persisted in dendrites after they were surgically severed
from their cell bodies, suggesting that LTD-relevant protein synthesis occurs
locally, within dendrites (Huber et al., 2000). This finding is not surprising, given
that polyribosomes had been observed at the base of dendritic spines as early
as 1982 (Steward and Levy, 1982).
The finding that FMRP is present at spine necks and co-fractionates with
synaptosomal ribosomes (Feng et al., 1997), combined with prior knowledge that
FMRP is an RNA-binding protein (Ashley et al., 1993), hinted at FMRP being
somehow involved in local, dendritic protein synthesis, like that which had been
demonstrated to be a component of mGluR-LTD (Huber et al., 2000). This was
shown to be the case in 2002, when it was demonstrated that FMRP KO mice
express enhanced mGluR LTD in response to DHPG (Huber et al., 2002). A later
study further showed that mGluR LTD in the FMRP KO mouse persists even in
the presence of protein synthesis inhibitors (Nosyreva and Huber, 2006).
Combined with findings that FMRP can function as a translational repressor
(Darnell et al., 2011; Laggerbauer et al., 2001; Li et al., 2001), a picture of FMRP
emerged as a brake, limiting local protein synthesis involved in mGluR LTD (Bear
et al., 2004; Kelleher and Bear, 2008). FMRP is now known to interact with a
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multitude of mRNAs, involved not only in synaptic plasticity, but also axon
guidance (Bassell and Warren, 2008).

Arc. One FMRP-target mRNA with particular relevance to mGluR LTD is Arc
(encoding activity-regulated cytoskeleton-associated protein, also known as
Arg3.1), an immediate early gene product (reviewed in Shepherd and Bear,
2011)). Arc plays a key role in modulating rates of AMPAR internalization
(Chowdhury et al., 2006; Shepherd et al., 2006). Persistent increases in this rate
are thought to mediate the reduction in synaptic strength which defines mGluR
LTD (reviewed in Gladding et al., 2009). Arc knockout mice exhibit decreased
rates of AMPAR internalization in hippocampal primary neuron cultures, leading
to dramatically increased surface expression of AMPA receptors (Chowdhury et
al., 2006; Shepherd et al., 2006). Arc KO mice also display reduced mGluR LTD
in response to DHPG (Park et al., 2008). Taken together, these results show that
while a basal level of Arc-mediated AMPAR internalization maintains resting
surface expression of AMPA receptors, this process can also be dynamically
regulated by synaptic activity, and is a key component of mGluR LTD.
Synaptic activation causes Arc mRNA to locally accumulate in dendrites
(Steward et al., 1998). Additionally, DHPG leads to increased Arc protein in
isolated dendrites of hippocampal slices, and increased Arc synthesis in
synaptoneurosomes (Waung et al., 2008). These results suggest that mGluR
LTD is mediated, in part, by increased, local synthesis of Arc, which causes a
persistent increase in the rate of AMPAR internalization. Indeed, acutely blocking
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Arc translation with an antisense oligonucleotide prevents DHPG-induced
decreases in surface APMARs, and the expression of LTD (Waung et al., 2008).
Importantly, Arc translation is required for long term memory consolidation, as
hippocampal infusion of antisense oligonucleotides targeting Arc prevent the
formation of long term memory in rats (Guzowski et al., 2000). However, Arc is
also required for the late phase of LTP (Plath et al., 2006), so its effects on
memory are likely exerted through both forms of synaptic plasticity.
Consistent with these findings, FMRP interacts with Arc mRNA. Extracts
from brains and synaptoneurosomes of FMRP KO mice also show increased Arc
protein levels (Zalfa et al., 2003). Knockdown of FMRP in cultured hippocampal
neurons leads to increased AMPAR internalization in response to DHPG
(Nakamoto et al., 2007), strongly suggesting that FMRP regulates mGluR LTD in
part by controlling the rate of Arc synthesis and, as a consequence, AMPAR
internalization. Strong support for this model is provided by the observation that
mGluR LTD is reduced in an Arc/FMRP double knockout mouse, relative to wildtype controls (Park et al., 2008), suggesting that Arc is downstream of FMRP, in
the same pathway, linking mGluR5 activation to the expression of LTD.
There is now a generally accepted model of mGluR LTD which situates
FMRP as a gatekeeper for regulating activity-dependent protein synthesis
(Bassell and Warren, 2008). In a resting state, FMRP represses translation of
mRNAs, preventing the synthesis of proteins which promote decreases in
surface AMPARs and synaptic strength. Following activation of mGluRs, FMRP
repression is transiently relieved and translation occurs, allowing the synthesis of
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proteins which lead to the expression of LTD. In the absence of FMRP, increased
basal levels of protein synthesis are seen (Dolen et al., 2007), and are thought to
lead to increased expression of mGluR LTD. Consistent with this idea, many
phenotypes of FMRP KO mice can be rescued by lowering mGluR5 activity
either genetically (Dolen et al., 2007), or pharmacologically (Osterweil et al.,
2010). While this much is generally accepted, the elucidation of the pathways
which link mGluR activation to FMRP regulation—and subsequent protein
synthesis—has proven to be difficult and laborious, with multiple intersecting
signaling cascades implicated (Antion et al., 2008; Auerbach et al., 2011; Banko
et al., 2006; Choi et al., 2011; Gross et al., 2010; Hou et al., 2006; Hou and
Klann, 2004; Narayanan et al., 2007; Narayanan et al., 2008; Osterweil et al.,
2010; Sharma et al., 2010).

Regulation of FMRP.

The FMRP protein is itself a target of kinases and

phosphatases, and its phosphorylation state likely dictates its ability to act as a
translational repressor. Findings from Ceman et al (2003) suggest that in a
resting state, most FMRP exists in a phosphorylated state, and that
phosphorylated FMRP (p-FMRP) represses—while dephosphorylated FRMP
allows—translation. The kinase p70 S6 kinase 1 (S6K1) phosphorylates FMRP in
response to DHPG stimulation (Narayanan et al., 2008). This phosphorylation
event requires the activation of both mammalian target of rapamycin (mTOR),
and ERK1/2; two pathways known to converge on S6K downstream of mGluR
activation (Page et al., 2006). Loss of S6K1 correlates with loss of p-FMRP and
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an increase in the protein of a known FMRP-target, SAPAP3 (Narayanan et al.,
2008), consistent with p-FMRP functioning as a translational repressor. S6
kinases are typically thought to promote protein synthesis, (reviewed in Fenton
and Gout, 2011), so this result may otherwise seem counterintuitive. However,
mGluR LTD is unchanged or enhanced in S6 kinase (S6K) knockout models,
even though S6K activity is increased by DHPG (Antion et al., 2008), consistent
with S6K1’s role in promoting FMRP-mediated translational repression.
Protein phosphatase 2A (PP2A) has been shown to dephosphorylate
FMRP (Narayanan et al., 2007). This dephosphorylation occurs rapidly (1 min) in
response to DHPG stimulation, but is transient in nature, as FMRP is
phosphorylated in an mTOR-dependent manner 5 minutes following DHPG
stimulation. Much like S6K, mTOR also typically promotes protein synthesis
(Conn and Qian, 2011), but by promoting phosphorylation of FMRP can lead to
translational repression. Additionally, PP2A is known to interact with mGluR5
(Mao et al., 2005). As seen in Fig. 1-1, a model of FMRP regulation has been
proposed (Bassell and Warren, 2008) where mGluR activation leads to rapid
PP2A-mediated dephosphorylation of FMRP. A slower signaling cascade leads
to the activation of mTOR and S6K via the PI3K-Akt pathway. mTOR deactivates
PP2A, while S6K phosphorylates FMRP, leading to rephosphorylation of FMRP
and possible repression of FMRP target-mRNA translation, while maintained
mTOR activity may promote translation through an alternate mechanism.
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Figure 1-1
1 Postsynaptic FMRP Signaling Model. Following stimulation of Gp1
mGluRs (green), inactive PP2A (gray) is immediately activated (green) and
dephosphorylates FMR
FMRP (orange), rapidly allowing local translation of FMRPFMRP
associated mRNAs. Within 5 min, mTOR (blue) is activated, inhibiting PP2A and
activating S6K1 (red), leading to FMRP phosphorylation and possible
translational inhibition of FMRP target messages. Simultaneously, mTOR
activates translation
ion in an FMRP
FMRP-independent
independent manner, triggering a sustained
maintenance of translation. FMRP
FMRP-dependent and -independent
independent pathways
control AMPA receptor internalization and other changes in synaptic function and
spine morphology that contribute to mGluR
mGluR-LTD. Modified
odified from (Bassell and
Warren, 2008).
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Regulation of protein synthesis.

mTOR can promote protein synthesis by

causing hyperphosphorylation of eukaryotic initiation factor (eIF) 4E-binding
proteins (4EBPs) (Beretta et al., 1996). In their non-phosphorylated state, 4EBPs
block eIF4E function, inhibiting cap-dependent translation, but phosphorylation
relieves this inhibition (Pause et al., 1994). eIF4E is itself phosphorylated in an
ERK-dependent manner (Banko et al., 2004), an event which is correlated with
increased protein synthesis (Walsh and Mohr, 2004). Activation of group I
mGluRs in the hippocampus leads to phosphorylation of 4EBP via the PI3K-AktmTOR pathway, and also promotes ERK-dependent phosphorylation of eIF4E
(Banko et al., 2006). Therefore, mGluR activation can promote protein synthesis
through two distinct pathways. Indeed, pharmacological inhibition of either the
PI3K-Akt-mTOR pathway or ERK have both been shown to block mGluR LTD
(Banko et al., 2006; Hou and Klann, 2004). Crosstalk between the two pathways
has also been observed, as PI3K inhibition can block ERK-dependent eIF4E
phosphorylation, presumably by preventing phosphorylation and dissociation of
4EBPs (Banko et al., 2006). Crosstalk is also provided by PP2A, as it is known to
dephosphorylate FMRP (Narayanan et al., 2007), ERK (Kim et al., 2008; Van
Kanegan et al., 2005; Zhou et al., 2002), Akt (Resjo et al., 2002), S6K (Hahn et
al., 2010), and eIF4E (Li et al., 2010); while it is itself inhibited by mTOR activity
(Narayanan et al., 2008).
Additional crosstalk between the ERK and PI3K-Akt-mTOR pathways is
achieved through the tuberous sclerosis proteins: Tsc1 (hamartin) and Tsc2
(tuberin). These two proteins form a complex which inhibits the activation of
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mTOR by promoting the GTPase activity of Rheb, a small G protein and strong
activator of mTOR (reviewed in Ehninger et al., 2009). Mutations in TSC1 and
TSC2 in humans cause tuberous sclerosis (TSC), a multi-system disorder often
associated with autism (Baker et al., 1998). Phosphorylation of Tsc2 by Akt
causes inhibition of Tsc1/Tsc2 function, and subsequent activation of mTOR
(Inoki et al., 2002). ERK also phosphorylates Tsc2, thereby promoting the
activation of mTOR (Ma et al., 2005b). Mutations to other genes involved in these
pathways have been associated with autism as well, with eIF4E and PTEN—a
negative regulator of Akt—being implicated (Butler et al., 2005; Buxbaum et al.,
2007; Neves-Pereira et al., 2009). In mice, ERK2 is known to play a key role in
learning and memory, and proper social function, as a neuron-specific ERK2
conditional knockout mouse shows deficits in these behaviors (Satoh et al.,
2011). These pathways and their levels of crosstalk are summarized in Figure 12.
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Figure 1-2
2

Signaling pathways linking mGluR activation to protein

synthesis and LTD. Crosstalk between ERK and PI3K
PI3K-Akt-mTOR
mTOR pathways is
shown. Activation of group I mGluRs leads to activation of ERK and PI3K, and
subsequent protein synthe
synthesis through inhibition of 4EBPs and activation of eIF4E
and

S6K.

Protein

synthesis

is

also

briefly

enhanced

by

transient

dephosphorylation of FMRP (see Fig 1
1-1). Pathways converge through the
common inhibition of Tsc proteins, and regulation of 4EBP / eIF4E interactions.
PP2A provides regulation at multiple points in the pathways. Proteins which
generally promote protein synthesis are shown in blue, while those that
th generally
inhibit protein synthesis are in red. It should be noted that while the PI3K-AktPI3K
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mTOR-S6K pathway is thought to promote protein synthesis in most cases, it
also leads to the phosphorylation of FMRP, which can inhibit protein synthesis.

The fact that mTOR activity can both promote protein synthesis (via
phosphorylation of 4EBPs) and inhibit it (via phosphorylation of FMRP) makes it
difficult to predict the effect altered mTOR activity will have on protein synthesis
and the expression of mGluR LTD. This fact is highlighted by studies of the
Tsc2+/- mouse (Auerbach et al., 2011). The Tsc2+/- mouse exhibits decreased
mGluR LTD—the opposite phenotype observed in the FMRP KO mouse (Huber
et al., 2002). Because Tsc2 is an inhibitor of mTOR, increased mTOR activity,
and subsequently increased protein synthesis, may be expected. However,
protein synthesis is actually decreased in the Tsc2+/- mouse, an effect which is
apparently due to increased mTOR signaling, as the mTOR inhibitor rapamycin
raises protein synthesis to wild-type levels (Auerbach et al., 2011). This effect
may be mediated by hyperactive mTOR, which, through the inactivation of PP2A
and activation of S6K, could prevent dephosphorylation of FMRP. Interestingly,
although mutations to Tsc2+/- mice and FMRP KO mice display opposing effects
on protein synthesis and LTD, both show similar learning and memory deficits on
a context discrimination task. Crossing these mice rescues both LTD, and
learning and memory deficits, suggesting that protein synthesis must be tightly
regulated for proper brain function (Auerbach et al., 2011).
In the FMRP KO mouse, competing theories propose alternate
mechanisms to explain increases in basal protein synthesis, and DHPG-induced

23

mGluR LTD. These theories state that LTD is caused by either increased
activation of the PI3K-Akt-mTOR pathway (caused by increased expression of
the PI3K subunit p110β and the PI3K enhancer PIKE) (Gross et al., 2010;
Sharma et al., 2010), or heightened sensitivity to ERK activation (Osterweil et al.,
2010). Studies examining either cortical synaptoneurosomes (Gross et al., 2010),
or basal CA1 hippocampal lysates and postsynaptic density (PSD) fractions
(Sharma et al., 2010) from FMRP KO mice report increases in PI3K activity, and
the phosphorylation state of Akt, mTOR, and S6K. Basal protein synthesis rates
are increased in FMRP KO cortical synaptoneurosomes—an effect which can be
rescued by pharmacological inhibition of either PI3K or mTOR—while the DHPGinduced increase in protein synthesis is occluded, but also rescued by PI3K
inhibition. ERK inhibition fails to restore DHPG-sensitive protein synthesis in
FMRP KO synaptoneurosomes, and lowers basal rates of protein synthesis in
both FMRP KO, and wild-type control, to a similar extent (Gross et al., 2010).
Findings obtained from hippocampal slices afforded an extensive recovery
period offer a different picture (Osterweil et al., 2010). In this system, no changes
are witnessed in basal phosphorylation states of ERK, or in PI3K, Akt, mTOR,
and S6K, suggesting no changes in their activity. Additionally, when slices are
treated with DHPG, no activation of PI3K pathway components is witnessed in
wild-type or FMRP KO slices, while ERK is activated to a similar degree in both
genotypes. Basal rates of protein synthesis are increased in FMRP KO slices,
and rescued by inhibition of ERK, while inhibition of mTOR surprisingly has no
effect on protein synthesis in either wild-type, or FMRP KO slices (Osterweil et
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al., 2010). From these findings, the authors conclude that in FMRP KO mice,
protein synthesis is hypersensitive to ERK signaling. Given that these three
studies all employed different experimental systems—synaptoneurosomes from
cortex, hippocampal lysate, or ex vivo hippocampal slice—it is difficult to draw
conclusions or reconcile their discrepancies. Osterweil et al (2010) posit that the
changes Sharma et al (2010) report in activation of the PI3K-Akt-mTOR-S6K
pathway may occur as a result of animal sacrifice, and that slices given full time
to recover offer a more representative measure of ongoing brain function.
Hopefully future studies, performed in more comparable systems, will offer more
harmonious results. Greater complexity is indicated by studies identifying APC
and canonical Wnt signaling as additional regulators of FMRP, mTOR and ERK
signaling (Mili et al., 2008; Schrick et al., 2007; Seeling et al., 1999; Watanabe et
al., 2004).

APC
The gene APC was identified in 1991 as being the site of mutations associated
with familial adenomatous polyposis (FAP), an inherited condition characterized
by the formation of numerous pre-cancerous polyps in the colon (Kinzler et al.,
1991; Nishisho et al., 1991; Spirio et al., 1992). FAP patients carrying an APC
mutation almost invariably develop colon cancer by their early 40’s (Fearnhead et
al., 2001). Over 700 APC mutations have been described; the majority of which
occur in a region termed the mutation cluster region, and lead to the translation
of a truncated protein (Beroud and Soussi, 1996). APC mutations have also been
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identified as the cause of multiple intestinal neoplasia (Min) in mice (Su et al.,
1992). The APC protein—considered a tumor suppressor—was initially found to
bind to β-catenin (β-cat) (Rubinfeld et al., 1993; Su et al., 1993), which plays a
key role in both cell adhesion, and the transcriptional activation of genes induced
by Wnt signaling activity, discussed below (Phelps et al., 2009). Transgenic
mouse studies have revealed that APC is critical for early embryonic
development (Ishikawa et al., 2003; Moser et al., 1995; Oshima et al., 1995).
APC is expressed throughout the body, including the brain, where it shows
particularly high expression in neurons (Bhat et al., 1994; Brakeman et al., 1999;
Senda et al., 1998). APC is now recognized as a multi-functional protein having
numerous interacting partners, which together affect a diverse array of cellular
processes, including cytoskeleton organization and synapse assembly.
APC is a 2843-amino acid protein composed of multiple domains which
confer binding to a host of distinct partners (Hanson and Miller, 2005). As seen in
figure 1-3, APC domains include: Armadillo repeats which confer binding to
PP2A (Seeling et al., 1999) and the cytoskeletal regulators IQGAP1 (Watanabe
et al., 2004) and Asef (Kawasaki et al., 2000); 15- and 20-amino acid repeats
which mediate binding to β-cat (Liu et al., 2006a); SAMP repeats which bind to
axin (Spink et al., 2000); a basic domain which interacts directly with
microtubules (Zumbrunn et al., 2001); a microtubule end-binding protein 1 (EB1)
binding domain (Barth et al., 2002); and a PDZ binding domain capable of
interacting with the postsynaptic scaffolds PSD-93 (Rosenberg et al., 2008) and
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PSD-95 (Yanai et al., 2000)
2000).. APC also contains nuclear import and export signals
(McCartney and Nathke, 2008; Neufeld et al., 2000)
2000).

Fig 1-3
3 APC domains and interacting proteins. Schematic of APC protein
showing domains and known binding partners. APC interacts with Wnt signaling
components,
ts, cytoskeletal regulators, microtubules, and synaptic proteins.
Modified from (McCartney and Nathke, 2008)
2008).

Wnt signaling.

APC is well
well-known
known as a tumor suppressor and negative

regulator of the canonical Wnt signaling pathway. In the absence of Wnt
signaling, cytoplasmic levels of β-catenin
catenin are kept low by the ongoing presence
of the “β-catenin
catenin destruction complex” (Zeng et al., 1997).. This complex is
composed of APC, axin,
in, and glycogen synthase kinase 3
3β (GSK3β)
(GSK3 (Gordon and
Nusse, 2006). β-catenin
catenin is phosphorylated by GSK
GSK3β,, which targets it for
ubiquitination and subsequent proteasomal degradation (Aberle et al., 1997).
1997)
Wnt signaling is activated by the binding of Wnts to both their frizzled (Fz)
receptors and lipoprotein receptor
receptor-related
related protein (LRP5/6) coreceptors (Pinson
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et al., 2000). This interaction leads to the activation of dishevelled (Dvl), inhibition
of GSK3β, and stabilization of cytoplasmic β-catenin (Habas and Dawid, 2005).
β-catenin can then accumulate in the nucleus, where it complexes with TCF/LEF
(T cell factor/lymphoid enhancer factor) transcription factors, leading to the
expression of Wnt-target genes (Behrens et al., 1996; van de Wetering et al.,
1997). A list of Wnt-target genes includes many genes known to be important for
the progression of colon cancer, including c-myc (He et al., 1998) and Cyclin D1
(Tetsu and McCormick, 1999), as well as a number of genes involved in the Wnt
pathway itself, suggesting extensive feedback. Wnt signaling output however has
proven to be highly variable in different cellular contexts, making the identification
of “universal” Wnt-target genes difficult; Axin2 has been proposed as the most
likely candidate (Clevers, 2006; Jho et al., 2002).
Wnt signaling has been implicated in numerous aspects of neuronal
development, such as establishment of neuronal polarity (Shi et al., 2004), axon
outgrowth (Salinas and Zou, 2008), synapse assembly (Ahmad-Annuar et al.,
2006; Farias et al., 2007; Hall et al., 2000; Sahores et al., 2010; Shimomura et
al., 2007), and synaptic plasticity (Chen et al., 2006b; Ma et al., 2011) (see
below). Mutations to Wnt pathway components have been associated with many
neurological disorders, including schizophrenia, Alzheimer’s disease, and autism
(De Ferrari and Moon, 2006). In addition to APC mutations (Barber et al., 1994;
Zhou et al., 2007) mutations of WNT2 are also associated with autism (Wassink
et al., 2001). Dvl1 has also been implicated with autism, as Dvl1 KO mice show
reduced social interactions (Lijam et al., 1997). Interestingly, VPA—a known
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environmental risk factor for ASDs—can lead to increased axon branching
through the inhibition of GSK3β (Hall et al., 2002), suggesting that VPA may
increase autism risk by creating aberrant neuronal connectivity.

Cytoskeleton. APC can interact directly with microtubules (MTs) and promote
their polymerization and stabilization both in vivo and in vitro (Munemitsu et al.,
1994; Zumbrunn et al., 2001). In various cell types, APC localizes to the plus
ends of MTs, often at the tips of cell protrusions in migrating cells (MimoriKiyosue et al., 2007; Nathke et al., 1996). This localization may be due to APC
interactions with the MT plus end-binding protein EB1, as APC fragments
containing the EB1-binding domain, but not the basic MT-binding domain,
localize to MT plus ends, while the APC basic domain alone localizes along MTs
in an indiscriminate manner (Askham et al., 2000). These interactions are
summarized in Figure 1-4, below. APC promotes MT growth in epithelial cells, as
MTs with colocalized APC at their plus end spend more time lengthening than
MTs without APC (Kita et al., 2006). In fibroblasts, deletion of APC leads to a
loss of MT stability, fewer cell protrusions, and less cell migration (Kroboth et al.,
2007). These functions may also be dependent on APC-EB1 interactions, as EB1
promotes MT-polymerization in an APC-dependent manner, and an EB1
dominant negative peptide inhibits cell migration in a wound healing assay
(Nakamura et al., 2001; Wen et al., 2004). APC interactions with EB1 also direct
the capture of EB1-tagged MT plus ends to specific surface sites—particularly
adhesion sites rich in N-cadherin and β-catenin—and thereby direct MT-
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mediated transport of selected cargo to these sites (Gu et al., 2006; Temburni et
al., 2004).
APC can also regulate the actin cytoskeleton through interactions with the
proteins Asef (Kawasaki et al., 2000), IQGAP1 (Watanabe et al., 2004), and
MACF (macrophin, also known as ACF7) (Slep et al., 2005). Asef is a Racspecific guanine nucleotide exchange factor (GEF) known to promote actin
remodeling and lamellipodia formation, and cell migration in an-APC dependent
manner (Kawasaki et al., 2003; Kawasaki et al., 2000). Therefore, APC can likely
regulate cell migration through both the MT and actin cytoskeleton. IQ motif
containing GTPase activating protein 1 (IQGAP1) is a scaffold protein which
interacts with actin directly, and MTs via the plus end binding-protein CLIP-170
(Briggs and Sacks, 2003; Fukata et al., 2002). IQGAP1 likely plays a key role in
regulating the cytoskeleton in neurons, as IQGAP1 deficient neurons show a
decrease in the density of dendritic spines (Gao et al., 2011). Actin dynamics are
thought to underlie activity-dependent changes in dendritic spine morphology
during synaptic plasticity and learning (Hotulainen and Hoogenraad, 2010),
suggesting that IQGAP1 is a key regulator of dendritic spines.
IQGAP1 and APC interact directly, and colocalize at the leading edge of
migrating epithelial cells. Interestingly, the localization of both IQGAP1 and APC
is dependent on the other, as depletion of either protein results in the loss of the
other from the leading edge. Depletion of either APC or IQGAP1 results in
decreased actin meshwork formation at the leading edge, loss of CLIP-170tagged MTs directed towards the leading edge, and inhibited cell migration
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(Watanabe et al., 2004). IQGAP1-mediated capture of CLIP-170-tagged MTs is
thought to direct polarization (Noritake et al., 2005). A similar role has been
proposed for the capture of EB1-tagged MTs (Gundersen, 2002a). Further,
CLIP170 binds to EB1 (Wittmann, 2008). APC’s ability to interact directly with
both IQGAP1 and EB1 likely play a role in its regulation of polarization and
migration. This is witnessed in a study examining APC function in the CNS. APC
was deleted in neuronal precursors using a Nestin-driven Cre recombinase. This
resulted in the loss of radial glial polarity and proper migration of cortical neurons
(Yokota et al., 2009).

Figure 1-4

APC cytoskeleton and synaptic interaction network.

APC

interaction with MTs and actin through EB1, IQGAP1, CLIP-170, and MACF.
Interactions with beta-catenin and PSD-93 mediate associations with transsynaptic adhesion complexes such as NL/NRX and N-cadherin (see Chapter 3),
allowing postsynaptic APC to mediate presynaptic assembly.

31

Neurite / axon outgrowth. APC’s ability to bind to and stabilize MTs is inhibited
by its phosphorylation by GSK3β, suggesting that Wnt signaling can augment the
cytoskeleton via modulation of APC (Zumbrunn et al., 2001). This is clearly
evident in studies of axon specification (reviewed in Stiess and Bradke, 2011).
APC is present in the growth cones at neurite tips of stage 2 neurons in culture
(Craig and Banker, 1994; Morrison et al., 1997). This localization of APC
becomes restricted to the nascent axon as it begins to lengthen. In mature
neurons, APC continues to be seen in the distal growth cone of the axon, but
then also localizes to dendrites in a punctate pattern (Shimomura et al., 2005).
Axon outgrowth is promoted by nerve growth factor (NGF) (Markus et al., 2002),
and treating neuronal cultures with anti-NGF antibodies results in a loss of APC
from axonal tips (Zhou et al., 2004), suggesting APC may play a role in NGFinduced axon specification. Consistent with APC’s role as a MT stabilizer
(Zumbrunn et al., 2001), anti-NGF antibodies also lead to a loss of MTs from
distal axons. The accumulation of APC in distal portions of the axon is dependent
on the local inactivation of GSK3β. GSK3β is inactivated downstream of PI3K
activity, which is also locally restricted to the distal axons of cultured, stage 3
neurons, and is dependent on NGF signaling (Zhou et al., 2004). Inhibition of
PI3K leads to loss of APC, and MTs, from distal axonal portions, suggesting that
axon outgrowth is dependent on APC-mediated stabilization of MTs, and is
spatially controlled by local inactivation of GSK3β.
The polarity protein mPar3 is known to accumulate at the tip of the
nascent axon during neuronal polarization (Shi et al., 2003). APC interacts with

32

mPar3, and seems to direct its localization to the nascent axon tip, as an APC
dominant negative, and ectopic overexpression of full length APC both prevent
mPar3 localization, and proper polarization (Shi et al., 2004). This function of
APC is also likely controlled by GSK3β activity, as global inhibition of GSK3β
abolishes mPar3 localization in axon tips, and prevents the emergence of an
axon (Shi et al., 2004). These results show that GSK3β regulation of APC is
important for multiple aspects of neuronal polarization.
While the studies of Shi et al. (2004), and Zhou et al. (2004) did not
explore whether Wnt signaling may regulate GSK3β-APC effects on MTs and
polarization, other studies have shown a role for Wnts in modulating growth cone
behavior (Lucas et al., 1998; Purro et al., 2008). Wnt3a induces growth cone
pausing and enlargement, effects which require Dvl1, and coincide with a
dissociation of APC from EB3-tagged MTs (Purro et al., 2008). However, while
Zhou et al. (2004) report that local GSK3β inhibition promotes axon outgrowth
through increased APC-mediated MT stabilization, Purro et al. (2008) show that
GSK3β inhibition is key in mediating the effects of Wnt3a leading to APC
dissociation from EB3-tagged MTs. It has been proposed that different levels of
GSK3β inhibition may have opposing effects on MTs and axon outgrowth (Kim et
al., 2006). Thus, dynamic regulation of the microtubule cytoskeleton is necessary
for proper axon outgrowth.
Wnt7a has a similar effect on cultured neurons, causing growth cone
spreading associated with GSK3β inhibition and a loss of stable MTs (Lucas et
al., 1998). While APC was not examined in this study, the effects of Wnt7a were
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attributed to decreased phosphorylation of the microtubule-associated protein
MAP1B, a direct target of GSK3β phosphorylation (Lucas et al., 1998).
Intriguingly, MAP1B KO mice display AgCC (Meixner et al., 2000), suggesting
that development of the corpus callosum is dependent on proper Wnt signaling.
The Wnt receptor Ryk is also required for proper corpus callosum formation
(Keeble et al., 2006), as Ryk KO mice show defects in callosal axon guidance.
Given that aberrant connectivity is thought to underlie the pathology of ASDs
(Hardan et al., 2009), these results illustrate possible mechanisms whereby
disruptions in Wnt signaling could lead to ASDs.

Synaptogenesis. Accumulating evidence suggests that Wnt signaling plays a
critical role in the proper formation of synapses both in the CNS and PNS
(reviewed in Inestrosa and Arenas, 2010; Sahores and Salinas, 2011). Wnt7a
can promote presynaptic differentiation in both the cerebellum (Ahmad-Annuar et
al., 2006; Hall et al., 2000), and hippocampal neurons (Davis et al., 2008;
Sahores et al., 2010). In hippocampal neurons, treatment with Wnt7a increases
mEPSC frequency and amplitude, an effect which is mimicked by postsynaptic
expression of Dvl1 (Ciani et al., 2011). The synaptogenic effects of Wnt7a are
likely mediated by binding to Frizzled-5 (Fz5) receptors, as they are blocked by
Fz5 knockdown (Sahores et al., 2010). Interestingly, treating neurons with
soluble Fz5 cysteine-rich domain (the Wnt-binding domain of Fz5; Fz5CRD)
blocks high-frequency stimulation (HFS)-induced increases in synapse numbers,
suggesting that endogenous Wnt signaling controls activity-dependent changes
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in synapse number (Sahores et al., 2010). In support of this notion, Wnt7a / Dvl1
double-knockout mice exhibit decreased spine density, as well as decreased
mEPSC frequency and amplitude, in hippocampal CA3 neurons (Ciani et al.,
2011).
The effects of Wnt7a seem to be exerted through the canonical Wnt
signaling pathway, as Wnt7a increases β-catenin levels in hippocampal neurons,
and treatment with LiCl—an inhibitor of GSK3β—mimics the effects of Wnt7a in
increasing presynaptic inputs (Davis et al., 2008). These results suggest an
involvement of APC in Wnt-mediated presynaptic differentiation. This is indeed
the case, as Wnt7a leads to APC clustering in the axons of hippocampal neurons
(Farias et al., 2007). Wnt7a causes APC to dissociate from β-catenin, suggesting
again that the canonical Wnt pathway is activated, and leads to increased
interactions of APC with α7-nicotinic acetylcholine receptors (α7nAChRs).
α7nAChRs function at presynaptic terminals to modulate neurotransmitter
release (Alkondon and Albuquerque, 2001; Berg and Conroy, 2002). Knockdown
of APC prevents Wnt7a-induced increases in presynaptic α7nAChR clustering
(Farias et al., 2007), suggesting that APC may function as a scaffold important
for mediating synaptogenic effects of Wnts.
β-catenin has also been associated with promoting synapse formation and
maturation, and activity-dependent changes in synaptic strength and spine
morphology which are dependent, in part, on interactions with cadherins
(reviewed in Arikkath and Reichardt, 2008). β-catenin-depleted neurons show a
decrease in mature, mushroom-shaped dendritic spines, and a corresponding
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decrease in mESPC amplitude, an effect which is mimicked by blocking βcatenin interactions with cadherins (Okuda et al., 2007). Promoting β-catenin
association with cadherins leads to an increase in mEPSC frequency, and larger
synaptic puncta of PSD-95 and synapsin (Murase et al., 2002). β-catenin is
necessary for homeostatic synaptic scaling (Okuda et al., 2007), and
accumulates in spines in response to depolarization (Murase et al., 2002).
Depolarization of hippocampal neuron cultures stimulates release of Wnt proteins
capable of inducing canonical Wnt signaling (Yu and Malenka, 2003), suggesting
that components of the Wnt signaling pathway may be involved in regulating βcatenin trafficking in response to depolarization. Interestingly, depolarization also
causes increased dendrite branching in a Wnt- and β-catenin-dependent manner.
This effect is mimicked by β-catenin overexpression, but does not require
TCF/LEF transcription (Yu and Malenka, 2003). These results show that
increased levels of β-catenin can mediate the effects of Wnt signaling without
affecting TCF/LEF gene transcription.
APC may also promote synaptogenesis independent of Wnt signaling.
APC interacts with PSD-95, and forms a complex with both PSD-95 and NMDA
receptors in vivo, suggesting a role at postsynaptic sites (Yanai et al., 2000).
APC knockdown causes decreases in the clustering of both PSD-95 and AMPA
receptors, but interestingly has no effect on NMDA receptor clusters in cultured
hippocampal neurons (Shimomura et al., 2007). Blocking APC - PSD-95
interactions with a dominant negative (corresponding to the PSD-95 - binding
domain of APC) lead to similar effects (Shimomura et al., 2007).
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Treating

cultures with Wnt7a has no effect on APC - PSD-95 interactions (Farias et al.,
2007), suggesting that clustering of AMPA receptors may showcase a Wntindependent role of APC in postsynaptic differentiation. Interestingly, PSD-95
also associates with α7nAChRs that function at pre- and postsynaptic sites in
different neuronal subtypes (Berg and Conroy, 2002; Neff et al., 2009).
APC and Wnt signaling also play a role in clustering neurotransmitter
receptors in the PNS, at the neuromuscular junction (NMJ). APC and nAChRs
show coclustering in response to neural agrin treatment in C2 myotubes, an
effect which is dependent on APC’s direct interaction with the nAChR β subunit
(Wang et al., 2003b). β-catenin is also required for agrin-induced nAChR
clustering, but interestingly, both knockdown (Zhang et al., 2007), and
overexpression (Wang et al., 2008) of β-catenin prevent nAChR clustering in
response to agrin. β-catenin promotes agrin-induced clustering independently of
TCF/LEF transcription (Zhang et al., 2007), but treatment with Wnt3a
antagonizes

agrin-induced

clustering

by

transcriptionally

down-regulating

rapsyn—a protein essential for nAChR clustering—through a mechanism which
requires β-catenin, and likely involves TCF/LEF activity (Wang et al., 2008).
Additionally, LiCl, which mimics Wnt signaling by inhibiting GSK3β, also prevents
agrin-induced nAChR clustering (Sharma and Wallace, 2003; Wang et al., 2008).
However, Wnt3 treatment has been shown to enhance agrin-induced clustering
of nAChRs, albeit through a non-canonical mechanism (Henriquez et al., 2008).
This study did not examine the involvement of APC or β-catenin in the Wnt3induced nAChR clustering. Taken together, these results suggest that while
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canonical Wnt signaling antagonizes nAChR clustering, agrin treatment regulates
APC and β-catenin protein interactions through a separate pathway to promote
nAChR clustering. APC may therefore regulate synaptic maturation through
multiple distinct mechanisms, perhaps owing to its multiple binding domains and
interacting partners. These findings suggest that a balance between stimulatory
and inhibitory effects of Wnt signaling can regulate nAChR clusters at the NMJ.

Synaptic plasticity and behavior.

Although APC’s synaptic functions in

neurons are poorly defined, components of the APC complex play key roles in
regulating synaptic plasticity that underlies learning and memory. The late phase
of LTP (L-LTP) is activated by learning paradigms and necessary for long-term
memory formation and retrieval (Chen et al., 2005; Gafford et al., 2011; Stoica et
al., 2011). L-LTP is protein synthesis-dependent, requiring the activation of PI3KAkt-mTOR pathway (Gafford et al., 2011; Sanna et al., 2002; Stoica et al., 2011).
Additionally, LTP also requires the activation of ERK (reviewed in Giovannini,
2006), and ERK2 is required for long-term memory (Cestari et al., 2006; Satoh et
al., 2011; Selcher et al., 2001). ERK activation is dependent on IQGAP1 both in
epithelial cells (Roy et al., 2004) and neurons (Gao et al., 2011). Additionally,
NMDA treatment induces ERK activation in an IQGAP1-dependent manner, and
learning-induced phosphorylation of ERK is likely IQGAP1-dependent (Gao et al.,
2011; Schrick et al., 2007). Given that APC binds IQGAP1 directly, and is
required for its proper localization in epithelial cells (Watanabe et al., 2004), APC
may also modulate ERK function relevant for LTP.
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LTP is additionally dependent on a persistent increase in the
phosphorylation and activation of CaMKII (Barria et al., 1997; Fukunaga et al.,
1995). Active CaMKII can phosphorylate and inactivate PP2A (Fukunaga et al.,
2000), an event which is thought to be critical for the maintenance of LTP (Pi and
Lisman, 2008), as PP2A dephosphorylates both ERK (Kim et al., 2008; Van
Kanegan et al., 2005; Zhou et al., 2002) and PI3K-Akt-mTOR pathway
components (Hahn et al., 2010; Resjo et al., 2002), as discussed above. Given
that APC interacts with a regulatory subunit of PP2A (Seeling et al., 1999), this
provides a mechanism through which APC may function as a scaffold important
for LTP. APC interactions with PSD-95 (Shimomura et al., 2007) provide another
mechanism through which APC may regulate LTP. LTP is enhanced in PSD-95
KO mice (Migaud et al., 1998). Given that PSD-95 clusters are reduced in the
absence of APC (Shimomura et al., 2007), APC-PSD-95 interactions may
function to limit the magnitude of LTP.
A direct role for Wnt signaling in long-term potentiation (LTP) has been
demonstrated in the dentate gyrus (Chen et al., 2006b). LTP-inducing tetanic
stimuli cause a release of Wnt3a, and an accumulation of nuclear of β-catenin,
demonstrating activation of canonical Wnt signaling. LTP is suppressed by
blocking endogenous Wnt signaling with an anti-Wnt3a antibody, while mimicking
Wnt signaling via GSK3β inhibition enhances LTP (Chen et al., 2006b). LTP is
widely believed to be dependent on activity-dependent spine enlargement
(Bourne and Harris, 2008; Matsuzaki et al., 2004; Okamoto et al., 2004). Given
that β-catenin is necessary for proper spine formation, and influences activity-
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dependent changes in synaptic structure (Murase et al., 2002; Okuda et al.,
2007), Wnt signaling’s role in LTP may be mediated through the inhibition of
GSK3β and subsequent stabilization of β-catenin.
Recently, it was shown that Wnt signaling is also required for the late,
protein synthesis-dependent phase of LTP at Schaffer collateral-CA1 synapses
in the hippocampus (Ma et al., 2011). This study found that activation of Akt
alone is not sufficient to activate mTOR following a weak LTP-inducing protocol.
Activation of mTOR—and expression of LTP—is dependent on the additional
inhibition of GSK3 (Ma et al., 2011). GSK3 can inhibit mTOR activation by
phosphorylating Tsc2, an event which requires APC (Inoki et al., 2006),
suggesting involvement of the β-catenin destruction complex. Indeed, GSK3 and
Tsc2 coimmunoprecipitate with axin and Dvl, lending support to this notion (Mak
et al., 2003). In the hippocampus, inhibition of GSK3 was shown to be dependent
on the combined actions of ERK, Akt, and Wnt signaling (Ma et al., 2011).
Treating hippocampal slices with the Wnt scavenger Fz8-Fc prevented both LTP
and the inactivation of GSK3, leading the authors to believe that active Akt is
unable to phosphorylate and inhibit GSK3 in the absence of Wnt signaling.
Importantly, these effects of Wnt signaling were not sensitive to transcription
inhibitors, arguing against a role of Wnt-induced gene expression (Ma et al.,
2011).

Rather,

it

likely

involves

Wnt-signaling

dependent

changes

in

phosphorylation that, in turn, modulate protein interactions in the destruction
complex (Ha et al., 2004). Given that APC is a key component of the destruction
complex known to be important for mediating the Wnt-induced activation of
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mTOR, APC likely plays a role in integrating signaling events important for LTP,
downstream of Wnt signaling.
Wnt signaling and β-catenin have been directly implicated in learning and
memory. The learning phase of fear conditioning induces inhibition of GSK3, and
associated changes in β-catenin phosphorylation levels in the amygdala
(Maguschak and Ressler, 2008). Fear conditioning additionally induces a
dissociation of β-catenin from cadherins (Maguschak and Ressler, 2008, 2011),
an interaction known to regulate activity-dependent changes in spine morphology
and synaptic plasticity (Arikkath and Reichardt, 2008; Murase et al., 2002). Longterm memory is dependent on β-catenin, as local, Cre-mediated β-catenin
knockout in the amygdala blocks long-term memory consolidation (Maguschak
and Ressler, 2008). These learning-induced changes are likely mediated by Wnt
signaling, as infusion of either Wnt1 or the LRP6 inhibitor dickkopf-related protein
1 (DKK1) (Semenov et al., 2001) block both long-term memory, and the learning
induced dissociation of β-catenin from cadherins (Maguschak and Ressler,
2011).
These findings all point to an involvement of APC in LTP, either by being a
key component of the Wnt signaling pathway, or by functioning as a scaffold
directing the localization of crucial synaptic components such as PSD-95,
IQGAP1, and PP2A, which control ERK and mTOR signaling (Hahn et al., 2010;
Migaud et al., 1998; Resjo et al., 2002; Roy et al., 2004; Schrick et al., 2007;
Seeling et al., 1999; Shimomura et al., 2007; Van Kanegan et al., 2005;
Watanabe et al., 2004). Additionally, PP2A, as well as ERK and mTOR signaling,
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are critical for mGluR LTD, suggesting that APC could also play a role in
regulating that form of synaptic plasticity. The finding by Mili et al (2008) that
APC interacts with FMRP grants greater support to that theory. In fibroblasts,
APC was found to interact both with FMRP, and FMRP-target mRNAs selectively
localized in filopodia. Additionally, APC knockdown lead to a loss of FMRP and
associated mRNAs from filopodial tips, suggesting that APC is responsible for
directing the trafficking and/or retention of FMRP-mRNA complexes at distal sites
(Mili et al., 2008). If APC plays a similar role in neurons, perhaps by directing the
localization of FMRP-mRNA complexes to synaptic sites, this would add an
additional role for APC in regulating mGluR LTD.
Taken together, these studies show that APC and Wnt signaling regulate
neural development and function at multiple stages: Neuronal polarity, axon
guidance, synapse maturation, dendritic spine regulation, and synaptic plasticity
(Inestrosa and Arenas, 2010; Mili et al., 2008; Murase et al., 2002; Okuda et al.,
2007; Purro et al., 2008; Sahores and Salinas, 2011; Shimomura et al., 2007; Su
et al., 1993; Watanabe et al., 2004; Zhou et al., 2004). APC can modulate both
the actin- and MT-based cytoskeleton in Wnt-dependent and -independent
manners, either directly, or through interactions with its binding partners (Kita et
al., 2006; Watanabe et al., 2004; Zumbrunn et al., 2001). APC interacts with, and
directs the localization of a number of proteins important for synaptic maturation
and plasticity, including PSD-95, β-catenin, IQGAP1, PP2A, and FMRP (Mili et
al., 2008; Rubinfeld et al., 1993; Seeling et al., 1999; Shimomura et al., 2007; Su
et al., 1993; Watanabe et al., 2004). In vivo disruptions of APC therefore are
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predicted to have consequences on numerous aspects of neuronal morphology
and function, as evidenced by the association of APC gene mutations in humans
with ASD (Barber et al., 1994; Raedle et al., 2001; Zhou et al., 2007), a disorder
characterized by defects in neuronal connectivity and/or synapse maturation and
plasticity (Booth et al., 2011; Courchesne and Pierce, 2005; Sakai et al., 2011;
Zoghbi, 2003).
Wnt, mTOR/FMRP and ERK are key signaling pathways that are central
to normal behavior and cognitive functions. We predict that APC is a key linker
and regulator of these pathways based on its known binding partners. My
doctoral research focused on testing this model and defining the synapse specific
functions of APC, in vivo, in neurons. I have used two distinct model systems
and excitatory synapse types to define APC’s neural role. Chapters 2 and 3 detail
research performed in the developing embryonic chick parasympathetic ciliary
ganglion (CG), where APC function was perturbed by the expression of a
dominant negative peptide to block APC-EB1 interactions during synapse
formation. These studies identified a novel function for APC by showing that
postsynaptic APC-EB1 interactions are essential for both the postsynaptic and
presynaptic maturation of nicotinic synapses, and identified APC as a regulator of
neuroligin and neurexin localizing to synapses in vivo. In Chapter 5, I defined the
role of APC at central glutamatergic synapses using our newly generated
transgenic mouse with APC conditionally ablated from excitatory neurons during
synapse differentiation by Cre-mediated recombination driven by a CaMKII
promoter. APC conditional knockout (cKO) mice, compared with control
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littermates, exhibit autistic-like phenotypes including AgCC, abnormal synaptic
plasticity, deficits in learning and long-term memory, and behaviors reminiscent
of ASD including reduced social interactions and increased repetitive behaviors.
Additionally, levels of FMRP are decreased in the hippocampus of APC cKO
mice, identifying APC as a regulator of FMRP protein levels in neurons. The APC
cKO mouse recapitulates many aspects of human ASDs, some not found in other
mouse models expressing autism-associated gene mutations. Thus, the APC
cKO will serve as a useful model to gain new insights into the molecular causes
and potential treatment approaches for ASD.
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CHAPTER 2

ADENOMATOUS POLYPOSIS COLI PLAYS A KEY ROLE,
IN VIVO, IN COORDINATING ASSEMBLY OF THE
NERUONAL NICOTINIC POSTYNAPTIC COMPLEX

Madelaine M. Rosenberg, Fang Yang, Monica Giovanni, Jesse L. Mohn, Murali
K. Temburni, and Michele H. Jacob

Chapter published in Mol Cell Neurosci. 2008 Jun; 38(2): 138-52.
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ABSTRACT
The neuronal nicotinic synapse plays a central role in normal cognitive and
autonomic function.

Molecular mechanisms that direct the assembly of this

synapse remain poorly defined, however. We show here that adenomatous
polyposis coli (APC) organizes a multi-molecular complex that is essential for
targeting α3*nAChRs to synapses. APC interaction with microtubule plus-end
binding protein, EB1, is required for α3*nAChR surface membrane insertion and
stabilization. APC brings together EB1, the key cytoskeletal regulators macrophin
and IQGAP1, and 14-3-3 adapter protein at nicotinic synapses. 14-3-3, in turn,
links the α3-subunit to APC. This multi-molecular APC complex stabilizes the local
microtubule and F-actin cytoskeleton and links postsynaptic components to the
cytoskeleton—essential functions for controlling the molecular composition and
stability of synapses. This work identifies macrophin, IQGAP1 and 14-3-3 as
novel nicotinic synapse components and defines a new role for APC as an in vivo
coordinator of nicotinic postsynaptic assembly in vertebrate neurons.
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INTRODUCTION
Normal cognitive and autonomic functions require nicotinic synaptic transmission.
Malfunction of nicotinic synapses has been implicated in Alzheimer’s disease,
schizophrenia, nocturnal frontal lobe epilepsy and autoimmune autonomic
neuropathies (Dani and Bertrand, 2007). Despite the physiological importance of
neuronal nicotinic synapses, little is known about the molecular mechanisms that
direct their assembly during development. We recently identified adenomatous
polyposis coli (APC) protein as a key synapse organizer by showing that it is
essential for localizing nAChRs to postsynaptic sites in vivo (Temburni et al.,
2004). APC’s synaptic function was undefined prior to this work. However, the
molecular mechanisms that underlie APC-mediated targeting of nAChRs to
synapses are poorly understood.

The present study begins to define these

mechanisms in an in vivo model system. The importance of understanding such
mechanisms in the vertebrate nervous system is underscored by the association
of APC gene mutations with mental retardation, schizophrenia and autism
spectrum disorders (Cui et al., 2005; Finch et al., 2005; Zhou et al., 2007).
The APC protein has multiple domains and binding partners, indicating its
multi- functional nature (Fearnhead et al., 2001).

APC is a known negative

regulator in the canonical Wnt gene transcription pathway (Polakis, 1997). In
addition, APC organizes and stabilizes the polarized microtubule cytoskeleton in
epithelial cells by binding to the microtubule plus-end binding protein EB1, a
member of the family of microtubule tracking proteins (Akhmanova and
Hoogenraad, 2005; Reilein and Nelson, 2005). Recent studies show that APC
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also carries out microtubule-organizing functions in neurons. APC plays a role in
establishing neuronal polarity, axon specification, and microtubule-mediated
axonal targeting of specific proteins (Farias et al., 2007; Shi et al., 2004; Votin et
al., 2005; Zhou et al., 2004). New reports extend APC’s role to include synapse
assembly as well. APC is required for clustering of PSD-95 in cultured
hippocampal neurons (Shimomura et al., 2007), muscle-type nAChRs on
myotubes (Wang et al., 2003b), and α3*nAChRs at interneuronal postsynaptic
sites in vivo (Temburni et al., 2004).
Our work has identified APC as a novel component of neuronal nicotinic
synapses (Temburni et al., 2004).

Surface clusters of APC selectively co-

localized with synaptic vesicles and α3*nAChRs at synapses on chicken ciliary
ganglion (CG) neurons. Furthermore, our past studies identified APC’s binding
partners in the CG as EB1, postsynaptic density protein PSD-93, and β-catenin.
Importantly, simultaneous block of APC’s interactions with both EB1 and PSD-93
caused specific decreases in α3*nAChR clusters (Temburni et al., 2004).
Postsynaptic accumulations of EB1 and PSD-93 were also reduced, although the
latter is not essential for localizing α3*nAChRs at synapses (Conroy et al., 2003;
Parker et al., 2004).
The present study tests directly the synapse organizing functions of the
APC::EB1 interaction. We provide new insights into APC and EB1 associated
proteins and mechanisms that target α3*nAChRs to synapses in vivo. We show
that APC::EB1 interactions are required for both surface delivery and
postsynaptic stabilization of α3*nAChRs. APC directs these essential aspects of
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synaptic assembly by organizing a complex of EB1, key cytoskeletal regulators
macrophin and IQGAP1, and 14-3-3 adapter proteins at postsynaptic sites. This
multi-molecular APC complex stabilizes the microtubule and F-actin cytoskeleton
at the synapse and 14-3-3 links α3*nAChRs to APC. Our findings identify novel
components of neuronal nicotinic synapses and uncover new roles for APC in
coordinating assembly of the postsynaptic complex in vertebrate neurons in vivo.

METHODS
Antibodies Primary antibodies used were: C-20 to APC C-terminus (Santa Cruz
Biotechnology, Santa Cruz, CA); ab58 to APC N-terminus (abcam, Cambridge,
MA); anti-Chapsyn-110/PSD-93 (Alomone Labs, Jerusalem, Israel); anti-EB1
(Transduction Laboratories, Lexington, KY); anti-β-catenin and anti-N-cadherin
(Zymed

Laboratories,

San

Francisco,

CA);

for

α3-nAChRs:

mAb35

(Developmental Studies Hybridoma Bank, Iowa City, IA) which detects an
extracellular epitope and mAb313 (Covance, Berkeley, CA) which detects an
intracellular epitope; for α7-nAChRs: biotinylated α-bungarotoxin (Molecular
Probes-Invitrogen, Eugene, OR); mAb2b for GlyRs (Synaptic Systems,
Göttingen, Germany); anti-SV2

for synaptic vesicles (Developmental Studies

Hybridoma Bank); anti-14-3-3β(K-19)(a pan-subunit 14-3-3 antibody, Santa
Cruz); Alexa Fluor 568-phalloidin (Molecular Probes) to detect F-actin; neuronal
specific tubulin tuj-1 (Covance); anti-IQGAP1 (gift from David Sacks, Harvard
Medical School, Boston, MA, and BD Transduction Laboratories, San Diego,
CA); anti-kakapo which detects macrophin (MACF) (gift of Talila Volk, Weizmann
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Institute of Science, Rehovot, Israel); anti-myc (Cell Signaling, Danvers, MA);
anti-MBP antibody (New England Biolabs, Ipswich, MA); anti-GST (GRASP
Center, Tufts University) and anti-HA (clone 3F10, Roche Diagnostics,
Indianapolis, IN, and Y-11, Santa Cruz Biotechnology).

Secondary reagents

used were: Alexa-Fluor-488, -555 -594 conjugated secondary antibodies raised
in rabbit, rat, mouse, and guinea pig (Molecular Probes), Rhodamine-conjugated
avidin DCS (Vector Laboratories, Burlingame, CA) and ) goat anti-rat IgG(H+L)
Fab fragment (Jackson ImmunoResearch Laboratories, West Grove, PA).

Ciliary ganglion tissue preparations

White Leghorn embryonated chicken

eggs, obtained from Charles River Spafas (North Franklin, CT) or University of
Connecticut Poultry Farm (Storrs, CT) were maintained at 37°C in a forced airdraft humidified incubator until use. Embryos were staged according to the
Hamburger and Hamilton (Hamburger, 1951) classification scheme; the days of
embryonic development refer to the stage (st) rather than the actual days of
incubation. The developmental stages used include: embryonic day (E) 10-13 (st
36-39) and E14-18 (st 40-44).
For light microscopy experiments, CGs from APC::EB1dn-infected and
age-matched uninfected control embryos were processed in parallel for frozen
sectioning and immunolabeling using previously described methods (Olsen et al.,
2007).

For confocal microscopy, CGs from APC::EB1dn-infected and age-

matched control embryos were acutely dissociated and processed for
immunolabeling as previously described (Williams et al., 1998). Controls for
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specific binding in double-labeling studies included omitting the first or second
primary antibody in separate tests; only background labeling was detected (data
not shown).

Quantitative light microscopy Immunolabeled sections were examined with a
Zeiss Axioscope microscope (Zeiss, Thornwood, NY), and photographed with a
SPOT color CCD camera and software (Diagnostic Instruments, Sterling Heights,
MI) for Figs. 2-1, 2-2, 2-3, 2-6, or with a Q-Imaging Retiga 200R Fast 1394 black
and white CCD camera (Surrey, British Columbia, Canada) and Nikon
Instruments NIS Elements software (Melville, NY) for Figs. 2-4, 2-6, and 2-9. For
each primary antibody, images were acquired using identical gain and exposure
settings such that pixel intensities were below saturation levels.

To quantify

changes in immunolabeling levels in APC::EB1-dn versus uninfected control
neurons, we assessed pixel intensity profiles along ~3µm length segments of the
brightest

labeled

surface

regions

per

neuron

using

either

Image

J

(http://rsb.info.nih.gov/ij/) or NIS elements software. For each immunolabel, we
analyzed pixel intensities for two or three different line segments per neuron and
10 to 30 dominant negative expressing neurons and uninfected control neurons
from 6-12 separate embryos. The pixel intensities of sampled surface segments
were binned into incremental groups of 10 pixel intensity steps (eg. 0-9, 10-19
etc., up to 255, saturation) for images acquired with SPOT camera (dynamic
range 0-255) or 100 pixel intensity steps for images acquired with Q-imaging
camera (dynamic range 0-4095). We calculated the percentage of pixels that
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belonged to each pixel intensity category and plotted the relative frequency
distributions. Bar graphs were generated by calculating the mean pixel intensity
for each ~3µm line segment analyzed per protein. We calculated the standard
error of the means (S.E.M.) and Student t-test values with Microsoft Excel.

Quantitative

confocal

microscopy

Freshly-dissociated

immunolabeled

neurons were examined by confocal microscopy with a Leica (Heidelberg,
Germany) TCS SP2 microscope using Kr (568nm) and Ar (488nm) laser sources,
and a 63x 1.32 numerical aperture lens. Optical sections were acquired from the
top to the bottom of each neuron at 0.5-1 µm step intervals. Laser intensity and
photomultiplier tube gain were kept constant across experiments. Settings were
chosen such that pixel intensities fell below saturation levels. In addition, the
wavelengths of light collected in each detection channel were set such that no
detectable bleed-through occurred between the different channels. Pixel intensity
profiles along ~3µm segments of labeled neuronal surface regions were
assessed as described above using Leica imaging software.

Electrophysiology

Acutely dissociated E11-13 CG neurons were prepared

using minor modifications of methods reported previously (Liu et al., 2006b;
Olsen et al., 2007). Dissociated cells were plated onto 12 mm German glass
coverslips (Fisher Scientific, Pittsburg, PA) coated with 0.1 mg/ml poly-L-lysine
(Sigma) and laminin (2 µg/ml, gift of Dr. Rae Nishi, University of Vermont,
Burlington, VT) and maintained at 37°C, 5% CO2, for 2-6 hours until use.

52

nAChR-mediated currents were recorded from single CG neurons held at -60 mV
using standard tight seal, whole-cell recording with a List EPC-7 Patch Clamp
Amplifier (Medical System, Greenvale, NY). Cells were continuously perfused
with an external recording solution contained in mM: 150 NaCl, 3 KCl, 2 CaCl2, 1
Mg Cl2, 10 glucose, 10 HEPES, pH 7.4 (Zhang and Berg, 1995). Starting
electrode resistances were 1-2 MΩ when filled with a solution containing in mM:
140 CsCl, 1 MgCl2, 5 EGTA/CsOH, 5 glucose, 10 Hepes, pH 7.2. For some
experiments, α-bungarotoxin (100 nM, Molecular Probes) was bath-applied
focally within 100 µm of the recorded cell in standard external solution. Nicotine
(20 µM, Sigma) was applied for 1 sec with a puffer pipette (~1 µm pore diameter)
close to the recorded cell (~20 µm) by pressure-driven focal ejection with a
Picospritzer (General Valve, Fairfield, NJ). For each cell, nicotine was applied 2-3
times at 1 min intervals to allow recovery between applications. All experiments
were performed at room temperature (~23°C). Membrane currents were filtered
digitally at 2 KHz and acquired at 5 KHz with a DigiData 1322A A/D interface
(Axon Instruments, Foster City, CA) and a Dell computer running pCLAMP 9
software (Axon Instruments). Analyses were performed with pCLAMP 9 software
and Microsoft Excel.

Receptor insertion and endocytosis assays Acutely dissociated E10-12 CG
neurons from control and APC::EB1-dn infected embryos were plated onto polyD-lysine/laminin coated 12 mm glass coverslips (for insertion assays) or chamber
slides (BD Labware, for endocytosis assays) as described above, and grown in
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culture for 1-2 days. The rate of α3*nAChR insertion was determined using minor
modifications of previously described assays (Lu et al., 2001; Man et al., 2003).
Briefly, dissociated neurons were exposed to saturating concentrations of mAb35
(1:50) followed by incubation with saturating amounts of unlabeled rat IgG(H+L)
Fab fragment antibody to block existing surface α3*nAChRs. The cells were then
returned to 37°C to allow for insertion. At t=0, 4 or 8 hr after block, the
appearance of newly-inserted α3*nAChRs was assessed by incubation at 4ºC
with mAb35 (1:50) followed by incubation with fluorescent-conjugated secondary
antibody and fixation. Controls were performed to verify that unlabeled antibodies
completely saturated existing surface α3*nAChRs throughout the experiment by
applying fluorescent-conjugated secondary antibody at either t=0 or t=8hrs on
living neurons prior to fixation; only background fluorescence was observed.
Epifluorescence images were acquired with a Zeiss Axioscope microscope. The
number of α3*nAChR clusters on the neuronal soma was determined using NIS
elements software. We analyzed 25-27 neurons from 3 separate experiments.
We quantified the number of clusters per neuron soma, normalized to total
surface area and then calculated the rate of insertion using Microsoft Excel.
The turnover rate of surface α3*nAChRs was measured using standard
cell-surface biotinylation assays of endocytosis (Mammen et al., 1997;
Rasmussen et al., 2002). Briefly, dissociated cells from control and APC::EB1dn-infected embryos were plated at equal density of ~10 000 neurons per well.
Surface proteins were biotinylated with 1.0 mg/ml EZ-link sulfo-NHS-SS-Biotin
(Pierce, Rockford, IL) for 30 min at 4°C. The reaction was stopped by washes
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with 2 mg/ml BSA. The cells were returned to 37°C, chased for various lengths of
times to allow endocytosis and lysed with (in mM): 100 NaCl, 50 Tris-HCl pH 8.0,
10 EDTA, 50 NaF, 0.1 Na3VO4, 10% glycerol, 0.5% Igepal CA-630 (chemically
equivalent to NP-40, Sigma-Aldrich), and protease inhibitor cocktail (Roche).
Biotinylated proteins were precipitated as described (Rasmussen et al., 2002).
Levels of biotinylated surface α3*nAChRs (mAb313) and N-cadherin, as another
nicotinic synapse surface membrane protein, were assessed by standard
immunoblot techniques (Temburni et al., 2004) using ECL plus detection system
(GE Healthcare, Little Chalfont, Buckinghamshire, UK) and exposure to X-ray
film for 30 sec - 5 min. Band densities were determined using Kodak Image
Station 440 (Carestream Molecular Imaging, New Haven, CT) and Kodak 1D
software. Samples of total lysate from non-biotinylated sister cultures were
loaded onto the same gels to generate standard calibration curves to verify that
band densities of biotinylated protein were within the linear range of the film. The
experiment was repeated 5 times.

Retroviral vector-mediated gene transfer APC::EB1-dn cDNA (amino acids
1943-2184; NCB1 accession number XP_001233411; corresponding to the EB1binding domain of chicken APC sequence) was generated and coupled to the
hemagglutinin (HA) tag (YPYDVPDYA) at its N-terminus by PCR. APC::PSD93dn cDNA [amino acids 2185-2232; corresponding to the APC C-terminus-end
fragment that contains the consensus PDZ- binding motif (VTSV) at the 3’ end]
was similarly generated and HA-tagged. The cDNA constructs were subcloned
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separately into avian-specific retroviral vector RCASBP (B envelope subgroup
type)(Homburger and Fekete, 1996). Viral stocks were prepared in DF1 chicken
fibroblast cells (American Type Culture Collection, Manassas, VA). CGs were
infected in ovo at 36 hrs of development (st 8-9) as previously described
(Temburni et al., 2004; Williams et al., 1998) and sampled 1-2 weeks later.

In vitro binding assays Glutathione S-transferase (GST) and maltose binding
protein (MBP) fusions of chicken APC, EB1, PSD-93, and α3 nAChR subunit
proteins were generated by PCR amplification and cloning in frame into pGex4T1 and pMalC2 vectors (GE Healthcare and New England Biolabs). The peptides
include: chicken APC C-terminus (a.a. 1943-2232; corresponding to the EB1 and
PSD93 binding domains), APC::EB1-dn, APC::PSD93-dn, full length EB1,
PSD93 (a.a. 282-586; corresponding to PDZ domains 2 and 3 of chicken
PSD93a) and α3*nAChR subunit long cytoplasmic loop. 14-3-3ζ in pGEX-2TK
was the kind gift of Dr. Stephen Moss (University of Pennsylvannia). The fusion
proteins were expressed in Escherichia coli BL21-DE3 cells (Stratagene) and
purified using GST Sepharose (Sigma) or amylose resin (New England Biolabs).
The affinity-isolated recombinant fusion peptides were used to pull down their
purified binding partners in Tris-Triton buffer (in mM: 10 Tris (pH 7.6) , 50 NaCl,
30 sodium pyrophosphate, 50 NaF, 5 EDTA, and 0.2 Na3VO4, 1% TritonX-100,
and protease inhibitor cocktail (Roche). In addition, binding competition assays
were performed to test whether the HA-tagged dominant negative peptides
prevented the binding of APC with the targeted binding partner. MBP-EB1 (2µg)
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or MBP-PSD93 (2µg) was incubated with or without purified APC::EB1-dn (6µg)
or APC::PSD93-dn peptide (6µg) in Tris-Triton buffer for 1 hr at 4°C followed by
incubation for 1 hr with GST-APC C-terminal fragment (including both EB1- and
PSD93-binding domains; 2µg) bound to Sepharose. Bound protein complexes
were eluted, and analyzed by SDS-PAGE and immunoblotting. Specific binding
was established by using GST-alone (negative control) to precipitate the MBPtagged protein, and the MBP-tag alone for binding to the recombinant GSTprotein.

Co-immunoprecipitation assays

In vivo coimmunoprecipitation of native

α3*nAChRs with APC and 14-3-3 was performed using CG lysates. Briefly, 50
E14-18 CGs were solubilized with Tris-Triton buffer for 1 hr on ice. Insoluble
material was removed by centrifugation at 16,000×g at 4°C for 20 min. The
supernatant fraction was incubated with α3*nAChR (mAb35 or mAb313), APC or
14-3-3 antibodies (1:100). Immune complexes were affinity precipitated with
protein-G or protein-A Sepharose beads (for mouse and rabbit antibodies,
respectively). The bound protein complexes were eluted, separated by SDSPAGE, and analyzed by immunoblotting (ECL plus detection system, GE
Healthcare) (Temburni et al., 2004). Controls for antibody binding specificity were
included.
Co-immunoprecipitation of chimeric nAChR subunits with APC and 14-3-3
was tested in heterologous expression studies in Madin-Darby canine kidney
(MDCK) cells (gift of Dr. Larry Feig, Tufts University, Boston, MA). MDCK cells
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were maintained in DMEM medium (Invitrogen) supplemented with 10% bovine
fetal calf serum and antibiotics at 37°C, 5% CO2.

Myc-tagged chimeric α7-

nAChR subunit containing the α3 long cytoplasmic loop (instead of the
homologous α7 region; α7/α3 chimera, previously described in Williams et al.,
1998) was generated by PCR and cloned into pcDNA3.1(+) vector (Invitrogen).
Similarly, we generated a mutated version containing serine-to-alanine
substitution of residue 415 of the α3 long cytoplasmic loop. The chimeric and
mutated nAChR constructs were transiently transfected into MDCK cells using
Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. Cells
were lysed 48 hrs later with ice-cold Tris-Triton buffer for 30 min. The lysates
were centrifuged at 16,000×g for 20 min at 4°C. The supernatants were
precleared with protein-G agarose beads (Roche) for 3 hours at 4°C and then
incubated with anti-myc or anti-α3-nAChR (mAb313) for 2 hr at 4°C, followed by
incubation with protein-G agarose overnight. Immunoprecipitates were washed
five times, boiled in Laemmli sample buffer, and analyzed by immunoblotting with
the antibody directed against the other protein of the candidate interacting pair.

RESULTS
Blockade of APC::EB1 interactions specifically decreases α3*nAChR
surface clusters in vivo.

To gain new mechanistic insights into neuronal

nicotinic synapse assembly, we tested our model of APC as a key organizer of a
multi-protein postsynaptic complex that targets α3*nAChRs to synapses by
regulating the local cytoskeleton. APC interactions with the microtubule plus-end
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binding protein EB1 are predicted to play a central role in this model. As the first
step, we tested directly whether selective blockade of APC::EB1 interactions
specifically disrupts α3*nAChR localizing at synapses in CG neurons. Single CG
neurons express two nAChR types, α3*nAChRs and α7-nAChRs, as well as
glycine receptors (GlyRs), each of which segregates to a distinct synapseassociated surface membrane region. This preparation, therefore, provides a
valuable opportunity to compare molecular mechanisms that orchestrate the
assembly of the different receptor complexes. The α3*nAChRs are concentrated
in postsynaptic membrane regions that oppose presynaptic terminal active zones
(Jacob et al., 1986; Williams et al., 1998). GlyR clusters localize to separate but
proximal postsynaptic membrane regions, all under one presynaptic terminal
(Tsen et al., 2000). In contrast, α7-nAChRs are excluded from the synapse and
localize perisynaptically on somatic spines (Coggan et al., 2005; Jacob and Berg,
1983).

For the present studies, we developed a new dominant negative

construct to selectively block endogenous APC binding to EB1 during synapse
formation in vivo. We used the dominant negative blocking peptide rather than a
knockdown of APC expression (e.g., using RNA interference) because we
wished to define the specific functions of APC::EB1 interactions in nicotinic
synapse assembly.
We generated a dominant negative (dn) APC C-terminal fragment
consisting of the EB1 binding domain in the chicken APC sequence (amino acids
1943-2184), referred to here as APC::EB1-dn. The EB1 binding domain in the
chicken APC C-terminus was defined by co-immunoprecipitation assays
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employing overlapping C-terminal peptide fragments (data not shown). We used
retroviral-mediated

gene

transfer

to

express

hemagglutinin

(HA)-tagged

APC::EB1-dn, in vivo, in chicken CG neurons during the time of synapse
formation. Infected cells were identified through HA immunolabeling.
Prior to in vivo expression, we tested the specificity and efficacy of the
APC::EB1-dn construct in in vitro binding assays.

We established that HA-

tagged APC::EB1-dn peptide specifically interacted with full-length EB1 (Fig.21A) and blocked the binding of APC recombinant fusion protein to EB1, but not to
PSD93 (Fig. 2-1B,C). We then confirmed the in vivo specificity of the APC::EB1dn by looking for changes in synaptic accumulation of EB1 and other APC
binding partners in infected versus uninfected control CG neurons.

Typically

these proteins are selectively enriched at α3*nAChR-containing postsynaptic
sites in CG neurons (Temburni et al., 2004). EB1 clusters show close proximity
to and partial overlap with α3*nAChR surface clusters (Fig 2-1D), but the bulk of
EB1 staining is cytoplasmic, as expected for a microtubule binding protein. We
found specific and significant decreases in EB1 clusters near surface sites in
APC::EB1-dn neurons versus uninfected control neurons (26% lower mean pixel
intensity levels, p<9.3x10-7; Fig. 2-1E), In contrast, we found no significant
change in the labeling for: PSD-93 or β-catenin, two other APC interacting
proteins, N-cadherin, the cell adhesion molecule that recruits β-catenin to specific
synapses or APC itself (Fig 2-2). These results suggest that the overexpressed
APC::EB1-dn selectively blocks endogenous APC interactions with EB1 in CG
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neurons in vivo. Further, these findings demonstrate that APC interactions are
required to localize or selectively retain EB1 at nicotinic postsynaptic sites.
Blockade of APC::EB1 interactions, in vivo, led to obvious decreases in
α3*nAChR surface clusters (Fig. 2-1F).

We found a substantial decrease in

fluorescence pixel intensities for α3*nAChR surface membrane labeling on
APC::EB1-dn infected versus uninfected control CG neurons [uninfected neurons
within the same CG (internal control) and uninfected age-matched CGs
processed in parallel]. Mean pixel intensity levels were 31% lower for surface
α3*nAChRs on APC::EB1-dn neurons relative to control neuron values (p<10-6,
Student’s t-test, Fig. 2-1F). We found a quantitative correlation between the
extent of reductions and APC::EB1-dn expression levels (pixel intensity of HA
immunolabeling); decreases of 38% in heavily infected neurons and 23% in
lightly infected neurons relative to control values. Immunofluorescent labeling,
however, likely underestimates the change in receptor number because of limited
antibody access to receptor packed at high density accumulations on control
neurons. Indeed, direct measurement of functional α3*nAChR levels revealed an
apparently greater decrease in APC::EB1-dn neurons (see below).
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Figure 2-1 Selective blockade of APC::EB1 interactions led to decreases in
α3*nAChR surface clusters on CG neurons in vivo. (A-C) In vitro binding
assays demonstrate that APC::EB1-dn selectively blocks APC binding to EB1.
(A) Purified GST-APC::EB1-dn peptide specifically binds to MBP-EB1 fusion
protein, while GST alone does not. (A,B) Input: 15% of MBP-EB1 total input. IB:
EB1 antibody. (B,C) APC::EB1-dn peptide specifically prevented the binding of
EB1 (B), but not of PSD-93 (C), to GST-APC C-terminal peptide (that contains
the EB1- and PSD-93- binding domains of APC) (compare lane 1 and 2 in B and
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C). (C) IB: MBP antibody. (D) Confocal micrographs of immunostained acutely
dissociated E11-13 CG neurons show that EB1 clusters (red) are in close
proximity to and partially overlap (yellow) with α3*nAChR surface clusters
(green). (E) Expression of APC::EB1-dn (DN), in vivo, causes reductions in EB1
clusters in the vicinity of the neuron surface membrane, marked by a white
dashed line. Middle panel, Frequency distribution graph shows reductions in the
pixel intensity of EB1 labeling near the surface in APC::EB1-dn infected neurons
(red boxes) versus uninfected control neurons (blue triangles) at matched ages
(see below). Dashed vertical lines indicate the median intensity values. Right
panel, Bar graph showing 26% lower mean intensity levels for EB1 labeling near
the surface in APC::EB1-dn neurons compared to control neuron values
(*p<9.3x10-7, n=15 DN neurons, 11 Ctl neurons). Bars represent the mean ±
SEM.

In contrast, APC::EB1-dn expression caused no significant change in

labeling for other APC binding partners (Fig. 2-2), suggesting that the blocking
peptide specifically prevented the targeted interaction. (F) Epifluorescence
micrographs of double-labeled E11-13 CG frozen sections showing that
α3*nAChR surface clusters (red) were decreased in neurons expressing the HAtagged APC::EB1-dn (DN, green) as compared to a control neuron (Ctl) from an
uninfected CG age-matched and processed in parallel (upper right panel) and an
internal control neuron in the infected CG (DN-, lower panel).

HA staining

(green) shows that retroviral infection was restricted to CG neurons and
occasionally a few glial cells (small HA+ cells; not seen here) that surround the
neuronal somata. The dark unstained region in the infected neuron cytoplasm is
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the nucleus. Insets, two-fold magnification views of boxed regions. Middle and
right panels, α3*nAChR surface labeling shows substantial decreases in pixel
intensity levels and 31% lower mean intensity levels in APC::EB1-dn neurons
compared to uninfected control neuron values (*p<10-6, Student’s t-test, n=15 DN
and 15 Ctl neurons). Dashed vertical lines indicate the median intensity values.
Bars represent the mean ± SEM.
For the quantitative assessments, the fluorescence pixel intensities were
measured along 3 µm length segments of the brightest labeled surface regions
(n= 2-3 segments per neuron, 10-30 DN and Ctl neurons, and 6-12 embryos for
each immunolabeling experiment).

The values were binned into incremental

groups of 10 pixel intensity steps (from 0-9, 10-19,…, up to saturation). The
percentage of pixels that belonged to each pixel intensity category was
calculated and the data plotted as a relative frequency distribution (E, F).
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Figure 2-2
2 Expression of APC::EB1
APC::EB1-dn
dn does not alter clusters of PSD-93,
PSD
βcatenin or N-cadherin
cadherin at the CG neuron surface. Confocal micrographs of
immunostained acutely dissociated E11
E11-13
13 CG neurons showing PSD-93
PSD
(A), βcatenin (B), and N-cadherin
cadherin (C). In contrast to the decrease in EB1 clusters (Fig.
2-1E), APC::EB1-dn
dn (DN) expression caused no significant change in clusters
cluster at
surface sites for PSD--93 or β-catenin,
catenin, two other APC binding partners, or NN
cadherin, the intercellular adhesion protein at CG nicotinic synapses. The neuron
surface membrane is marked by a white dashed line. Middle and right panels,
There is no significant
ficant difference in pixel intensity levels in APC::EB1-dn
APC::EB1
infected
neurons versus uninfected control neurons (Ctl). (PSD93: p>0.09; β-catenin:
β
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p>0.5; N-cadherin: p> 0.5; n= 12-18 neurons). Dashed vertical lines indicate the
median intensity values. Bars represent the mean ± SEM.

The effects of APC::EB1-dn expression were specific for α3*nAChRs, as α7nAChR surface clusters and mean pixel intensity levels were not altered (p>0.14,
Fig. 2-3A-C).

Moreover, surface GlyR mean pixel intensity levels were

significantly increased by 18% on APC::EB1-dn neurons relative to control
neuron levels (p< 0.02, Fig. 2-3F).

We speculate that the increase in GlyR

surface levels may be an indirect effect of changes at the nicotinic postsynaptic
sites caused by the APC::EB1-dn, based on reports of an interplay between
nicotinic and GABAergic signaling in developing CG neurons (Liu et al., 2006b;
Temburni et al., 2004) and the selective co-localization of APC with surface
α3*nAChRs, but not with GlyRs or α7-nAChRs (Temburni et al., 2004).
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Figure 2-3 APC::EB1-dn did not cause reductions in neighboring surface
clusters of α7-nAChRs and glycine receptors.

(A,D) Epifluorescence

micrographs of double-labeled E11-13 CG frozen sections showing no decrease
in surface clusters of α7-nAChRs (A, red) and GlyRs (D, red) in neurons
expressing the HA-tagged APC::EB1-dn (A,D, green) as compared to uninfected
control neurons. Insets, two-fold magnification views of boxed regions. (B,C) α7nAChR surface labeling shows no significant difference in pixel intensity levels in
APC::EB1-dn infected neurons versus uninfected control neurons at matched
ages (p>0.14, n= 27 DN and 21 Ctl neurons). (E,F) In contrast, GlyR surface
labeling shows a shift to higher pixel intensity levels (E) and an 18% increase in
the mean intensity levels (F) in APC::EB1-dn neurons relative to control neuron
values (* p<0.02, n= 12-13 neurons). (B,E) Dashed vertical lines indicate the
median intensity values. (C,F) Bars represent the mean ± SEM.

As a further specificity test, we expressed a different dominant negative peptide
to block the binding of endogenous APC to PSD-93a, but not to EB1, in CG
neurons.

PSD-93a is a short isoform that lacks the Src homology 3 and

guanylate kinase domains, and it selectively co-localizes with APC and
α3*nAChR surface clusters in the CG (Conroy et al., 2003; Temburni et al.,
2004). The APC::PSD-93-dn consisted of the APC C-terminus-end fragment
(amino acids 2185-2232) that contains the consensus PDZ- binding motif (VTSV)
at the carboxyl end. In vitro binding assays confirmed specificity, as the HAtagged APC::PSD-93-dn peptide blocked the binding of APC recombinant fusion

67

protein to PSD-93a, but not to EB1 (Fig. 2-4A,B). In sharp contrast to APC::EB1dn, expression of APC::PSD-93-dn, in vivo, caused no significant change in
α3*nAChR surface labeling (Fig. 2-4C-E). Importantly, the two different blocking
peptides were expressed at similar levels within CG neurons (pixel intensity of
HA immunolabeling).

APC interactions with EB1, but not with PSD-93a, are

essential for α3*nAChR targeting to neuronal synapses in vivo.

Figure 2-4

Expression of a different blocking peptide, APC::PSD-93-dn,

does not alter α3*nAChR surface clusters on CG neurons in vivo. (A,B) In
vitro binding assays show that a different blocking peptide, APC::PSD-93-dn
substantially decreased the binding of MBP-PSD-93, but not of MBP-EB1, to
APC C-terminal recombinant peptide (compare lane 1 and 2 in A and B) IB: MBP
antibody (A) and EB1 antibody (B).

(C) Epifluorescence micrographs of

immunostained E11-13 CG frozen sections showing no apparent change in
α3*nAChR surface clusters (red) on HA-tagged APC::PSD-93-dn expressing
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neurons (green, PSD93-DN) as compared to control uninfected neurons (Ctl)
age-matched and processed in parallel. Insets, two-fold magnification views of
boxed regions. (D,E) α3*nAChR surface labeling shows no significant difference
in pixel intensity levels in APC::PSD-93-dn infected neurons relative to uninfected
control neurons (p>0.14, Students t-test; D,E,

n=23 DN neurons, 30 Ctl

neurons). (D) Dashed vertical lines indicate the median intensity values.

(E)

Bars represent the mean ± SEM.

APC::EB1-dn expression decreases functional α3*nAChRs levels. To test
whether the decrease in α3*nAChR surface clusters reflects reduced clustering
or reduced density, we used whole-cell voltage clamp recordings to measure
nAChR-mediated currents on acutely dissociated neurons from APC::EB1-dn
infected CGs versus control uninfected CGs.

The relative contributions of

α3*nAChRs and α7-nAChRs to the currents can be readily distinguished
because α7-nAChRs activate and inactivate rapidly, whereas α3*nAChRs gate
much more slowly (Zhang et al., 1994). In a subset of the experiments, α7nAChRs were blocked by adding saturating levels of α-bungarotoxin (100 nM)
(Zhang et al., 1994) to the recording solution, and there was no significant
change in amplitude or time course of the late phase α3*nAChR-mediated
current (data not shown).
α3*nAChR currents evoked by the agonist nicotine (at 20 µM) were 2.6fold lower in peak amplitude in APC::EB1-dn neurons as compared to control
neurons (mean current densities = 7.2 ± 1.9 pA/pF versus 18.7 ± 2.1 pA/pF,
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p<2x10-5, Student’s t-test) when measured at a holding potential of -60 mV (Fig.
2-5), indicating a decrease in the total number of functional α3*nAChRs. The
APC::EB1-dn-induced reduction in α3*nAChRs is not likely to be caused by
reduced receptor synthesis, because we found no change in α3*nAChR protein
levels in the internal biosynthetic pool by quantitative immunolabeling (data not
shown).

Our immunolabeling and voltage clamp recordings show that the

APC::EB1-dn specifically decreased surface α3*nAChRs.

Figure 2-5.

APC::EB1-dn expression decreases functional α3*nAChR

levels. (A) Whole-cell voltage clamp recordings of α3*nAChR-mediated currents
evoked by the agonist nicotine at 20µMfrom acutely dissociated neurons of
APC::EB1-dn infected CGs (gray) and uninfected control CGs (black). Nicotine
application time is indicated by the horizontal bar. (B) Bar graph showing 2.6-fold
decreases in α3*nAChR mean current densities in APC::EB1-dn neurons
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compared to uninfected control neurons (*p<2x10-5, Student’s t-test, n= 15 DN
neurons, 21 Ctl neurons). Bars represent the mean ± SEM.

Expression of APC::EB1-dn decreases insertion and increases endocytosis
of surface α3*nAChRs. Next, we began to define the mechanism by which the
APC::EB1 interaction directs α3*nAChR surface clustering.

We tested for

changes in α3*nAChR insertion and turnover rates in cells expressing APC::EB1dn protein. For the insertion assay, dissociated neurons were first exposed to
saturating concentrations of unlabeled antibody Fab fragments to block existing
surface α3*nAChRs, and then the appearance of newly-inserted receptor was
assessed over time using fluorescently-labeled antibody (Lu et al., 2001; Man et
al., 2003). We found 4-fold decreases in the rate of α3*nAChR insertion into the
surface membrane of APC::EB1-dn expressing neurons relative to control
uninfected neurons (p<5x10-6, Fig. 2-6A,B).
We tested for changes in stable retention of surface α3*nAChRs using
standard cell-surface biotinylation assays of endocytosis (Mammen et al., 1997;
Rasmussen et al., 2002). Surface α3*nAChRs showed reduced stabilization as
indicated by their 1.6-fold faster turnover rates on dissociated APC::EB1-dn
neurons relative to control uninfected neurons (p<0.04; Fig. 2-6C,D). The effects
were specific for α3*nAChRs, as turnover rates for N-cadherin, another nicotinic
synapse surface membrane protein, were not significantly altered in APC::EB1dn expressing neurons (Fig. 2-6E,F).

Blockade of APC::EB1 interactions

specifically decreases α3*nAChR surface delivery and stabilization at synapses.
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Figure 2-6

APC::EB1-dn expression altered rates of insertion and

endocytosis of surface α3*nAChRs.

(A) Representative epifluorescence

micrographs showing fewer newly-inserted α3*nAChRs on APC::EB1-dn (DN)
neurons relative to age-matched control uninfected neurons (Ctl). Dissociated
neuron cultures were first exposed to saturating amounts of anti-α3*nAChR
antibody (mAb35) and unlabeled antibody Fab fragments to block existing
surface α3*nAChRs, and then the appearance of newly-inserted receptor was
followed over time (after 8 hours in A) using fluorescently-labeled antibody
labeling (Lu et al., 2001) (Man et al., 2003). (B) Graph showing four-fold
decreases in the rate of α3*nAChR de novo insertion into the surface membrane
on APC::EB1-dn infected neurons (white circles) as compared to uninfected
control neurons (black circles) (n= 11 neurons for each time point).

We

quantified the number of α3*nAChR surface clusters per neuron soma and
normalized to total surface area. Insertion rates were calculated from the slope
of the lines. (C) Representative immunoblot showing lower levels of biotinylated
surface α3*nAChRs remaining at 5 and 10 hours post-biotinylation on APC::EB1dn infected neurons as compared to uninfected control neurons in standard cell
surface biotinylation assays of endocytosis.

(D) Graph of quantitative

immunoblot data shows 1.6-fold faster turnover rate for surface α3*nAChRs in
APC::EB1-dn infected neurons (white circles) as compared to uninfected control
neurons (black circles). (E) Representative immunoblot of biotinylated surface Ncadherin, another nicotinic synapse-specific surface membrane protein.
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In

contrast to α3*nAChRs, N-cadherin turnover rates are not altered by APC::EB1dn expression. n= 5 separate experiments.

APC organizes a complex of key cytoskeletal regulatory proteins at
nicotinic postsynaptic sites.

We hypothesize that APC directs α3*nAChR

surface delivery and stabilization by bringing together key regulators of
cytoskeleton dynamics at postsynaptic sites.

We have shown that APC is

essential for positioning EB1 near surface sites (Fig. 2-1E). Our model is further
based on studies in non-neuronal cells that show IQGAP1 and macrophin
(MACF, microtubule-actin cross-linking factor) interact with APC and EB1 (Slep
et al., 2005; Watanabe et al., 2004). These proteins bind to and regulate the
dynamics

of

EB1-tagged

microtubules and

submembranous F-actin

at

specialized intercellular junctions (Barth et al., 2002; Jefferson et al., 2004;
Noritake et al., 2004).

However, little is known about the function of these

proteins at neuronal synapses.
Consistent with our model, yeast two-hybrid screens of a CG cDNA library
using full-length chicken EB1 as bait identified MACF as an EB1 binding partner.
We obtained 10 MACF cDNA clones as positives and confirmed the interaction
with chicken EB1 by co-precipitation in vitro using recombinant peptides (data not
shown).
Next we identified MACF and IQGAP1 as novel components of neuronal
nicotinic postsynaptic sites.

MACF and IQGAP1 exhibited colocalization with

α3*nAChR surface clusters, and their fluorescence staining intensity profiles co-
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varied (Fig. 2-7A,B). Further, APC interactions with EB1 appears to be required
for MACF and IQGAP1 accumulation at synaptic sites, as the APC::EB1-dn led
to decreases in MACF and IQGAP1 clusters near the neuron surface (Fig. 27C,D). Mean pixel intensity levels were reduced by 31% for MACF and 40% for
IQGAP1 synaptic accumulation in APC::EB1-dn neurons relative to control
neuron values (p<5.3x10-7 and p<2.4x10-14).

Figure 2-7 APC::EB1-dn expression led to decreased accumulation of the
cytoskeletal regulatory proteins MACF and IQGAP1 at the neuron surface.
(A,B) Confocal micrographs of double-labeled acutely dissociated E11-13 CG
neurons showing that MACF (A, red) and IQGAP1 (B, red) clusters at the surface
predominantly colocalized with α3*nAChR surface clusters (green; overlap
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indicated by yellow). Right panels, The red and green fluorescence intensity
profiles co-varied for MACF and IQGAP1 with α3*nAChR surface clusters. (C, D)
Confocal micrographs show decreases in MACF (C) and IQGAP1 (D)
accumulation near the surface in single dissociated APC::EB1-dn neurons (DN)
as compared to control uninfected neurons (Ctl). Insets, two-fold magnification
views of boxed regions. Middle and right panels, MACF (C) and IQGAP1 (D)
labeling near the neuron surface show shifts to lower pixel intensity levels, as
well as 31% and 40% reductions in mean intensity levels in APC::EB1-dn
neurons relative to control neuron values (MACF: *p<5.3x10-7, IQGAP1:
*p<2.4x10-14, n= 14-19 neurons). Dashed vertical lines indicate the median
intensity values. Bars represent the mean ± SEM.

Based on these findings, we looked for changes in the microtubule and
submembranous F-actin cytoskeleton.

We found 30% reductions in mean

intensity levels for neural specific tubulin accumulation near the surface
(p<0.003, Fig. 2-8A), indicative of a change in microtubule organization in
APC::EB1-dn neurons. In addition, we found 27% lower mean intensity levels for
submembranous F-actin (p<0.002, Fig. 2-8B).

We suggest that APC, EB1,

MACF and IQGAP1 function to regulate the local microtubule and F-actin
cytoskeleton at nicotinic postsynaptic sites. By bringing these proteins together,
APC coordinates their cytoskeletal regulatory roles at neuronal nicotinic
synapses in vivo.
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Figure 2-8

APC::EB1-dn caused reductions in tubulin and F-actin

accumulation near the neuron surface.

(A,B) Confocal micrographs show

decreases in accumulation near the surface membrane of neuronal-specific
tubulin (A, red) and F-actin (B, red) in single dissociated APC::EB1-dn neurons
(DN) as compared to control uninfected neurons (Ctl). The reductions in tubulin
staining are indicative of a change in microtubule organization in APC::EB1-dn
expressing neurons.

Insets, two-fold magnification views of boxed regions.

Middle and right panels: Tubulin (A) and F-actin (B) labeling near the surface
show shifts to lower pixel intensity levels, as well as 30% and 27% decreases in
mean intensity levels in APC::EB1-dn neurons relative to control neuron values
(tubulin: *p<0.003, F-actin: *p<0.002, n= 10-13 neurons). Dashed vertical lines
indicate the median intensity values. Bars represent the mean ± SEM.

77

α3*nAChRs link to APC via 14-3-3 adapter protein. We wished to know what
molecular interaction might link α3*nAChRs to the APC containing scaffold at the
synapse.

We tested for α3*nAChR interactions with APC.

APC co-

immunoprecipitated with α3*nAChRs from CG lysates (Fig. 2-9A).

We

speculated that the α3 subunit may mediate the binding to APC because our past
studies showed that the α3 long cytoplasmic loop targets chimeric nAChRs to
synapses in CG neurons in vivo (Williams et al., 1999; Williams et al., 1998).
Because native α3*nAChRs are heteromers composed of α3, α5, and β4
subunits, we tested for APC interactions with the α3 loop by heterologous
expression studies in MDCK cells. Because the α3 subunit alone is not well
expressed, we used chimeric α7-nAChR subunits containing the α3 long
cytoplasmic loop (instead of the homologous α7 region; we refer to the chimera
as α7/α3loop). We found that α7/α3loop co-precipitated with endogenous APC
from MDCK cell lysates (Fig. 2-9D). However, the α3 loop did not bind directly to
APC in co-immunoprecipitation assays employing recombinant fusion peptides
(data not shown), suggesting that α3 interaction with APC likely requires
posttranslational modification and/or an adapter protein.
Several lines of evidence, as cataloged below, suggest that 14-3-3
adapter protein is a likely candidate for linking the α3 subunit to APC. 14-3-3
adapter proteins are known to function as dimers that link their binding partners
(Aitken et al., 2002; Yaffe, 2002). APC binds to 14-3-3 (Fig. 2-9B) (Jin et al.,
2004; Meek et al., 2004). Sequence analysis of the α3 long cytoplasmic loop
indicated a 14-3-3 binding consensus motif (RSSSSES, amino acids 412-418 in
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the α3 loop) of the type RX1-2SX2-3S, where the first serine may be
phosphorylated (Petosa et al., 1998). In addition, the α3 loop contains a coiledcoil motif with a number of negatively charged and hydrophobic residues that
may provide a surface to bind the 14-3-3 amphipathic groove (Couve et al., 2001;
Wang et al., 1998). We found a direct interaction between the α3 loop and 14-33 using purified fusion peptides in in vitro pull down assays (Fig. 2-9C). Further,
the α7α3loop protein co-precipitated with both 14-3-3 and APC from MDCK
lysates (Fig. 2-9D,E).

Mutation of the α3 loop [serine-to-alanine substitution

(S415A) in the 14-3-3 binding consensus motif] substantially decreased coprecipitation with 14-3-3 and APC (Fig. 2-9D,E). 14-3-3 also co-precipitated from
CG lysates using anti-α3-subunit antibodies (Fig. 2-9B). 14-3-3 is enriched at
synapses and colocalizes with α3*nAChR surface clusters in CG neurons (Fig. 29F).

Synaptic accumulations of 14-3-3 were significantly decreased in

APC::EB1-dn neurons as compared to uninfected control neurons (23% lower
mean intensity levels, p<1.3x10-8, Fig. 2-9G). All together, these results suggest
that 14-3-3 links the α3 subunit to APC at nicotinic postsynaptic sites.
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Figure 2-9 α3*nAChRs link to APC via 14-3-3 adaptor protein. APC (A) coimmunoprecipitated with α3-nAChRs and 14-3-3 (B) co-precipitated with α3nAChRs and APC from CG lysates. CG homogenates were immunoprecipitated
(IP) with: (A,B) α3-nAChR antibodies mAb313 (A,B) and mAb35 (B) to two
different α3 subunit epitopes, (B) APC antibody C20, (A,B) HA antibody as a
negative control or (B) pan- 14-3-3 antibody as a positive control. The precipitate
and 1-2% of total input were separated by SDS-PAGE and immunoblotted (IB)
with: (A) APC antibody C-20 or ab58 to two different epitopes or (B) pan-14-3-3
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antibody that recognized two bands (~30 and ~33 KDa), as previously reported
(Peng et al., 1997); APC ~250 KDa; (B) LC, IgG light chain. (C) The α3 long
cytoplasmic loop fusion peptide directly binds to GST-14-3-3, but not to GST
alone, in in vitro pull down assays. (D,E) APC (D) and 14-3-3 (E) co-precipitated
with myc-tagged chimeric α7-nAChR subunits containing the α3 long cytoplasmic
loop (α3L), but not with myc-tagged chimeric α7 containing the mutated α3 loop
(S415A mutation in the 14-3-3 binding consensus motif, α3L mut) from
transfected MDCK cell lysates, suggesting that 14-3-3 links the α3 long
cytoplasmic loop and APC. (D,E) 2% of total lysate shows similar expression
levels for α3L and α3L mut. Endogenous APC and 14-3-3 expression levels
were also similar in MDCK cells transfected with the different α3-loop constructs
(data not shown). n=3 or more separate experiments. (F) Epifluorescence
micrographs of double-labeled E13 CG frozen sections showing that 14-3-3 (red)
is enriched at synapses and co-localizes with α3*nAChR surface clusters (green;
overlap, yellow). (G) Confocal micrographs show decreases in 14-3-3
accumulation near the surface in APC::EB1-dn neurons (DN) as compared to
control uninfected neurons (Ctl). Insets, two-fold magnification views of boxed
regions. Middle and right panels, 14-3-3 labeling near the neuron surface shows
a shift to lower pixel intensity levels, and 23% lower mean intensity levels in
APC::EB1-dn neurons relative to control neuron values (*p<1.3x10-8,, n= 35-42
neurons).

Dashed vertical lines indicate the median intensity values.

represent the mean ± SEM.
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Bars

DISCUSSION
Our findings provide new insights into molecular mechanisms in vivo that direct
the assembly of nicotinic postsynaptic specializations in neurons. We show that
APC organizes a multi-molecular postsynaptic complex that directs α3*nAChRs
localizing at synapses.

We demonstrate that APC interaction with EB1 is

essential for α3*nAChR surface membrane insertion, stabilization, postsynaptic
clustering and normal functional levels. APC::EB1 interactions are also required
for postsynaptic accumulation of EB1 and the cytoskeletal regulators MACF and
IQGAP1. Synaptic localization of EB1, MACF and IQGAP1 is required, in turn,
for stabilizing the submembranous F-actin and microtubule cytoskeleton at
nicotinic postsynaptic sites. Further, 14-3-3 links α3*nAChRs to APC. We show
that 14-3-3 directly binds, in vitro, to the α3 long cytoplasmic loop and 14-3-3
links the α3 loop to APC in heterologous cell expression studies. This α3 domain
targets chimeric nAChRs to synapses in CG neurons in vivo (Williams et al.,
1998). By bringing EB1, MACF, IQGAP1 and 14-3-3 together, APC organizes a
multi-molecular complex that directs α3*nAChR surface delivery, stabilizes the
local cytoskeleton, and links α3*nAChRs to the cytoskeleton at postsynaptic
sites. Our work is the first to report that MACF, IQGAP1 and 14-3-3 serve as
nicotinic postsynaptic components. Our findings define a new role for APC in
coordinating assembly of the nicotinic receptor postsynaptic complex in neurons.
Several lines of evidence suggest that the APC::EB1-dn acts with
specificity. First, a different dominant negative, APC::PSD-93-dn, expressed at
similar levels to APC::EB1-dn in CG neurons, did not alter α3*nAChR surface
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clusters.

Second, APC::EB1-dn specifically decreased α3*nAChR surface

clusters, but not the neighboring clusters of α7-nAChRs and GlyRs. The three
different receptor types each segregate to a distinct synaptic surface membrane
region and associate with different molecular complexes. α3*nAChRs selectively
co-localize with APC and its binding partners at postsynaptic sites, GlyRs
selectively co-localize with gephyrin at separate postsynaptic sites, and lipid rafts
direct α7-nAChR clustering at perisynaptic regions of the CG neuron surface
(Bruses et al., 2001; Temburni et al., 2004; Tsen et al., 2000). Similarly,
α3*nAChRs and α7-nAChRs show differences in detergent extractability,
indicating that they each associate with different cytoskeletal elements or
molecular components (Shoop et al., 2000). Although the different receptor
clusters are stabilized by tethering to the cytoskeleton, the selective loss of
α3*nAChR clusters in APC::EB1-dn neurons suggests that different molecular
interactions regulate the local cytoskeleton in the distinct synaptic membrane
regions. Similarly, studies at glutamatergic synapses indicate that the receptors
are tethered to the cytoskeleton at postsynaptic sites, with more dynamic
cytoskeletal organization in surrounding regions where receptor endocytosis and
insertion are active (Ehlers et al., 2007; Lu et al., 2007; Okamoto et al., 2004;
Passafaro et al., 2001; Tai et al., 2007). Overall, our data indicate that APC
interactions

organize

excitatory

nicotinic,

but

not

inhibitory

glycinergic,

postsynaptic specializations in CG neurons.
We propose a molecular model for the role of APC in localizing
α3*nAChRs to synapses based on the present findings and studies of the
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function of APC and its binding partners in non-neuronal cells. In our model,
APC accumulates at β-catenin/N-cadherin-marked postsynaptic membrane
regions (Temburni et al., 2004).

EB1 tags the plus-ends of a subset of

microtubules (Mimori-Kiyosue and Tsukita, 2003). APC captures EB1-tagged
microtubule plus-ends and thereby positions a microtubule-based transport
pathway for delivery of α3*nAChRs to the vicinity of the synapse. Microtubule
peripheral ends are found in close contact with the postsynaptic density of
neurons in ultrastructural studies (Milokhin, 1977). Further, in our model, APC
and EB1 interact with IQGAP1 and MACF at nicotinic postsynaptic sites. MACF
and IQGAP1 cross-link and stabilize the EB1-tagged microtubule and
submembranous F-actin cytoskeletons and link the APC-containing postsynaptic
complex to the cytoskeleton. 14-3-3 links α3*nAChRs to APC in this complex.
These interactions tether α3*nAChRs to the local cytoskeleton and thereby
promote the stable retention of α3*nAChRs at postsynaptic sites. We expect
additional as yet unidentified molecular players to be involved in the synaptic
localization of α3*nAChRs, based on studies showing that multiple binding
partners target glutamate receptors to synapses (Li and Sheng, 2003).
Support for our model stems from studies of the function of APC and its
interacting proteins at intercellular contact sites in non-neuronal cells.

EB1

directs the microtubule-mediated delivery of connexin hemichannels to adherens
junctions in epithelial cells (Shaw et al., 2007). APC directs the capture of EB1tagged microtubules to cadherin/β-catenin-rich complexes (Barth et al., 2002;
Hamada and Bienz, 2002; Lee et al., 2000; McCartney et al., 2001; Mimori-
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Kiyosue and Tsukita, 2003). Thus, APC positions EB1-tagged microtubules to
precise positions of the cell surface. MACF directly binds to EB1, microtubules
and F-actin, and is required for tethering EB1-tagged microtubules to the
submembranous F-actin network at specialized junctions (Kodama et al., 2003;
Slep et al., 2005; Subramanian et al., 2003). Microtubule binding to all three
proteins, APC, EB1 and MACF, promotes their stabilization and leads to more
frequent and longer lasting attachments (Dikovskaya et al., 2001; Reilein and
Nelson, 2005; Tirnauer et al., 2002).

Further, IQGAP1 plays a key role in

regulating actin cytoskeleton dynamics at intercellular contact sites.

IQGAP1

directly binds to actin and enhances F-actin polymerization (Brown and Sacks,
2006; Noritake et al., 2004). IQGAP1 also binds to APC and CLIP-170, an EB1
binding partner (Watanabe et al., 2004). Thus, IQGAP1 further links APC and
EB1-tagged microtubules to the submembranous F-actin network. Perturbing the
function of APC, EB1, MACF or IQGAP1 (by heterozygous mutation, RNAi
knockdown or function-blocking antibodies) reduces the accumulation of
microtubules and F-actin at intercellular contact sites (Brown and Sacks, 2006;
Noritake et al., 2004). Similarly, the interactions of APC, EB1 and shot/kakapo
(Drosophila ortholog of MACF) are essential for organizing and maintaining a
unique microtubule-rich and F-actin-rich domain at the Drosophila muscle-tendon
junction, and for restricting the localization of specific components to this site
(Prokop et al., 1998; Strumpf and Volk, 1998; Subramanian et al., 2003).
Accumulating evidence suggests that APC, EB1, MACF and IQGAP1 are
evolutionarily conserved proteins that function in targeting proteins to and
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stabilizing cadherin/β-catenin-rich intercellular junctions in skin, wings and
muscle of Drosophila and mammals (Briggs and Sacks, 2003; Gundersen,
2002b; Karakesisoglou et al., 2000; Noritake et al., 2004; Shaw et al., 2007;
Strumpf and Volk, 1998; Subramanian et al., 2003). The present study suggests
a novel neural role for these proteins as key organizers of the nicotinic receptor
postsynaptic complex.
Our model further proposes that 14-3-3 adapter protein links APC and the
α3 subunit and that this interaction promotes the stable retention of α3*nAChRs
at postsynaptic sites. Several lines of evidence support this concept. 14-3-3
isoforms function as homo- and heterodimers that link their binding partners
(Aitken et al., 2002; Yaffe et al., 1997). 14-3-3 isoforms (σ and ζ) bind to APC
(Jin et al., 2004; Meek et al., 2004). 14-3-3 is present in postsynaptic densities
isolated from rat brain (Couve et al., 2001; Rajan et al., 2002). Interaction with
14-3-3 promotes the surface expression of selected neurotransmitter receptors
and ion channels (Exley et al., 2006; Jeanclos et al., 2001; Rajan et al., 2002). In
particular, 14-3-3 binds directly to another neuronal nAChR subunit, the long
cytoplasmic loop of α4, a major subtype in the CNS, and this interaction
increases surface expression of α4*nAChRs in heterologous cell expression
studies (Exley et al., 2006; Jeanclos et al., 2001; O'Kelly et al., 2002). 14-3-3
binding to the α4 loop overrides retention signals in the endoplasmic reticulum
and facilitates forward transport of the assembled receptor (O'Kelly et al., 2002).
We propose a related role for 14-3-3 at the synapse: 14-3-3 binding to the α3
long cytoplasmic loop may mask endocytosis motifs in the α3*nAChR.
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Endocytosis is regulated by phosphorylation (Shikano et al., 2006). 14-3-3 binds
to specific phosphorylated (pSerine/pThreonine) motifs in its protein targets and
occupancy protects the site from phosphatases (Petosa et al., 1998; Tian et al.,
2004). It remains to be determined whether 14-3-3 may regulate α3*nAChR
surface expression by this mechanism. As support, 14-3-3 binding increases the
half-life of Kir2.1 fusion proteins on the cell surface (Shikano et al., 2005).
Finally, 14-3-3 linking α3*nAChRs to APC would tether the receptors to the
postsynaptic cytoskeleton and provide an additional mechanism by which 14-3-3
interactions promote the stable retention of α3*nAChRs at postsynaptic sites.
Because 14-3-3 binding to its target proteins is often phosphorylationdependent (Aitken et al., 2002; Muslin et al., 1996), the decreases in 14-3-3
synaptic accumulation in APC::EB1-dn expressing neurons may reflect changes
in signaling events at the synapse. The reduced levels of functional α3*nAChRs
may cause decreases in activity-dependent downstream signaling cascades.
Further, a new study shows that IQGAP1 positions Erk kinase at glutamatergic
synapses and is required for memory consolidation (Schrick et al., 2007). This
IQGAP1 function extends the role of the APC multi-molecular complex to include
tethering of signaling cascades that are critical for synaptic plasticity.

Our

ongoing studies may reveal additional changes in nicotinic synapse composition
and function caused by APC::EB1-dn expression.
Our work has identified APC as a key coordinator of nicotinic postsynaptic
assembly in neurons. APC organizes a postsynaptic complex consisting of EB1,
MACF, IQGAP1 and 14-3-3.

This multi-molecular APC complex has key
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cytoskeletal regulatory functions and is essential for α3*nAChR targeting to
synapses.

Further, the nicotinic synapse organizing functions that we have

uncovered for APC may operate at other excitatory synapse types.

APC is

required for agrin-induced clustering of muscle-type nAChRs in myotubes and
localizes to the neuromuscular junction (Wang et al., 2003b).

APC is also

concentrated at neuronal glutamatergic synapses (Matsumine et al., 1996) and is
required, in vitro, for clustering of PSD-95 that, in turn, clusters AMPA receptors
(Shimomura et al., 2007). Interestingly, the APC binding partners IQGAP1 and
PSD-93/-95 are also shared between nicotinic and glutamatergic synapses
(Nuriya et al., 2005). The emerging concept is that APC is a central organizer of
a core postsynaptic complex that directs excitatory synapse assembly in the
vertebrate nervous system.
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CHAPTER 3

THE POSTSYNAPTIC APC MULTI-PROTEIN COMPLEX IS
REQUIRED FOR LOCALIZING NEUROLIGIN AND
NEUREXIN TO NEURONAL NICOTINIC SYNAPSES IN
VIVO

Madelaine M. Rosenberg, Fang Yang, Jesse L. Mohn, Elizabeth K. Storer, and
Michele H. Jacob

Chapter published in J Neurosci. 2010 Aug 18; 30(33): 11073-85.
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ABSTRACT
Synaptic efficacy requires that presynaptic and postsynaptic specializations align
precisely and mature coordinately. The underlying mechanisms are poorly
understood, however. We propose that adenomatous polyposis coli protein
(APC) is a key coordinator of presynaptic and postsynaptic maturation. APC
organizes a multi-protein complex that directs nicotinic acetylcholine receptor
(nAChR) localization at postsynaptic sites in avian ciliary ganglion neurons in
vivo. We hypothesize that the APC complex also provides retrograde signals
that direct presynaptic active zones to develop in register with postsynaptic
nAChR clusters. In our model, the APC complex provides retrograde signals via
postsynaptic neuroligin that interacts extracellularly with presynaptic neurexin.
S-SCAM and PSD-93 are scaffold proteins that bind to neuroligin. We
identify S-SCAM as a novel component of neuronal nicotinic synapses. We show
that S-SCAM, PSD-93, neuroligin and neurexin are enriched at α3*-nAChR
synapses. PSD-93 and S-SCAM bind to APC and its binding partner β-catenin,
respectively. Blockade of selected APC and β-catenin interactions, in vivo, leads
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to decreased postsynaptic accumulation of S-SCAM, but not PSD-93.
Importantly, neuroligin synaptic clusters are also decreased. On the presynaptic
side, there are decreases in neurexin and active zone proteins. Further,
presynaptic terminals are less mature structurally and functionally.
We define a novel neural role for APC by showing that the postsynaptic
APC multi-protein complex is required for anchoring neuroligin and neurexin at
neuronal synapses in vivo. APC human gene mutations correlate with autism
spectrum disorders, providing strong support for the importance of the
association, demonstrated here, between APC, neuroligin and neurexin.

INTRODUCTION
Nicotinic synapses are essential for normal cognitive and autonomic functions.
However, little is known about mechanisms that direct their assembly. Further,
proper

synaptic

function

requires

that

presynaptic

and

postsynaptic

specializations align precisely and mature coordinately, but the underlying
mechanisms are poorly understood. Our studies are defining these molecular
mechanisms in vivo.
We have identified the only protein known to function in localizing nicotinic
acetylcholine receptors (nAChRs) at neuronal synapses. The key synapse
organizer is adenomatous polyposis coli protein (APC). APC organizes a multimolecular complex that stabilizes the local cytoskeleton and links α3*-nAChRs to
APC at postsynaptic sites (Rosenberg et al., 2008).
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We predict that APC co-ordinates presynaptic and postsynaptic
maturation and thereby ensures synaptic efficacy. We speculate that the APC
multi-protein complex provides retrograde signals that direct presynaptic active
zones to form opposite postsynaptic nAChR clusters. In our model, the APC
complex contains scaffold proteins that bind to the transmembrane adhesion
molecule neuroligin (NL). Postsynaptic NL signals retrogradely via extracellular
interactions with presynaptic neurexin (Nrx) that, in turn, directs functional active
zone assembly (Dean et al., 2003; Missler et al., 2003).
NL and Nrx are sufficient to induce functional presynaptic and
postsynaptic specializations in cultured neurons (Craig and Kang, 2007;
Scheiffele et al., 2000).

NL and Nrx are essential, in vivo, for functional

maturation of synapses (Missler et al., 2003; Varoqueaux et al., 2006). The
identity of proteins that position NL at synapses is controversial. The scaffold
proteins PSD-95, PSD-93 and synaptic cell adhesion molecule (S-SCAM) directly
bind to NL (Kim and Sheng, 2004). Reports suggest that these scaffold proteins
have unique, redundant or no role in positioning NL at glutamatergic synapses in
vitro (Dresbach et al., 2004; Iida et al., 2004; Levinson et al., 2005).
We predict that scaffold proteins of the APC complex are required, in vivo,
for localizing NL at synapses and coordinating presynaptic and postsynaptic
maturation. To test our hypothesis, we employ experimentally amenable avian
ciliary ganglion (CG) neurons. APC and its binding partners are enriched at CG
nicotinic synapses (Temburni et al., 2004). APC binds to PSD-93 and β-catenin.
β-catenin binds to and recruits S-SCAM to glutamatergic synapses in vitro
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(Nishimura et al., 2002). Here, we identify S-SCAM as a novel nicotinic synaptic
component. We show that dominant negative blockade of selected APC and βcatenin interactions leads to decreases in postsynaptic clusters of S-SCAM, but
not PSD-93 or PSD-95.

Importantly, we also find decreases in clusters of

postsynaptic NL, presynaptic Nrx and active zone proteins, and in structural and
functional maturation of presynaptic terminals. Our results demonstrate that the
APC multi-protein complex is essential for anchoring NL and Nrx at synapses in
vivo. The association of NL and Nrx mutations with autism (Sudhof, 2008)
highlights the importance of defining molecules that direct NL and Nrx synaptic
localization.

Similarly, APC mutations correlate with autism and mental

retardation (Raedle et al., 2001; Zhou et al., 2007), underscoring the importance
of our uncovering an association between APC, NL and Nrx.

METHODS
Antibodies Primary antibodies used were: anti-MAGI-2/ S-SCAM (Sigma, Saint
Louis, MO); anti-NL2 polyclonal antibody (sc-14087, Santa Cruz Biotechnology,
Santa Cruz, CA); anti-NL1 (clone 4F9), anti-piccolo and anti-RIM1,2 (Synaptic
Systems, Göttingen,Germany); pan-Nrx antibody (generous gift of Dr. Peter
Schieffele, Biozentrum, University of Basel, Switzerland; (Dean et al., 2003), antiPSD95 (clone K28/86.2, Millipore, Temecula, CA); anti-β-catenin (Invitrogen,
Carlsbad, CA); mAb35 (Developmental Studies Hybridoma Bank, Iowa City, IA)
to detect α3*-nAChRs; anti-APC (clone Ali12-28, Abcam, Cambridge, MA); antiSV2

for synaptic vesicles (Developmental Studies Hybridoma Bank); anti-
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dephospho S37-T41 β-catenin (clone 8E7, Millipore); and anti-HA (clone 3F10,
Roche Diagnostics, Indianapolis, IN).

Secondary reagents used were Alexa-

Fluor-488, -555 and -594 conjugated secondary antibodies raised in rabbit, rat,
mouse, chicken, goat and guinea pig (Molecular Probes-Invitrogen, Eugene,
OR).

Chicken embryos White Leghorn embryonated chicken eggs, obtained from
Charles River Spafas (North Franklin, CT) or University of Connecticut Poultry
Farm (Storrs, CT), were maintained at 37°C in a forced air-draft humidified
incubator until use. Embryos were staged according to the Hamburger and
Hamilton classification scheme (Hamburger, 1951), the embryonic days of
development refer to the stage (st) rather than the actual days of incubation. The
developmental stages used include: embryonic day (E) 11-14 (st 37-40).

Immunolabeling CGs from β-cat::S-SCAM-dn-infected or APC::EB1-dn-infected
and age-matched uninfected control embryos were processed in parallel for
frozen sectioning and immunolabeling as previously described (Olsen et al.,
2007). For confocal microscopy, CGs were acutely dissociated and processed for
immunolabeling as previously described (Rosenberg et al., 2008; Williams et al.,
1998). Controls for specific binding in double-labeling studies included omitting
the first or second primary antibody in separate tests; only background labeling
was detected (data not shown).
NL2 polyclonal antibody (sc-14087, Santa Cruz Biotechnology) was used
for immunolabeling NL1 in chicken CG neurons, based on the NL2 antibody
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being raised against an epitope that is completely identical between chicken NL1
and rat NL2 (Fig 3-3). Further, NL1 is expressed in the chicken CG, whereas the
chicken NL2 sequence has not yet been identified based on chicken genome
database searches (Ross and Conroy, 2008). To verify specific binding of the
NL2 antibody to NL1 in CG neurons, immunolabeling was used in combination
with knockdown of endogenous NL1 using shRNA that targets nucleotides 417437 of chicken NL1 RNA (Conroy et al., 2007). Dissociated CG neurons in
culture (see below) were transfected with the NL1 shRNA or control scrambled
RNA (similar length and composition but different sequence) in pRNAT-U6.1/Neo
(Genescript) that carries the GFP marker (Conroy et al., 2007). CG neurons
were transfected at the time of plating using Effectene (Qiagen), as previously
described (Conroy et al., 2007). The neurons were immunostained at 5 days in
vitro.

Quantitative light microscopy Immunolabeled sections were examined with a
Zeiss Axioscope microscope (Zeiss, Thornwood, NY) and photographed either
with a SPOT color CCD camera and software (Diagnostic Instruments, Sterling
Heights, MI) or with a Q-Imaging Retiga 200R Fast 1394 black and white CCD
camera (Surrey, British Columbia, Canada) and Nikon Instruments NIS Elements
software (Melville, NY). For each primary antibody, images were acquired using
identical gain and exposure settings such that pixel intensities were below
saturation levels.
To quantify changes in immunolabeling levels in β-cat::S-SCAM-dn or
APC::EB1-dn expressing neurons as compared to uninfected control neurons,
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we assessed pixel intensity profiles along ~3-5 µm length segments of the
labeled surface regions per neuron using either Image J (http://rsb.info.nih.gov/ij/)
or NIS elements software. Individual neurons were selected for analysis based
on the criterion that they showed brightest staining for each protein analyzed for
each experimental and control condition. For each immunolabel, we analyzed
pixel intensities for at least three different line segments per neuron (15-20 µms
total length) and a total of 10-49 dominant negative infected neurons and
uninfected control neurons from 6-12 separate embryos. Pixel intensity
distribution analyses: the pixel intensities of sampled surface segments were
binned into incremental groups of 10 pixel intensity steps (eg. 0-9, 10-19 etc., up
to 255, saturation) for images acquired with SPOT camera (dynamic range 0255) or 100 pixel intensity steps for images acquired with Q-imaging camera
(dynamic range 0-4095). We calculated the percentage of pixels that belonged
to each pixel intensity category and plotted the relative frequency distributions.
For each protein, we also calculated the mean pixel intensity for each neuron
analyzed and then determined the standard error of the means (S.E.M.) and
Student t-test values with Microsoft Excel.
To quantify changes in the length of presynaptic terminals that contact dnexpressing ciliary neurons versus age-matched control ciliary neurons, we
measured the length of continuous SV2 immunolabeled segments on HAAPC::EB1-dn positive and control neurons. We then calculated the mean lengths
of continuous SV2 labeling, S.E.M. and Student t-test values with Microsoft
Excel.
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Immunolabeled CG neurons were

Quantitative confocal microscopy

examined by confocal microscopy with a Leica TCS SP2 microscope
(Heidelberg, Germany) using Kr (568nm) and Ar (488nm) laser sources, and a
63x 1.32 numerical aperture lens. Optical sections were acquired from the top to
the bottom of each neuron at 0.8-1 µm step intervals.

Laser intensity and

photomultiplier tube gain were kept constant across experiments. Settings were
chosen such that pixel intensities fell below saturation levels. In addition, the
wavelengths of light collected in each detection channel were set such that no
detectable bleed-through occurred between the different channels. Pixel intensity
profiles along ~3 µm segments of labeled neuronal surface regions were
assessed as described above using Leica imaging software.

Retroviral vector-mediated gene transfer APC::EB1-dn cDNA (amino acids
1943-2184; corresponding to the EB1-binding domain of chicken APC sequence
NCB1 accession number XP_001233411) was generated and coupled to the
hemaglutinin (HA) tag (YPYDVPDYA) at its N-terminus by PCR (Rosenberg et
al., 2008).

APC::EB1-dn specificity and efficacy, in vitro and in vivo, was

previously verified (Rosenberg et al., 2008).

β-cat::S-SCAM-dn cDNA

corresponded to the C-terminus PDZ binding motif of β-catenin that binds to SSCAM (amino acids 664-7810 in chicken β-catenin; NCB1 accession number
NP_990412.1). β-cat::S-SCAM-dn was generated and HA-tagged by PCR. βcat::S-SCAM-dn was previously shown to selectively block β-catenin interactions
with S-SCAM (Nishimura et al., 2002). The dominant negative cDNA constructs
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were subcloned separately into the avian-specific retroviral vector RCASBP (B
envelope subgroup type; (Homburger and Fekete, 1996). RCASBP containing
GFP cDNA was a gift of Dr. Constance Cepko (Harvard Medical School, Boston,
MA). Viral stocks were prepared in DF1 chicken fibroblast cells (American Type
Culture Collection, Manassas, VA).

CGs were infected in ovo at 36 hrs of

development (st 8-9) and sampled 1-2 weeks later as previously described
(Temburni et al., 2004; Williams et al., 1998).

Western analyses Standard immunoblot analyses and coimmunoprecipitations
were performed using CG lysates as previously described (Rosenberg et al.,
2008; Temburni et al., 2004).

FM1-43FX labeling of actively recycling synaptic vesicles For this assay, live
CG neurons were freshly isolated with presynaptic terminals attached. The CGs
were freshly dissected from E13.5 APC::EB1-dn-injected embryos versus agematched uninjected control embryos and the CGs were partially dissociated by
incubation in 1.0 mg/ml collagenase A (Roche Biochemicals) in dissociation
media (DM, 150 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM
glucose, 10 mM HEPES, pH 7.4) for 10 min at 37°C. CGs were rinsed twice with
DM supplemented with 10% horse serum (Invitrogen), switched into MEM
(Invitrogen) supplemented with 10% horse serum and 3% embryonic chicken eye
extract, and gently triturated using fire-polished Pasteur pipettes. Isolated cells
were allowed to adhere to silane coated glass slides (Electron Microscopy
Sciences, Hatfield, PA) for 15 min at 37°C in a 5% CO2 incubator. The live CG
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neurons were then rinsed twice with DM and incubated with 1 µg/ml FM1-43FX
(Molecular Probes-Invitrogen) in DM for 1 min. Vesicle recycling was stimulated
by incubation in DM containing 90 mM KCl and 1 µg/ml FM1-43FX for 1 min. The
neurons were washed extensively with DM to remove unbound FM1-43FX dye
and then fixed with 2% paraformaldehyde in PBS for 15 min before imaging.
FM1-43X dye labeling of synaptic vesicles was measured by quantifying the
fluorescence pixel intensity along the neuronal surface.

LiCl treatment of CG neuron cultures Embryonic day 9 CGs were freshly
dissected and the neurons were dissociated by gentle trituration in dissociation
media (see above). The dissociated neurons were plated onto poly-L-lysine
laminin coated 35mm dishes or glass coverslips (Fisher Scientific) in MEM
supplemented

with

10%

Horse

Serum,

3%

eye

extract,

and

penicillin/streptomycin in 5% CO2 humidified 37˚C incubator as previously
described (Rosenberg et al., 2008; Temburni et al., 2004). Half of the culture
volume was replaced with fresh media every two days. After 3 days in culture,
LiCl or NaCl (as control) were added to a final concentration of 20 mM and the
neurons were allowed to grow for an additional two days prior to harvesting for
immunoprecipitation or immunostaining. Treatment with 20 mM LiCl for two days
has

been

shown

to

effectively

inhibit

GSK3β

and

GSK3β-mediated

phosphorylation of β-catenin (Hall et al., 2000; Klein and Melton, 1996; Lucas et
al., 1998).
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RESULTS
S-SCAM is a novel component of neuronal nicotinic synapses. To test our
prediction that the postsynaptic APC complex provides retrograde signals
required for presynaptic terminal maturation, we first determined whether the
scaffold proteins that bind to NL: PSD-93, PSD-95 and S-SCAM, localize at
nicotinic synapses on CG neurons in vivo. We previously identified PSD-93 and
PSD-95 as nicotinic postsynaptic components in CG neurons (Rosenberg et al.,
2008; Temburni et al., 2004). APC interacts predominantly with PSD-93a, the
short isoform that lacks the SH3 and guanylate kinase domains (Conroy et al.,
2003; Temburni et al., 2004). APC also binds to and co-localizes with β-catenin
at CG nicotinic synapses, and β-catenin recruits S-SCAM to glutamatergic
synapses in vitro (Nishimura et al., 2002; Temburni et al., 2004). We therefore
tested for S-SCAM expression at CG nicotinic postsynaptic sites.
First, immunoblotting demonstrated that the S-SCAM antibody recognizes
protein bands of the expected size in embryonic chicken CG lysates (Fig.3-1A).
Next, double-label immunofluorescence of CG frozen sections showed that SSCAM co-localized (overlapped) with α3*-nAChR (Fig 3-1B) and APC (Fig.3-1C)
surface clusters, as evidenced by the predominance of yellow fluorescence
patches and co-varying fluorescence intensity profiles (Fig.3-1B and C lower
panels).

Similarly, S-SCAM immunostaining was juxtaposed to and partially

overlapped with SV2 labeled presynaptic terminals on the neurons (Fig 3-1D).
Strong co-localization was further indicated by the Pearson’s correlation
coefficients (r) of 0.64 ± 0.04 for co-localization of S-SCAM with α3*-nAChRs,
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0.80± 0.03 for S-SCAM with APC, and 0.74 ± 0.03 for S-SCAM with SV2, (r can
vary from +1 to –1; measurements were taken along 15-20 µm lengths of labeled
surface area per neuron; n= 12-20 different neurons). This is the first report, to
our knowledge, that S-SCAM localizes at nicotinic synapses.

Figure 3-1 S-SCAM is enriched at nicotinic synapses on CG neurons in
vivo.

Total CG lysate proteins were separated by SDS-PAGE and
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immunoblotted for S-SCAM (a).

Protein bands corresponding to expected

molecular weights of S-SCAM isoforms were detected, including α(full length), β
and γ (180, 160, and 105 kDa).

Micrographs (b-d) of immunofluorescence

double-labeled E14 CG frozen sections. S-SCAM surface-associated clusters
(red, b,c) are predominantly colocalized with α3*-nAChR (green,b) and APC
(green,c) clusters (overlap, yellow). Additionally, S-SCAM clusters (red, d) are
juxtaposed to and partially overlap with the presynaptic terminal stained for
synaptic vesicle protein SV2 (green,d). Note that CG neurons lack dendrites and
organize synapses on both somatic spines and the smooth region of the soma
(see cartoon of the synapse Fig.3-12E). Bottom panels: Graphs show red and
green fluorescence intensity profiles for the boxed regions. Staining intensities
covaried and strongly correlated with each other for co-localization of S-SCAM
with α3*-nAChRs, APC and SV2 [r, Pearson’s correlation coefficient (mean ±
SEM), can range from –1.0 to +1.0; n= 2-3 labeled surface areas per neuron,
total of 15-20 µms in length, 12-20 neurons].

Neuroligin and neurexin are enriched at nicotinic synapses in vivo. The SSCAM, PSD-93 and PSD-95 interacting protein, NL is also enriched at CG
nicotinic synapses. In mammalian central neurons, NL1 is selectively enriched at
excitatory synapses, whereas NL2 accumulates at inhibitory synapses (Chih et
al., 2005; Chubykin et al., 2007; Dahlhaus et al., 2009; Kang et al., 2008; Patrizi
et al., 2008).

Immunoblotting and RT-PCR analyses suggested that NL1 is

expressed in the avian CG (Fig.3-2A; (Conroy et al., 2007; Ross and Conroy,
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2008). NL2 was not analyzed; the chicken NL2 sequence has not yet been
identified based on chicken genome database searches.

Albeit useful for

immunoblotting, the available NL1 specific antibodies were not effective for
immunolabeling chicken CG neurons (data not shown; (Conroy et al., 2007).
Interestingly, amino acid sequence analysis of chicken NL1 indicated an identical
region shared with mammalian NL2 within an alternatively spliced domain of the
extracellular region (Fig.3-3A).

Based on the completely identical region in

chicken NL1 and rat NL2, we used an NL2 polyclonal antibody raised against the
shared epitope (Santa Cruz Biotechnology personal communication) for
immunolocalization of NL1 in chicken CG neurons. While the NL2 antibody was
not effective for immunoblotting (chicken CG, chicken brain or rodent brain
lysates; data not shown and Santa Cruz Biotechnology personal communication),
it did selectively immunolabel CG nicotinic synapses. NL1 clusters co-localized
with α3*-nAChR surface clusters (yellow = overlap; Fig.3-2B) and partially
overlapped with SV2 stained presynaptic terminals (Fig.3-2C). The fluorescence
intensity profiles co-varied (Fig.3-2B,C lower panels) and were strongly
correlated [r = 0.78 ± 0.03 (n= 16 neurons) and 0.62 ± 0.03 (n=18 neurons) for
NL1 with α3*-nAChRs and SV2, respectively]. To verify that the immunostaining
represented specific binding of the NL2 antibody to chicken NL1, endogenous
NL1 levels were knocked down in cultured CG neurons using shRNA that targets
nucleotides 417-437 of chicken NL1 RNA (Conroy et al., 2007). Bicistronic GFP
was used as a marker of transfected cells. NL2 antibody staining was obviously
decreased in CG neurons transfected with NL1 shRNA, as compared to the
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staining in non-transfected neurons within the dish, as an internal control, and
neurons transfected with scrambled RNA, as a negative control (Fig.3-3B-D). All
together, the data show that NL1 is enriched at embryonic chicken nicotinic
synapses in vivo.
Nrx, the presynaptic binding partner of postsynaptic NL1, is also
concentrated at this synapse. Immunoblotting showed that the pan-Nrx antibody
recognizes protein bands of the expected sizes for α- and β-Nrx in chicken CG
lysates (Fig.3-2D). Nrx immunolabeling partially overlapped with SV2 stained
presynaptic terminals (Fig.3-2F) and postsynaptic α3*nAChR surface clusters
(Fig.3-2E). The intensity profiles co-varied and correlated with each other [Fig.32E,F lower panels; r = 0.77 ± 0.05 (n=15 neurons) and 0.62 ± 0.03 (n= 18
neurons) for Nrx with SV2 and α3*-nAChRs, respectively].
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Figure 3-2 Neuroligin and neurexin are enriched at CG nicotinicsynapses
in vivo. Immunoblot analyses (a,d) of lysates from chicken CG and brain, for
comparison, show protein bands of the expected sizes for neuroligin (NL) (~110
kDa) and neurexin (Nrx) (~160 kDa for α-Nrx and ~75 kDa for β-Nrx).
Micrographs (b,c,e,f) of immunofluorescence double-labeled E12-14 CG frozen
sections show that NL surface clusters (red,b,c) colocalize with α3*-nAChRs
clusters (green,b) and partially overlap with the SV2 positive presynaptic terminal
(green,c).

Similarly, Nrx surface clusters (red, e,f) partially overlap with

postsynaptic α3*-nAChR clusters (green,e) and the presynaptic terminal stained
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for SV2 (green,f). Bottom panels: Red and green fluorescence intensity profiles
for boxed regions and r, correl
correlation coefficients for co-localization
localization (n= 15-18
15
neurons).

Figure 3-3 Alignment of the amino acid sequence of chicken neuroligin1
and rat neuroligin2 indicates that they share a completely identical region
and a NL2 polyclonal antibody raised against the shared region shows
specific immunostaining of NL1 in chicken CG neur
neurons. Red type indicates
the

completely identical regions

shared between

chicken NL1

(NCBI

NP_001074971.1) and rat NL2 (NCBI NP_446444) amino acid sequences within
the portion of the extracellular domain. This shared region was used to generate
a NL2 polyclonal
clonal antibody (Santa Cruz Biotechnology personal communication).
Micrographs (b-d)
d) of immunofluorescence labeled cultured E9 chicken CG
neurons after 5DIV showing NL1 surface clusters (red) on the soma and
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processes, detected using the NL2 antibody.

In comparison to the control

neuron (b), NL2 antibody staining is dramatically decreased by knock down of
endogenous NL1 levels (c,d) using shRNA that targets nucleotides 417-437 of
chicken NL1 RNA (Conroy et al., 2007). Bicistronic GFP (d, green) was used to
mark the transfected cells. Controls included non-transfected neurons within the
dish, as an internal control, and neurons transfected with scrambled RNA (similar
length and composition as NL1 shRNA but different sequence), as a negative
control, and both showed similar levels of NL2 antibody staining.

The

immunostaining represents specific binding of the NL2 antibody to chicken NL1
in CG neurons.

β-catenin interactions are required for targeting S-SCAM to nicotinic
postsynaptic sites.

To test for a role of the APC multi-protein complex in

localizing NL at nicotinic synapses, we developed dominant negative peptides
that block selected interactions of endogenous APC complex components. Our
goal was to decrease synaptic levels of the NL binding scaffold proteins within
the APC complex. The APC binding partner β-catenin (β-cat) interacts with SSCAM, and this interaction is essential for S-SCAM localizing at glutamatergic
synapses in vitro (Nishimura et al., 2002). We tested whether β-cat’s role in
recruiting S-SCAM is shared at nicotinic synapses in vivo. First, we established
that S-SCAM co-precipitates with β-cat and NL from CG lysates, suggesting that
these proteins function in a complex at nicotinic synapses in vivo (Fig.3-4). Next,
we employed the dominant negative (dn) peptide previously shown to selectively
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and effectively block β-cat interactions with S-SCAM (Nishimura et al., 2002).
This dn caused specific decreases in S-SCAM levels at glutamatergic synapses
in cultured hippocampal neurons (Nishimura et al., 2002). We overexpressed the
dn in CG neurons in vivo to block endogenous β-cat and S-SCAM interactions
during nicotinic synapse formation. The blocking peptide, referred to here as βcat::S-SCAM-dn, consisted of the β-cat C-terminal domain (chicken β-catenin
amino acids 696 to 781, homologous to the mouse dn sequence) and included
the PDZ binding motif which interacts with S-SCAM PDZ5; it should be noted that
distinct domains of S-SCAM bind to β-cat (PDZ5) and NL1 (PDZ1 and ww
domains) (Hirao et al., 1998; Iida et al., 2004; Nishimura et al., 2002). We used
the avian-specific retroviral vector RCASBP to overexpress the dn construct and
the optimized conditions that we developed for in ovo retroviral infection of neural
crest precursor cells that give rise to CG neurons

(Rosenberg et al., 2008;

Temburni et al., 2004; Williams et al., 1998). We hemagglutinin (HA) epitopetagged the β-cat::S-SCAM-dn to distinguish infected CG neurons.

Figure 3-4 S-SCAM links to β-catenin and neuroligin in CG neurons. β-cat
(lane 1) and NL (lane 3) co-immunoprecipitated with S-SCAM from CG lysates.
In contrast, IQGAP (lane 8) did not. S-SCAM itself precipitated with the S-SCAM
antibody (lane 5), but not with the hemagglutinin (HA) antibody, as a negative
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control (lane 6). CG homogenates were immunoprecipitated (IP) with S-SCAM
or HA antibody. The precipitate and 1–2% of total input were separated by SDSPAGE and immunoblotted (IB) with β-cat antibody (lanes 1 and 2), NL antibody
(lanes 3 and 4), S-SCAM antibody (lanes 5-7), or IQGAP antibody (lanes 8 and
9). β-cat ~92 kDa; NL ~110 kDa; S-SCAM isoforms: α(full length), β and γ180,
160, and 105 kDa; IQGAP ~190 kDa. n = 3 separate experiments.

We

found

obvious

decreases

in

S-SCAM

surface-associated

immunofluorescence staining in CG neurons expressing the HA-tagged β-cat::SSCAM-dn as compared to uninfected control neurons (Fig 3-5A-C). Controls
included uninfected neurons within the same CG (internal controls) and neurons
in separate uninfected, age-matched CGs that were processed in parallel. Pixel
intensity distribution curves showed that S-SCAM labeling was shifted toward
lower intensity levels (Fig 3-5B). The mean pixel intensity was 29.6% lower in βcat::S-SCAM-dn expressing neurons relative to uninfected control neuron levels
(Fig 3-5C). Note that this semi-quantitative approach may underestimate the
changes because of steric hindrance limiting antibody access at control neuron
synapses, based on the previous comparison of changes in α3*-nAChR surface
levels on dn expressing versus control CG neurons using quantitative
immunofluorescence versus electrophysiological recording (31% lower mean
intensity levels as compared to 61.5% decreases in α3*-nAChR mean current
densities; (Rosenberg et al., 2008). Clearly, the results show that S-SCAM
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interaction with β-cat is essential for S-SCAM localizing at nicotinic postsynaptic
sites in vivo.

Figure 3-5

Expression of β-catenin::S-SCAM or APC::EB1 dominant

negative blocking peptides, in vivo, led to decreased accumulation of SSCAM near the CG neuron surface. Micrographs (a,d) of immunofluorescence
double-labeled E11-13 CG frozen sections showing S-SCAM surface-associated
clusters (red) were decreased in neurons expressing the HA-tagged β-cat::SSCAM-dn (DN, green, a) or HA-tagged APC::EB1-dn (DN, green, d) as
compared to control neurons (Ctl, a,d) [uninfected neurons from the same CG
(internal control) or uninfected CGs age-matched and processed in parallel]. HA
staining (green) shows that retroviral infection was restricted to CG neurons and
occasionally a few glial cells (small HA+ cells; not seen here) that surround the
neuronal somata. Insets, two-fold magnification views of boxed regions.
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Frequency distribution graphs (b,e; see below) show reductions in the
fluorescence pixel intensities of S-SCAM labeling near the surface in β-cat::SSCAM-dn and APC::EB1-dn infected neurons (red boxes) versus age-matched
Ctl neurons (blue triangles). Dashed vertical lines indicate the median intensity
values. Bar graphs (c,f) showing 29.6% and 30.7% decreases in mean pixel
intensity levels for S-SCAM surface-associated clusters in β-cat:::S-SCAM-dn (c)
and APC::EB1-dn (f) neurons relative to Ctl neuron levels (β-cat::S-SCAM-dn:
*p<4.1 x 10-15, Student t-test,

n=21 DN and 21 Ctl neurons; APC::EB1-dn:

*p<5.8 x 10-18, Student t-test, n=24 DN and 10 Ctl neurons). Bars represent the
mean ± SEM.
For the quantitative assessments, the fluorescence pixel intensities were
measured along 3-5µm length segments of the brightest labeled surface regions
(n=3 different line segments per neuron, 10-49 DN and Ctl neurons, and 6-12
embryos for each immunolabeling experiment). The values were binned into
incremental groups of 10 pixel intensity steps (eg. from 0-9, 10-19,…, up to
saturation). The percentage of pixels that belonged to each pixel intensity
category was calculated and the data plotted as a relative frequency distribution
(b,e).

In contrast to the decreases in S-SCAM, β-cat surface-associated clusters were
not altered in β-cat::S-SCAM-dn expressing neurons as compared to controls
(Fig.3-6A-C), suggesting that β-cat localizing at nicotinic synapses does not
require its interaction with S-SCAM. Specificity was further indicated by the lack

111

of change in S-SCAM
SCAM surface
surface-associated
associated clusters in neurons with retroviralretroviral
mediated overexpression of GFP, as a negative control (Fig.
(Fig.3-7A--B).

Figure 3-6 Total synapti
synaptic levels of β-catenin
catenin are not altered, but β-catenin
β
phosphorylation state is changed, in dominant negative expressing CG
neurons.

Micrographs (a) of immunofluorescence double
double-labeled
labeled E12 CG

frozen sections showing β
β-cat clusters (red) near the surface are
e not altered in ββ
cat::S-SCAM-dn
dn expressing neurons as compared to control (Ctl) neurons (green
staining of the HA-tagged
tagged dn is not shown). Frequency distribution graph (b) and
mean intensity bar graph (c) show no significant difference in the pixel intensity
inte
levels of β-cat
cat clusters in β
β-cat::S-SCAM-dn
dn neurons (red) versus Ctl neurons
(blue). (p=0.87, Student tt-test,
test, n= 25 DN and 32 Ctl neurons). Similarly, β-cat
β
surface-associated
associated clusters are not altered in APC::EB1
APC::EB1-dn
dn expressing neurons
as compared to Ctl neurons (Rosenberg et al., 2008).
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In contrast, there are changes in the total proportion of β-cat
β
that is
phosphorylated by GSK3β in dn
dn-expressing
expressing CG neurons. We employed an
antibody that specifically recognizes β
β-cat
cat dephosphorylated at the GSK3
GSK3β sites
S37-T41.
T41. Micrographs (d) show decreases in dephospho S37
S37-T41
T41 β-cat
β
clusters
(red,d) near the surface membrane in APC::EB1
APC::EB1-dn
dn neurons versus Ctl neurons.
Insets, two-fold
fold magnification views of boxed regions. Dephospho S37-T41
S37
β-cat
clusters show shifts
hifts to lower pixel intensity levels (e) and 31.8% decreases in
mean intensity levels (f) in APC::EB1
APC::EB1-dn
dn expressing CG neurons versus Ctl
05
neurons (*p<1.3 x 10-05
, Student t-test,
test, n=36 DN and 39 Ctl neurons). Dashed

vertical lines indicate the median inte
intensity
nsity values (b,e). Bars represent the mean
± SEM (c,f).
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Figure 3-7 S-SCAM and NL clusters are not altered by retroviral-mediated
overexpression of GFP, as a negative control, in CG neurons. Micrographs
(a,c) of immunofluorescence double-labeled E12 CG frozen sections showing SSCAM (red,a) and NL (red,c) clusters are not altered by overexpression of GFP
(GFP-OE, a,c) during synapse formation in CG neurons (green staining of
overexpressed GFP is not shown). Uninfected control CG neurons (Ctl in a,c)
were age-matched and processed in parallel. Frequency distribution graphs (b,d)
and mean intensity levels (data not shown) indicated no significant difference in
pixel intensities of S-SCAM (b) and NL (d) labeling in GFP expressing neurons
(green) versus Ctl uninfected neurons (blue). (S-SCAM: p=0.20, Student t-test,
n= 20 GFP and 27 Ctl neurons, and NL: p=0.78, Student t-test, n= 18 GFP and
21 Ctl neurons). Dashed vertical lines indicate the median intensity values (b,d).

The APC multi-protein complex regulates S-SCAM accumulation at
nicotinic synapses

S-SCAM surface-associated accumulation was also

decreased by expression of a different dn peptide, referred to as APC::EB1-dn,
that blocks endogenous APC interactions with microtubule plus-end binding
protein EB1 (Fig.3-5D-F). APC::EB1-dn corresponds to APC’s binding domain
for EB1 (amino acids 1943 to 2184 of chicken APC sequence). We previously
demonstrated the specificity and efficacy of APC::EB1-dn in vitro and in vivo
(Rosenberg et al., 2008).
Blockade of APC::EB1 interactions led to reduced immunofluorescence
intensities for S-SCAM surface-associated clusters and 30.7% decreases in
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mean pixel intensity levels relative to control neuron levels (Fig.3-5D-F). These
decreases in S-SCAM were similar to those caused by β-cat::S-SCAM-dn
expression (Fig.3-5A-C).

In contrast, total surface-associated levels of β-cat

were not altered in APC::EB1-dn neurons (Rosenberg et al., 2008), as also
shown for β-cat::S-SCAM-dn neurons (Fig.3-6A-C).
We propose that APC::EB1-dn expression causes changes in APC and βcat interactions that, in turn, lead to reductions in β-cat binding to S-SCAM.
Decreasing APC binding to EB1 leads to increases in APC interaction with β-cat
(Wang et al., 2005). APC binding to β-cat brings it into close physical proximity
with GSK3β that, in turn, phosphorylates β-cat. β-cat and APC shift binding
partners and functional complexes, depending upon their phosphorylation and
interacting protein levels (Choi et al., 2006; Daugherty and Gottardi, 2007; Xing
et al., 2004; Xu and Kimelman, 2007). Some of the multi-molecular complexes
prevent β-cat binding to S-SCAM (Subauste et al., 2005).
We tested for changes in β-cat phosphorylation at GSK3β sites caused by
APC::EB1-dn expression and for phosphorylation-dependent changes in β-cat
interactions with S-SCAM in CG neurons. GSK3β kinase phosphorylates β-cat
at serine (S)-37 and threonine (T)-41, and phospho-S37-T41 β-cat shows greater
affinity for binding to APC as compared to β-cat dephosphorylated at these sites
(Liu et al., 2006a). We found decreases in dephospho-S37-T41 β-cat surfaceassociated clusters in APC::EB1-dn expressing CG neurons, and a 31.8%
reduction in mean intensity levels as compared to control neurons (Fig.3-6D-F).
As total surface-associated levels of β-cat were not altered, blockade of
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APC::EB1 interactions caused a greater proportion of the β-cat
β
to be
phosphorylated by GSK3β increasing its affinity for APC.

Further, β-cat
β

phosphorylated at GSK3β sites may have reduced affin
affinity for S-SCAM,
SCAM, based on
the decreases in S
S-SCAM
SCAM surface associated clusters in APC::EB1-dn
APC::EB1
expressing CG neurons (Fig.3
(Fig.3-5D-,F).
,F). Consistent with this model, LiCl inhibition
of GSK3β led to increases in the size and overlap of β
β-cat
cat and S-SCAM
S
surface
associated
ociated clusters on cultured CG neurons as compared to the clusters on
neurons in sister wells treated with NaCl, as a negative control (Fig.3-8A,B).
(Fig.3
Similarly, greater amounts of β
β-cat co-precipitated with S-SCAM
SCAM from LiCl versus
NaCl treated CG neuron ccultures (Fig.3-8C).
C). All together, our findings suggest
that dynamic shifts in APC, EB1 and β-cat
cat interactions regulate S-SCAM
S
accumulation at neuronal nicotinic postsynaptic sites.

Figure 3-8 Decreasing β
β-catenin
catenin phosphorylation at GSK3β sites increases
incr
its association with S
S-SCAM in cultured CG neurons. Micrographs (a,b) of
immunofluorescence double
double-labeled
labeled CG neurons cultured for 2 days in the

116

presence of the GSK3β inhibitor LiCl at 20 mM (b) or NaCl at 20 mM (a), as a
negative control. LiCl treated neurons (b) show increases in size and overlap of
S-SCAM (green) and β-cat (red) surface associated clusters, as compared to
clusters on neurons in sister wells treated with NaCl (a; 3 independent
experiments). Immunoblotting (c) shows that greater amounts of β-cat and NL
co-precipitated with S-SCAM from LiCl treated (lane1) versus NaCl treated
(lane3) cultured neurons. The homogenates were immunoprecipitated (IP) with
S-SCAM antibody. The precipitate (lanes 1 and 3) and 1–2% of total input (lanes
2 and 4) were separated by SDS-PAGE and immunoblotted (IB) with NL
antibody. Membranes were then stripped and re-probed with antibodies to β-cat
and S-SCAM (self-precipitation control). β-cat ~92 kDa; NL ~110 kDa; S-SCAM
isoforms: α(full length), β and γ180, 160, and 105 kDa. Data were normalized to
S-SCAM levels. Bar graph (d) shows that increased levels of β-cat (2.4-fold) and
NL (1.7-fold) co-precipitated with S-SCAM in LiCl treated versus NaCl treated
cultures (*p<0.034 and *p<0.00012, respectively, Student t-test, n = 3 separate
experiments). The immunofluorescence and immunoprecipitation results suggest
that β-cat phosphorylation at the GSK3β site affects its interaction with S-SCAM.

Specific decreases in S-SCAM, but not PSD-93 or PSD-95, surfaceassociated clusters in dn expressing CG neurons. In contrast to decreases
in S-SCAM, PSD-93 surface-associated clusters were not altered in APC::EB1dn expressing neurons relative to controls (Rosenberg et al., 2008). Similarly,
PSD-95 surface-associated clusters were not changed (Fig.3-9). The specific
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decrease in S-SCAM, but not PSD-93 or PSD-95, provided the valuable
opportunity to test for a role of S-SCAM in localizing NL at nicotinic synapses in
vivo. Controversial reports suggest that S-SCAM, PSD-93 and PSD-95 have
unique, redundant, or no role in positioning NL at glutamatergic synapses in vitro
(Dresbach et al., 2004; Iida et al., 2004; Levinson et al., 2005).

Figure 3-9 Expression of APC::EB1-dn does not alter PSD-95 clusters near
the neuron surface. Micrographs (a) of immunofluorescence double-labeled
E12 CG frozen sections showing PSD-95 (red) clusters near the surface are not
altered by expression of HA-tagged APC::EB1-dn (DN, green) as compared to
Ctl neurons from age-matched uninfected CGs processed in parallel. Insets,
two-fold magnification views of boxed regions. Frequency distribution graph (b)
and mean intensity levels (data not shown) indicated no significant difference in
pixel intensities of PSD-95 labeling in APC::EB1-dn neurons versus Ctl neurons
(p=0.22, Student t-test, n=21 DN and 19 Ctl neurons). Dashed vertical lines
indicate the median intensity values (b).

S-SCAM interactions play a role in NL localizing at neuronal nicotinic
synapses in vivo. We tested for changes in synaptic accumulation of NL, the
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direct binding partner of S-SCAM, PSD-93 and PSD-95, in CG neurons
expressing the two different blocking peptides. We found obvious decreases in
NL surface clusters (Fig.3-10A,D).

Distribution plots showed that NL surface

staining was shifted toward lower intensities (Fig.3-10B,E). Mean pixel intensity
levels of NL surface clusters were reduced by 29.5% and 21.5% in β-cat::SSCAM-dn and APC::EB1-dn expressing neurons, respectively, as compared to
control neurons (Fig.3-10C,F). To establish specificity, we showed no change in
NL surface clusters in neurons with retroviral-mediated GFP overexpression, as
a negative control (Fig. 3-7C,D). Further, LiCl treatment lead to increased coprecipitation of NL with S-SCAM, in addition to increased β-cat and S-SCAM coprecipitation and surface clusters, relative to NaCl treated sister wells (Fig. 38C,D).

Figure 3-10 Neuroligin surface clusters are decreased in dn-expressing CG
neurons. Micrographs (a,d) of immunofluorescence double-labeled E11-13 CG
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frozen sections.

NL surface clusters (red, a,d) are decreased in neurons

expressing HA-tagged β-cat::S-SCAM-dn (DN, green, a) or HA-tagged
APC::EB1-dn (DN, green, d) as compared to Ctl neurons (Ctl, a,d). Insets, twofold magnification views of boxed regions. NL surface clusters show shifts to
lower pixel intensity levels (b,e) as well as 29.5% and 21.5% reductions in mean
intensity levels (c,f) in β-cat::S-SCAM-dn and APC::EB1-dn expressing neurons,
respectively, relative to Ctl neurons. (β-cat::S-SCAM-dn: *p<1.8 X 10-7, Student ttest, n=16 DN and 16 Ctl neurons; APC::EB1-dn: *p<6.9 X 10-6, Student t-test ,
n=32 DN and 11 Ctl neurons). Dashed vertical lines indicate the median intensity
values (b,e). Bars represent the mean ± SEM (c,f).

S-SCAM interactions play a role in NL localization and/or stable retention at
nicotinic postsynaptic sites in vivo. The findings do not rule out a similar role for
PSD-93 and PSD-95 in positioning NL at nicotinic synapses, but show that they
are not sufficient. We propose that S-SCAM, β-cat, APC and EB1 act in concert
to regulate NL synaptic localization, based on the similar reductions in S-SCAM
and NL synaptic accumulation caused by the two different dns.

The postsynaptic APC multi-molecular complex provides retrograde
signals that promote presynaptic terminal maturation.
Neurexin: The postsynaptic transmembrane protein NL signals retrogradely via
its extracellular interactions with α- and β-Nrx transmembrane proteins in the
presynaptic terminal. α-Nxn functionally couples Ca++ channels to the exocytotic
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machinery, and β-Nxn directs active zone assembly (Dean et al., 2003; Missler et
al., 2003).

NL::Nrx interactions stabilize synapses by linking postsynaptic

scaffold proteins to presynaptic terminal proteins, and direct functional active
zones to develop in register with postsynaptic receptor clusters (Sudhof, 2008).
Based on the decreases in NL clusters on the surface of dn expressing
CG neurons (Fig.3-10), we tested for changes in Nrx clusters on presynaptic
terminals that contact the dn positive neurons.

It is important to note that

retroviral-mediated expression of the constructs (GFP, β-cat::S-SCAM-dn and
APC::EB1-dn) was limited to postsynaptic CG neurons and occasional
surrounding glial cells, whereas expression was never detected in the
presynaptic inputs (data not shown; (Rosenberg et al., 2008; Temburni et al.,
2004; Williams et al., 1998).

The time and site of retroviral injection in ovo

targets neural crest precursor cells that give rise to the CG, but not the neural
tube precursor cells that develop into the midbrain accessory occulomotor
nucleus which innervates CG neurons.
Nrx surface clusters were shifted to lower pixel intensity levels and
showed decreases of 31.5% and 22.6% in mean staining intensities in
APC::EB1-dn and β-cat::S-SCAM-dn expressing neurons relative to control
neurons (Fig.3-11).

The postsynaptic APC multi-protein complex provides

retrograde signals via NL that direct the localization of presynaptic Nrx at
neuronal nicotinic synapses in vivo.
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Figure 3-11

Neurexin surface clusters are decreased on presynaptic

terminals that contact postsynaptic neurons expressing APC::EB1-dn or βcat::S-SCAM-dn. Micrographs (a,d) of immunofluorescence double-labeled E13
CG frozen sections showing that Nrx surface clusters (red, a,d) are decreased on
presynaptic terminals that contact APC::EB1-dn (a) and β-cat::S-SCAM-dn (d)
neurons as compared to Ctl neurons. Insets, two-fold magnification views of
boxed regions. Nrx staining shows shifts to lower pixel intensity levels (b,e) as
well as 31.5% and 22.6% reductions in mean intensity levels (c,f) at synapses on
APC::EB1-dn (b,c) and β-cat::S-SCAM-dn (e,f) expressing neurons, respectively,
relative to Ctl neurons. (APC::EB1-dn: *p<6.9 X 10-9, Student t-test , n=21 DN
and 14 Ctl neurons; β-cat::S-SCAM-dn: *p<5.2X10-22 Student t-test, n=22 DN
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and 21 Ctl neurons). Dashed vertical lines indicate the median intensity values
(b,e). Bars represent the mean ± SEM (c,f).

Synaptic vesicles:

Next, we looked for changes in presynaptic terminal

maturation. First, we analyzed synaptic vesicle clusters in terminals contacting
postsynaptic CG neurons expressing APC::EB1-dn.

No alterations were

detected in the levels of SV2 cluster immunostaining (Fig.3-12A,B). The mean
pixel intensity of SV2 clusters was 102.5 ± 2.9% versus 100 ± 2.9% in terminals
on APC::EB1-dn expressing neurons versus terminals on uninfected control
neurons, respectively.
However, we did observe changes in presynaptic terminal architecture.
The CG contains two neuron types, ciliary and choroid cells, which are readily
distinguished on the basis of size, location in the ganglion, and type of
presynaptic input (Landmesser and Pilar, 1974; Pilar et al., 1980). We analyzed
the ciliary neurons because they receive a single large calyx-type presynaptic
terminal that is readily detected by SV2 labeling. During development, multiple
boutons fuse to form the one large calyx. This presynaptic terminal maturation is
normally completed by embryonic day (E) 14 (Landmesser and Pilar, 1974).
We found greater discontinuity in the length of SV2 stained terminals on
APC::EB1-dn positive ciliary neurons versus control ciliary neurons at E12-14
(Fig.3-12C-E).

The average length of continuous SV2 labeling was 24.9%

smaller relative to control neuron values (Fig.3-12D). This architectural change
suggests that presynaptic terminals were less mature on postsynaptic neurons
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expressing APC::EB1-dn.

Similar to our results, expression of an NL1-dn in

postsynaptic CG neurons led to decreases in presynaptic SV2 cluster size and
number, but not pixel intensity levels (Triana-Baltzer et al., 2008).

Figure 3-12 Altered architecture of the calyx-type presynaptic terminal on
postsynaptic

dn-expressing

ciliary

neurons.

Micrographs

(a)

of

immunofluorescence double-labeled E13 CG frozen sections show no decrease
in SV2 stained synaptic vesicle clusters (red) in presynaptic terminals that
contact postsynaptic neurons expressing APC::EB1-dn (DN) as compared to
terminals on Ctl neurons.

Presynaptic SV2 labeling shows no significant

difference in pixel intensity levels (b) in APC::EB1-dn neurons versus Ctl neurons
(p=0.15, Student t-test;

n=33 DN and 83 Ctl neurons).

In contrast, the

architecture of the presynaptic calyx-type terminal is altered.

Three-fold

magnification views (c) of the boxed regions in (a) show greater discontinuity in
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the length of SV2 stained terminals on APC::EB1-dn positive ciliary neurons
versus Ctl ciliary neurons (Ctl). White lines mark the continuous SV2 stained
segments.

Bar graph (d) shows a 24.9% decrease in the mean length of

continuous SV2 labeling for calyx terminals on APC::EB1-dn neurons versus
age-matched Ctl neurons (*p<0.04, Student t-test, n=67 DN and 157 Ctl neurons,
9 or more embryos, 3 independent experiments). Schematic representation (e)
of maturational changes in architecture of the presynaptic terminal on normal
developing embryonic ciliary neurons. The red dots represent synaptic vesicles.
During immature stages, multiple boutons fuse to form the calyx. Maturation is
complete by E14, all ciliary neurons are contacted by a single large calyx-type
terminal. The decrease in mean length of continuous SV2 labeling on E13 ciliary
neurons expressing APC::EB1-dn suggests that the presynaptic terminals are
less mature.

Active zone proteins: The presynaptic active zone proteins RIM and piccolo
modulate regulated exocytosis of synaptic vesicles (Kaeser et al., 2008; Khanna
et al., 2007; Kiyonaka et al., 2007; Leal-Ortiz et al., 2008). RIM and piccolo
cluster intensity levels were decreased by 18.8% and 48.2%, respectively, in
presynaptic terminals on APC::EB1-dn expressing postsynaptic CG neurons
(Fig.3-13A-F). Similarly, β-cat::S-SCAM-dn caused 28% reductions in piccolo
cluster intensity levels (Fig.3-13G-I). The decreases in three different presynaptic
proteins, Nrx, piccolo, and RIM, and the terminal architectural changes suggest
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that retrograde signals from the postsynaptic APC complex are essential for
presynaptic terminal maturation.

Figure 3-13

Presynaptic active zone protein clusters are decreased in

terminals that contact postsynaptic neurons expressing APC::EB1-dn or βcat::S-SCAM-dn.

Micrographs (a,d,g) of immunofluorescence double-labeled

E11-13 CG frozen sections showing that RIM (red, a) and piccolo (red, d,g)
clusters are decreased in presynaptic terminals that contact postsynaptic
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neurons expressing APC::EB1-dn (a,d) or β-cat::S-SCAM-dn (g) as compared to
terminals on Ctl neurons. Insets, two-fold magnification views of boxed regions.
RIM (b,c) and piccolo (e,f,) clusters show shifts to lower pixel intensity levels (b,e)
and reductions in mean intensity levels of 18.8% for RIM (c) and 48.2% for
piccolo (f) in presynaptic terminals on APC::EB1-dn neurons relative to terminals
on Ctl neurons. (RIM, c; *p<7.6 X 10-4, Student t-test; n=28 DN and 49 Ctl
neurons; piccolo, d; *p<8.9 x 10-24, Student t-test ; n=27 DN and 10 Ctl neurons).
Similarly, piccolo staining shows 28% reductions in mean intensity levels (h,i) in
presynaptic terminals on β-cat::S-SCAM-dn expressing neurons (i, *p<6.5 x 10-13,
Student t-test; n=24 DN and 24 Ctl neurons). Dashed vertical lines indicate the
median intensity values (b,e,h). Bars represent the mean ± SEM (c,f,i).

Reduced functional maturation of presynaptic terminals on postsynaptic
neurons expressing APC::EB1-dn. Based on the decreases in active zone
proteins, we tested for reduced presynaptic functional maturation.

We used

FM1-43FX styrl dye labeling to assess the levels of active synaptic vesicle
recycling induced by high K+ depolarization, a well-established method for
measuring presynaptic function and maturation (Gaffield and Betz, 2006). Live
neurons with attached intact presynaptic terminals were isolated from APC::EB1dn expressing CGs and control age-matched CGs using mild dissociation
conditions. We found a 30.1% reduction in mean intensity levels of FM1-43FX
labeling of presynaptic terminals on APC::EB1-dn neurons as compared to
terminals on control neurons (Fig.3-14). The reduced active synaptic vesicle
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recycling during high K+ depolarization is consistent with the decreased levels of
piccolo and RIM. Unfortunately, technical limitations prevented assessment of
changes in synaptic transmission (spontaneous and evoked synaptic responses)
because dissociated CG neurons expressing the APC::EB1-dn failed to re-form
processes in vitro, preventing the formation of synaptic connections. As strong
support for our model of altered functional maturation of nicotinic synapses in
vivo, a new study of glutamatergic synapses in vitro showed that changes in NL1
levels (up or down) altered the levels of synaptic vesicle recycling induced by
high K+ depolarization, as well as vesicle release probability and frequency of
miniature EPSCs (Gaffield and Betz, 2006). Overall, our findings suggest a role
for the postsynaptic APC multi-protein complex in promoting presynaptic terminal
maturation in vivo.

Figure 3-14

Blockade of postsynaptic APC::EB1 interactions leads to

decreased presynaptic terminal functional maturation.

Live neurons with

attached intact presynaptic terminals were isolated from APC::EB1-dn infected
CGs and control uninfected CGs at E13.5 using mild dissociation conditions.
Micrographs (a) show substantial decreases in FM1- 43FX labeling of recycling

128

synaptic vesicles during high K+ depolarization of the freshly isolated APC::EB1dn neurons versus Ctl neurons. Cumulative frequency distribution graph (b)
showing that FM1-43FX labeled puncta shift to lower peak intensity levels in
terminals on APC::EB1-dn neurons relative to terminals on Ctl neurons (n= 13
DN and 23 Ctl neurons, two independent experiments). Bar graphs (c) show
30.1% reduction in mean peak intensity levels of FM1-43X labeled clusters in
presynaptic terminals on APC::EB1-dn versus Ctl neurons (*p<0.0048, Student ttest). Bars represent the mean ± SEM.

DISCUSSION
We have uncovered a new role for APC as a key coordinator of presynaptic and
postsynaptic maturation in cholinoceptive neurons. Synaptic efficacy requires
coordinated maturation of pre- and postsynaptic specializations. Previously, we
have shown that APC is essential for high density accumulation of α3*-nAChRs
at postsynaptic sites (Rosenberg et al., 2008; Temburni et al., 2004). We now
show that the APC multi-protein complex also provides retrograde signals that
promote presynaptic active zone assembly. Postsynaptic APC orchestrates preand postsynaptic maturation to ensure that functional active zones form in
register with neurotransmitter receptor clusters.

We show a schematic

representation of our model of the synapse organizing function of APC (Fig.315). We identify S-SCAM and NL as novel components of the APC multi-protein
complex at neuronal nicotinic synapses. We show that β-cat interactions are
required to recruit S-SCAM to nicotinic postsynaptic sites. Most important, we
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show that APC, EB1, β
β-cat, and S-SCAM
SCAM act in concert to localize and/or retain
NL at nicotinic synapses in vivo. Postsynaptic blockade of selected APC and βcat interactions leads to decreases in S
S-SCAM
SCAM and NL, on the postsynaptic side,
and in Nrx and active zone proteins RIM and piccolo, on the presynaptic side.
Presynaptic terminal functional maturation is also reduced, based on decreases
in actively recycling synaptic vesicles during high K+ depolarization. Our findings
provide novel insights into molecular mechanisms that coordinate prepre and
postsynaptic maturation at neuronal nicotinic synapses.

Figure 3-15 Schematic representati
representation of the APC multi-protein
protein complex at
neuronal nicotinic synapses. APC co-ordinates
ordinates presynaptic and postsynaptic
maturation by organizing a multi
multi-protein
protein complex of scaffold, cell adhesion,
cytoskeletal regulatory, and adapter proteins that are essential for the synaptic
localization of α3*-nAChRs,
nAChRs, NL1 and Nrx. Scaffold proteins: S
S-SCAM,
SCAM, PSD-93;
PSD
Cytoskeletal regulators: IQGAP1 and MACF (microtubule-actin
actin cross-linking
cross
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factor); and adapter proteins: 14-3-3 (Rosenberg et al., 2008; Temburni et al.,
2004).

Our work is the first report, to our knowledge, that identifies molecular
interactions required for localizing NL at synapses in vivo. Our results suggest a
role for S-SCAM in anchoring NL1 at nicotinic postsynaptic sites. Most studies of
NL1 synaptic targeting have employed cultured neurons and implicate PSD-95
interactions with NL1 at glutamatergic synapses (Futai et al., 2007; Levinson et
al., 2005). In contrast, we find that PSD-95 and PSD-93 are not sufficient for
normal levels of NL1 at nicotinic synapses that have reduced levels of S-SCAM.
The three scaffold proteins, S-SCAM, PSD-95 and PSD-93, are enriched at α3*nAChR synapses and directly bind to NL1 via their PDZ domains.

Deletion

analyses suggest, however, that the PDZ binding domain of NL1 is dispensable
for its localization at synapses in vitro (Conroy et al., 2007; Dresbach et al.,
2004). Interestingly, S-SCAM has a second binding site for NL1. The ww domain
of S-SCAM binds to the NL1 middle cytoplasmic region (Iida et al., 2004). The
NL1 cytoplasmic region is critical for synaptic targeting and some synaptic
functions. The cytoplasmic region proximal to the transmembrane domain is
sufficient to target exogenous NL1 to the preformed postsynaptic complex and
promotes alignment of pre- and postsynaptic specializations (Conroy et al., 2007;
Dresbach et al., 2004). The middle cytoplasmic region of NL1 is essential for
presynaptic terminal functional maturation (Iida et al., 2004). Albeit the protein
that binds to the NL1 proximal cytoplasmic region is undefined, Brose and
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colleagues (Dresbach et al., 2004) propose that protein 4.1 may bind to this
region and link NL1 to the actin cytoskeleton at the synapse. The NL1 middle
cytoplasmic region contains the S-SCAM binding domain (Iida et al., 2004). We
propose that S-SCAM links NL1 to the postsynaptic cytoskeleton via β-cat, APC
and EB1. These three proteins bind to key cytoskeletal regulators that cross-link
and stabilize the local submembranous actin and microtubule cytoskeleton at
postsynaptic sites (Rosenberg et al., 2008). Further, Dresbach and colleagues
((Gaffield and Betz, 2006) speculate that S-SCAM plays a key role in presynaptic
maturation by linking NL1::Nrx and N-cad::β-cat signaling functions at the
synapse. NL and N-cad have separate roles in enhancing synchronous versus
asynchronous release of transmitter from cholinergic presynaptic terminals (Neff
et al., 2009). The results reported here provide support for a role of S-SCAM in
promoting presynaptic maturation.

Consistent with our findings at neuronal

nicotinic synapses in vivo, S-SCAM is required for NL1 localizing at glutamatergic
synapses in vitro (Iida et al., 2004).

At a distinct nicotinic synapse, the

neuromuscular junction, the β-cat complex provides retrograde signals that
promote presynaptic differentiation and function (Li et al., 2008). Accumulating
evidence supports our model of postsynaptic S-SCAM, β-cat and APC
functioning in concert to anchor NL1 at nicotinic synapses and thereby promote
functional maturation of presynaptic terminals.
Although our results show that PSD-95 and PSD-93 are not sufficient for
normal levels of NL1 at nicotinic synapses, we cannot rule out a role for these
two scaffold proteins in promoting NL1 localization and/or stable retention at
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postsynaptic sites.

At nicotinic and glutamatergic synapses in vitro,

the

postsynaptic complex of PSD-95 and NL1 signals retrogradely to regulate
synchronous release of neurotransmitter from presynaptic terminals and/or
structural alignment of presynaptic and postsynaptic elements
2007).

(Futai et al.,

However, a new study shows that PSD-95 accumulates at nascent

glutamatergic synapses after NL1 is positioned there (Barrow et al., 2009). It will
be important to test directly whether PSD-95/ PSD-93 play a role in anchoring NL
at neuronal synapses in vivo.
Trans-synaptic interactions between NL and Nrx function to align the
postsynaptic density scaffold with the presynaptic neurotransmitter release
machinery (Dean and Dresbach, 2006; Li et al., 2007; Sudhof, 2008). Within the
postsynaptic neuron, NL binds to multi-domain scaffold proteins that link (directly
or indirectly) to neurotransmitter receptors, signaling molecules and cytoskeletal
elements (Deng et al., 2006; Keith and El-Husseini, 2008). Trans-synaptically,
NL binds to α- and β-Nrx (Boucard et al., 2005; Chih et al., 2006). Within the
presynaptic terminal, α-Nrx functionally couples Ca2+ channels to the exocytotic
machinery (Dudanova et al., 2006; Missler et al., 2003; Zhang et al., 2005). βNrx recruits synaptic vesicles via direct binding to CASK and synaptotagmin
(Dean and Dresbach, 2006). Co-culture studies of transfected heterologous cells
and neurons indicate that Nrx is sufficient to induce postsynaptic specializations
and NL is sufficient to induce presynaptic specializations (Craig and Kang, 2007;
Scheiffele et al., 2000). However, knock-out transgenic mouse studies show
that, in vivo, NL and Nrx are dispensable for synapse assembly, whereas they
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are essential for functional maturation of glutamatergic and GABAergic synapses
(Chubykin et al., 2007; Missler et al., 2003; Varoqueaux et al., 2006). We extend
these studies by showing that: (1) NL and Nrx enhance structural and functional
maturation of presynaptic terminals at neuronal nicotinic synapses in vivo and (2)
the APC multi-protein complex anchors NL at these synapses.
Synaptic maturation is also regulated by Wnt signaling (Ataman et al.,
2008; Salinas and Zou, 2008; Speese and Budnik, 2007). APC and β-cat are
key players in the Wnt signaling pathway.

Wnt signaling regulates GSK3β

phosphorylation of β-cat and APC, and thereby leads to dynamic shifts in their
protein interactions and functions, including intercellular adhesion complexes,
cytoskeleton regulation, and Wnt-responsive gene transcription (Barth et al.,
2008; Daugherty and Gottardi, 2007; Zumbrunn et al., 2001). The decreased
levels of stable, dephosphorylated β-cat in dn-expressing CG neurons (Fig.3-6CE) suggest that Wnt signaling may be reduced. Direct modulation of Wnt is
necessary, in future studies, to define its specific role at neuronal nicotinic
synapses.

We predict that the present findings identify molecules, both

presynaptic and postsynaptic, that likely mediate the role of Wnt signaling in
promoting neuronal synaptic maturation.
Our findings identify novel molecular interactions that coordinate
presynaptic and postsynaptic maturation. We show that APC organizes a multiprotein postsynaptic complex that anchors NL1 and Nrx at nicotinic synapses
and promotes functional active zones to develop in register with α3*-nAChR
clusters. The key molecular players, APC, β-cat, S-SCAM, EB1, NL1 and Nrx,
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are shared components between excitatory nicotinic and glutamatergic
synapses.

These shared synaptic components suggest that conserved

mechanisms direct presynaptic and postsynaptic maturation in the distinct
neuron types.

Our newly generated transgenic mouse model with targeted

depletion of APC in central neurons will provide a critical test of this model.
Autism and mental retardation associate with NL and Nrx loss-of-function
human gene mutations (Glessner et al., 2009; Sudhof, 2008), underscoring the
importance of defining molecular interactions which localize NL and Nrx at
vertebrate synapses. As further support for our model, APC loss-of-function
human gene mutations also correlate with autism spectrum disorders and mental
retardation (Raedle et al., 2001; Zhou et al., 2007), highlighting the significance
of the association, demonstrated here, between APC, NL and Nrx. Our data are
defining novel roles for APC as a key coordinator of excitatory synapse
maturation and function in neurons in vivo.
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CHAPTER 4

ALEXA FLUOR 546-ArIB[V11L;V16A] IS A POTENTIAL
LIGAND FOR SELECTIVELY LABELING ALPHA 7
NICOTINIC ACETYLCHOLINE RECEPTORS
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CONTRIBUTIONS TO THIS PAPER
For this paper, I performed all aspects of the Cy3-ArIB[V11L;V16A] labeling of
hippocampal neurons shown in Figures 4-1, and 4-2, and generated the figures. I also
contributed by editing the manuscript, and providing our collaborators advice on
immunofluorescence methods.

ABSTRACT
The α7* (*denotes the possible presence of additional subunits) nicotinic
acetylcholine receptor (nAChR) subtype is widely expressed in the vertebrate
nervous system and implicated in neuropsychiatric disorders that compromise
thought and cognition. In this report, we demonstrate that the recently developed
fluorescent ligand Cy3-ArIB[V11L;V16A] labels α7 nAChRs in cultured
hippocampal neurons. However, photobleaching of this ligand during long image
acquisition times prompted us to develop a new derivative. In photostability
studies, this new ligand, Alexa Fluor 546-ArIB[V11L;V16A], was significantly
more resistant to bleaching than the Cy3 derivative. The classic α7 ligand αbungarotoxin binds to α1* and α9* nAChRs. In contrast, Alexa Fluor 546ArIB[V11L;V16A] potently (IC50 1.8 nM) and selectively blocked α7 nAChRs but
not α1* or α9* nAChRs expressed in Xenopus oocytes. Selectivity was further
confirmed by competition binding studies of native nAChRs in rat brain
membranes. The fluorescence properties of Alexa Fluor 546-ArIB[V11L;V16A]
were assessed using human embryonic kidney-293 cells stably transfected with
nAChRs; labeling was observed on cells expressing α7 but not cells expressing
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α3β2, α3β4, or α4β2 nAChRs. Further imaging studies demonstrate that Alexa
Fluor 546-ArIB[V11L;V16A] labels hippocampal neurons from wild-type mice but
not from nAChR α7 subunit-null mice. Thus, Alexa Fluor 546-ArIB[V11L;V16A]
represents a potent and selective ligand for imaging α7 nAChRs.

INTRODUCTION
Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels that
are ubiquitously expressed throughout the central and peripheral nervous
systems by both neuronal and non-neuronal cells. These receptors are
pentameric assemblies of homologous subunits that combine to form ligandgated ion channels that, when activated by agonists, open to allow the passage
of ions across the cell membrane. Seventeen nAChR subunits have been cloned
encoding the α1–α10, β1–β4, δ, ε, and γ subunits. These subunits assemble in
various combinations to form heteromeric receptors or, in the case of the α7, α8,
and α9 subunits, homomeric receptors (for review, see (Albuquerque et al.,
2009)).
The hippocampus, located in the temporal lobe of the brain, is critically
involved in learning and memory. It is a highly organized structure with the
principal neurons arranged in a configuration that is known as the tri-synaptic
circuit. Included in this circuit is a heterogenous population of GABAergic
interneurons. A subpopulation of these interneurons abundantly expresses α7
nAChRs which are involved in modulating the release of GABA (Albuquerque et
al., 1998; Alkondon et al., 1999). The hilar region of the dentate gyrus has both
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excitatory and inhibitory circuit neurons that express α7 nAChRs. Glutamatergic
mossy cells are involved in regulating the activity of granule cells and cornus
ammonis 3 pyramidal cells and virtually all mossy cells express α7 nAChRs
(Frazier et al., 2003). Accumulating evidence suggests that nAChRs play an
important role in the activity of the hippocampal tri-synaptic circuit and have been
implicated in a number of neuropsychiatric disorders, including Alzheimer’s
disease and schizophrenia (Bencherif and Lippiello, 2010; Dziewczapolski et al.,
2009; Mexal et al., 2010; Sinkus et al., 2009). Accordingly, nAChRs have
received considerable attention as targets for novel therapeutic compounds
aimed at treating these conditions (Buccafusco and Terry, 2009; Hauser et al.,
2009; Marks et al., 2009). Unfortunately, current probes for detecting α7 nAChRs
have serious drawbacks that limit their utility. For example, commercially
available α7 antibodies have been shown to produce labeling in α7 knockout
mice (Herber et al., 2004; Moser et al., 2007). Historically, ligands derived from
α-bungarotoxin (α-BgTx) have been used for detecting α7 nAChRs. However, it
is now widely accepted that this peptide toxin also binds to non-α7 nAChR
subtypes including those that contain the α1 and α9 subunits (Elgoyhen et al.,
1994; Elgoyhen et al., 2001; Sgard et al., 2002). This is less of a concern for
studies that involve the hippocampus because α1 and α9 subunits are not
expressed by cells of the brain. However, Franceschini et al. reported significant
residual α-BgTx binding to an unknown site in brain tissue from α7 knockout mice
(Franceschini et al., 2002). In addition, McCann et al. recently reported that αBgTx binds to a subset of GABAARs that contain the β3 subunit (McCann et al.,
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2006). This GABAAR subtype is present in hippocampal neurons (Marchionni et
al., 2007) complicating the use of α-BgTx in detecting α7 nAChRs in this tissue.
Because of the limitations of α-BgTx and α7 antibodies, the development of novel
selective probes for the α7 nAChR subtype is a priority.
We previously developed a fluorescent Cy3 derivative of an α7 selective
α-conotoxin (α-CTx) (Hone et al., 2009) and now show for the first time that it can
be used to label native α7 nAChRs present in cultured hippocampal neurons. In
addition, we report the development of new derivative, Alexa Fluor 546ArIB[V11L;V16A], that is a more potent blocker and more resistant to
photobleaching than the Cy3 ligand. The selectivity of this new ligand for α7
nAChRs was assessed using functional assays in Xenopus laevis oocytes and in
radioligand binding studies of native nAChRs. Lastly, we demonstrate the
fluorescent peptides ability to produce specific labeling of cultured hippocampal
neurons from wild type (wt) mice but not from mice that lack the α7 gene (α7
knockouts).

METHODS
Alexa Fluor 546 N-hydroxysuccinimidyl (NHS) ester dye, penicillin/streptomycin,
minimum essential medium, G418 sulfate (Geneticin), 0.5% trypsin/EDTA,
Hoechst 33342, calcium and magnesium free phosphate-buffered saline (PBS),
Hank’s Balanced Salt Solution (HBSS), tissue culture grade HEPES solution,
heat inactivated horse serum (HS), B27 supplement, Glutamax, 2.5% trypsin,
and Neurobasal medium were from Invitrogen (Carlsbad, CA, USA). Cy3 NHS
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ester dye and [I25I]-α-BgTx (specific activity 2000 Ci/mmol) were purchased from
General Electric Healthcare (Piscataway, NJ, USA). Heat inactivated fetal bovine
serum (FBS) was from HyClone (Logan, UT, USA). α-CTx ArIB[V11L;V16A] and
[I25I]-α-CTx MII (specific activity 2200 Ci/mmol) were synthesized as previously
described (Whiteaker et al., 2000b). Rat brain regions were purchased from PelFreeze Biologicals (Rogers, AR, USA). DNAse I (Type II), α-BgTx, α-cobratoxin
(α-CbTx), ACh chloride, carbachol, poly-l-lysine hydrobromide, poly-d-lysine
hydrobromide, acetonitrile, trifluoroacetic acid (TFA), atropine sulfate, bovine
serum

albumin,

phenylmethylsulfonyl

fluoride,

leupeptin

trifluoroacetate,

pepstatin A, aprotinin, EDTA, and EGTA were from Sigma Aldrich (St. Louis, MO,
USA). The HEPES used for oocyte electrophysiology experiments was from
Research Organics (Cleveland, OH, USA). Amikacin sulfate, sulfamethoxazole,
and trimethoprim were purchased from the University of Utah Health Science
Center (Salt Lake City, UT, USA). The mouse strains FVB/NJ and C57BL/6J
were purchased from Jackson Laboratories (Bar Harbor, ME, USA). CHRNA7
null mice (Orr-Urtreger et al., 1997) were generously provided by M.J. Marks
(University of Colorado, Boulder, CO, USA). The stably transfected human
embryonic kidney cells (HEK293) cells lines KXα3β2R4, KXα3β4R2, KXα4β2R2,
and KXα7R1 were generously provided by K. Kellar (Georgetown University,
Washington, DC, USA).

Conjugation of α-CTx ArIB[V11L;V16A] with NHS ester dyes To generate
fluorescent conjugates of α-CTx ArIB[V11L;V16A], the peptide (50 nmol) was
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suspended in 11 µL of a water solution buffered with 227 mM NaHCO3 and
adjusted to pH 8.5 with NaOH. NHS ester dye (200 µg) in 14 µL of anhydrous
dimethylsulfoxide was added to the peptide solution and incubated at 23°C for
2 h in the dark with brief vortexing and centrifugation performed at least once
during this time period. The reaction was terminated by dilution first with 50 µL of
dimethylsulfoxide followed by 150 µL of buffer A [0.1% (v/v) TFA in distilled
water]. The reactants were separated by reverse phase-HPLC (RP-HPLC) using
a Vydac C18 column (Grace Davidson Discovery Sciences, Deerfield, IL, USA).
The buffers used were buffers A and B60 [0.092% (v/v) TFA, 60% (v/v)
acetonitrile, and the remainder water]. The peptides were eluted using a linear
gradient of 20–90% B60 over 40 min. Yield quantification of the fluorescent
conjugates was determined using the Absmax and the molar extinction coefficients
for each fluorophore (104 000/M/cm at 556 nm for Alexa Fluor 546 and
150 000/M/cm at 550 nm for Cy3) and the Lambert–Beer equation. The masses
were verified by matrix-assisted laser desorption ionization-time of flight (MALDITOF) and electrospray mass spectrometry (MS) that was performed at the Salk
Institute (La Jolla, CA, USA) under the direction of J. Rivier.

Oocyte electrophysiology Detailed methods for the expression of nAChRs in
X. laevis oocytes have been previously described (Hone et al., 2009). Oocytes
were voltage-clamped and exposed to ACh and toxins as previously described
(Cartier et al., 1996). Briefly, the oocyte chamber consisting of a cylindrical well
(∼30 µL in volume) was gravity perfused at a rate of ∼2 mL/min with ND96
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containing 0.01% (w/v) bovine serum albumin and 1 µM atropine to block
potential contaminating signal from endogenous muscarinic receptors. For
experiments involving α7 and α9α10, atropine was excluded from the perfusion
solution because it has been shown to block these receptor subtypes. Oocytes
were exposed once a minute to a 1 s pulse of ACh. The ACh concentrations
used were 200 µM for α7, 50 µM for α1β1δε, and 100 µM for all other subtypes.
Detailed methods for application of toxins and data analysis are described in
Hone et al. (2009) (Hone et al., 2009).

Cell culture The cells lines KXα3β2R4, KXα3β4R2, KXα4β2R2, and KXα7R1
were established previously by stably transfecting HEK293 cells with rat nAChR
subunit genes (Xiao et al., 2009; Xiao and Kellar, 2004; Xiao et al., 1998). The
cells were routinely grown in a selective growth medium (SGM-7) which consists
of minimum essential medium containing 2.2 mg/mL NaHCO3, 10% FBS (v/v),
100 U/mL penicillin, 100 µg/mL streptomycin, 0.7 mg/mL G418 (Geneticin), and
1 mM carbachol. The cells were grown in 75 cm2 flasks and passaged every 3–
4 days when they reached ∼80% to 90% confluency. For fluorescence labeling
experiments, cells were plated on 15 mm borosilicate glass coverslips (cat. #640703; Warner Instruments, Hamden, CT, USA) treated with 0.1 mg/mL poly-llysine and grown in 12-well Falcon tissue culture plates (cat. #353503; Fisher
Scientific, Pittsburg, PA, USA). Cells were suspended at 23°C in SGM-7 at a
density of 8 × 104/mL. One mL of the cell suspension was added to each well
plus 500 µL of SGM-7 and cultured at 37°C in 95% air and 5% CO2 for 2–3 days
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prior to use. Cells were washed three times with PBS (pH 7.5) at 23°C, then
exposed to a PBS solution containing 2 µM Hoechst 33342 and either 100 nM or
1 µM Alexa Fluor 546-ArIB[V11L;V16A] for 20–45 min (depending on the
concentration used) at 4°C. Non-specific binding was minimized by including
10% (v/v) FBS in the PBS solution. In KXα7R1 cells, non-specific binding was
determined by pre-incubating the cells with 2 µM α-CbTx for 20 min at 4°C then
with 100 nM Alexa Fluor 546-ArIB[V11L;V16A] in the presence of 2 µM α-CbTx.
Cells were washed three times with 4°C PBS and the coverslips were then
placed in a 60 mm Petri dish with a borosilicate glass bottom and immediately
imaged using epifluorescence microscopy. The photobleaching rates of
fluorescent conjugates were determined by continually illuminating a region of
interest (a labeled KXα7R1cell) and measurements of fluorescence intensity
were taken every 3 s for 120 s at 340 × 280 resolution with 4 × 4 binning. The
fluorescence intensity for each time point was normalized to the initial value and
curve-fit with a single exponential equation using GraphPad Prism (GraphPad
Software Inc., La Jolla, CA, USA). The microscope used was a Nikon Eclipse
FN1 (Nikon Instruments Inc., Melville, NY, USA) equipped with an epiilluminator,
a Nikon 40× NIR Apo water dipping objective numerical aperture 0.80, and a filter
set appropriate for Hoechst 33342, Cy3, and Alexa Fluor 546 fluorophores. The
images were captured at 640 × 480 resolution with 2 × 2 binning using a Nikon
charge-coupled device camera cooled to −10°C. The light source for all
microscopy experiments was a Lamda LS xenon arc lamp with a 300 W bulb
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(Sutter Instruments, La Jolla, CA, USA). Images were adjusted for brightness
and contrast using NIH ImageJ software (Bethesda, MD, USA).

Displacement binding assays
Brain membranes

To prepare brain membranes, rat brain regions were

obtained from Pel-Freez (Rogers, AR, USA). Choices of brain regions were
made as appropriate for each nAChR subtype being investigated. For
experiments measuring monoiodinated α-BgTx ([125I]-α-BgTx) binding to α7
nAChRs, hippocampus was used. For experiments assessing inhibition of
monoiodinated [125I]-Epibatidine ([125I]-Epi) binding to α4β2* (*denotes the
possible presence of additional subunits) nAChRs, cortex was used, and
displacement of monoiodinated [125I]-α-CTx MII binding was investigated using
pooled olfactory tubercle, striatum, and superior colliculus membranes. Brain
region samples were homogenized in ice-cold hypotonic buffer (14.4 mM NaCl,
0.2 mM KCl, 0.2 mM CaCl2, 0.1 mM MgSO4, and 2 mM HEPES, pH 7.5) using a
glass-Teflon tissue grinder. Particulate fractions were collected by centrifugation
at 25 000 g for 15 min at 4°C (Eppendorf 5417 C centrifuge; Eppendorf North
America, New York, NY, USA). The pellets were resuspended in fresh
homogenization buffer, incubated on ice for 10 min, and then harvested by
centrifugation as described above. Each pellet was washed twice more by
resuspension/centrifugation before storage (in pellet form in homogenization
buffer) at −70°C until use.
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Binding assay The selectivity of Alexa Fluor 546-ArIB[V11L;V16A] for native α7
nAChRs was assessed by a panel of displacement binding assays. Binding to α7
nAChRs was measured by displacement of [125I]-α-BgTx binding from
hippocampal membranes as described by Whiteaker et al. (2008) (Whiteaker et
al., 2008), using a Packard Cobra counter (PerkinElmer Life and Analytical
Sciences, Waltham, MA, USA). Results for inhibition of [125I]-α-BgTx binding were
calculated using a one-site fit: B = B0/(1+I/IC50), where B is ligand bound at
inhibitor concentration I, B0 is the binding in the absence of inhibitor, and IC50 is
the concentration of inhibitor required to reduce binding to 50% of B0. Values for
Ki (inhibition binding constant) were derived by the method Cheng–Prusoff
method (Cheng and Prusoff, 1973). Binding to non-α7 nAChRs was measured
using similar techniques, but with the following differences. Displacement of
500 pM [125I]-α-CTx MII from pooled membranes from the striatum, superior
colliculus, and olfactory tubercules was measured using a 2 h initial incubation
period and a 5-min period for dissociation of non-specific binding (Salminen et
al., 2005). Inhibition of 200 pM [125I]-Epi from cortical membranes was also
assessed using a 2 h incubation period, and assays were filtered immediately,
without application of a non-specific binding dissociation period (Whiteaker et al.,
2000a).

Hippocampal cultures

Primary neuronal cultures were prepared from rat

hippocampus as previously described (Tretter et al., 2008). The hippocampus
was chosen because it is relatively large and easy to dissect. Furthermore, the
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expression of α7 nAChRs by cultured hippocampal neurons has been extensively
characterized (Fayuk and Yakel, 2007; Kawai et al., 2002; Massey et al., 2006).
Briefly, hippocampi were isolated from E18 rat brains and dissociated after
trypsinization. Cells were plated on poly-l-lysine-coated glass coverslips in
35 mm Petri dishes with Neurobasal medium containing 5% (v/v) FBS which was
replaced after 6 h by Neurobasal medium containing B27 without FBS. Cultures
were grown at a density of 1 × 105 cells per 35 mm dish. The neurons were fed
twice a week by replacing 33% of the medium. After 18 days in vitro, the neurons
were fixed with 4% (w/v) paraformaldehyde for 20 min, rinsed, then blocked with
5% (v/v) normal goat serum + 0.3% (v/v) Triton X-100 in PBS for 1 h. Neurons
were stained with either 1 µM or 10 µM Cy3-ArIB[V11L;V16A] and primary
antibodies toward either synaptic vesicle protein 2 (SV2; Developmental Studies
Hybridoma Bank, Iowa City, IA, USA) or post-synaptic density protein (PSD-95;
Upstate Biotechnology, Lake Placid, NY, USA) in 2% (v/v) normal goat
serum + 0.3% (v/v) Triton X-100 for 1 h, then washed thrice with 0.3% (v/v) Triton
X-100 in PBS. Neurons were then stained with appropriate Alexa Fluor 488conjugated secondary antibodies (Molecular Probes, Eugene, OR, USA) for
45 min. Non-specific binding of Cy3-ArIB[V11L;V16A] was assessed by preincubating the neurons with 10 µM α-BgTx for 60 min prior to and during
exposure to Cy3-ArIB[V11L;V16A]. All steps were performed at 23°C. Images
were obtained using a Zeiss Axioscope microscope (Zeiss, Thornwood, NY,
USA) with a Q-Imaging Retiga 200R Fast 1394 black and white charge-coupled
device camera (Surrey, British Columbia, Canada) and Nikon Instruments NIS
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Elements software (Melville, NY, USA) as described in Rosenberg et al. (2008)
(Rosenberg et al., 2008).
Five postnatal date 0 (P0) mouse pups per isolation were killed with CO2
and the brains removed and placed in ice-cold HBSS (buffered with 10 mM
HEPES and adjusted to pH 7.4 with NaOH). The hippocampi were dissected out,
cut into small pieces with iridectomy scissors, and exposed to HBSS containing
0.25% (v/v) trypsin in a 15 mL conical tube. After a 20 min incubation period at
37°C, the hippocampal pieces were washed twice for 5 min with HBSS to remove
the trypsin from the tissue and then suspended in 2.5 mL of HBSS containing
10 µg/mL of DNAse I Type II in the presence of 5 mM MgCl2. The hippocampi
were then mechanically dissociated with a normal Pasteur pipette followed by
one with an opening that had been reduced to approximately half the diameter by
flaming. The cell suspension was centrifuged for 2 min at 200 g, aspirated, and
resuspended in 10 mL of Neurobasal medium containing 10% (v/v) HS, 2% (v/v)
B27, 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM Glutamax. The cell
suspension was passed through a 70 µm cell strainer to remove large pieces of
debris and any tissue that had not been completely dissociated. The cells were
counted using a hemocytometer and the density adjusted to ∼2.0 × 105 cells/mL.
Cell viability was assessed using the trypan blue exclusion test. One ml of the
cell suspension was added to each well of a 12-well BD Falcon culture plate (cat.
#353503; Fisher Scientific) that contained a 15 mm borosilicate glass coverslip
(cat. #64-0703; Warner Instruments). The coverslips were first flamed using 95%
EtOH and treated with 0.2 mg/mL poly-d-lysine. The cells were cultured at 37°C
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in 95% air and 5% CO2 for 15–21 days prior to use. Fifty percent of the medium
was replaced every 4 days with the Neurobasal growth medium containing 2%
(v/v) B27, 100 U/mL penicillin, 100 µg/mL streptomycin, and 0.5 mM Glutamax.
On day 6 in vitro, some cultures received 5 µM cytosine-β-d-arabinofuranoside to
inhibit the proliferation of non-neuronal cells.

Fluorescence microscopy of living neurons

To label α7 nAChRs, the

coverslips of neurons were placed in individual 35 mm Petri dishes containing
2 mL of 23°C labeling solution [140 mM NaCl, 5 mM KCl, 2 mM CaCl2 1 mM
MgCl2, 5% (v/v) HS, 10 µg/mL each of aprotinin, leupeptin trifluoroacetate, and
pepstatin A, and 10 mM HEPES, pH 7.4]. The neurons were exposed to labeling
solution containing Alexa Fluor 546-ArIB[V11L;V16A] and Hoechst 33342 for
20 min at 23 C and subsequently washed by exchanging the labeling solution six
times over 5 min with labeling solution but without fluorescent peptide or nuclear
stain. In some experiments, the labeling was performed at 4°C to evaluate the
possibility of cellular uptake of the fluorescent peptide by endocytotic
mechanisms. To determine non-specific binding, the neurons were pre-incubated
with solution containing 10 µM α-BgTx for 20 min followed by Alexa Fluor 546ArIB[V11L;V16A] for 20 min in the presence of the competing ligand. The cell
nuclei were labeled by exposing them to 2 µM Hoechst 33342 during the labeling
step with Alexa Fluor 546-ArIB[V11L;V16A]. Non-specific binding was minimized
by including 5% (v/v) HS in all labeling and wash solution. Image acquisition and
processing procedures were identical as described for imaging of the HEK293
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cells and in addition, differential interference contrast microscopy was used to
examine the morphology of the neurons under study.

RESULTS
Cy3-ArIB[V11L;V16A] detects native α7 nAChRs on cultured hippocampal
neurons α-CTx ArIB is a peptide that was synthesized based on the predicted
sequence of a gene isolated from the vermivorous marine snail Conus arenatus.
Select substitutions were made in the amino acid sequence to produce
ArIB[V11L;V16A]

that

potently

and

selectively

blocks

rat

α7

nAChRs

(IC50 = 0.4 nM) expressed in X. laevis oocytes (Whiteaker et al., 2007). We
previously demonstrated that ArIB[V11LV16A] could be conjugated with Cy3
NHS ester to produce a fluorescent ligand, Cy3-ArIB[V11L;V16A], that labels α7
nAChRs in a stably transfected HEK293 cell line (Hone et al., 2009). Here, we
demonstrate that this ligand labels native α7 nAChRs in cultured rat hippocampal
neurons. Hippocampal neurons were fixed, permeabilized, and labeled with Cy3ArIB[V11L;V16A] (Fig. 4-1a). The punctate labeling of α7 nAChR clusters on
processes was significantly reduced by exposing the neurons to 10 µM α-BgTx
for 60 min prior to and during exposure to Cy3-ArIB[V11LV16A]. However, some
residual intracellular staining in the soma remained (Fig. 4-1b). To determine
whether α7 nAChRs have a synaptic localization, we examined their distribution
relative to two different synaptic markers, SV2 and PSD-95. SV2 is a membrane
glycoprotein localized to secretory vesicles and is a marker for pre-synaptic
nerve terminals (Buckley and Kelly, 1985). As illustrated in Fig 4-2, labeling of α7
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nAChRs (Fig. 4-2a) matches closely that of SV2 (Fig. 4-2b) and showed close
juxtaposition and partial overlap with SV2 (Fig. 4-2c). α7 nAChRs (Fig. 4-2d) and
PSD-95 (Fig. 4-2e) labeling also showed close proximity (Fig. 4-2f). The
distribution of α7 nAChRs, detected by Cy3-ArIB[V11L;V16A], is consistent with a
synaptic/peri-synaptic localization on cultured hippocampal neurons.

Figure 4-1 Cy3-ArIB[V11L;V16A] labels α7 nAChRs on fixed cultured rat
hippocampal neurons.
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Figure 4-2

Cy3-ArIB[V11L;V16A]

labels

α7

nicotinic

receptors (nAChRs) in cultured rat hippocampal neurons.

acetylcholine
The staining

pattern of α7 nAChRs (a) and SV2; (b) showed close juxtaposition and partial
overlap (c, merged image). α7 nAChRs (d) and PSD-95 (e) also showed close
proximity (f, merged image). White outlined boxes in (c) and (f) are shown
digitally magnified below. Images were taken at 63× magnification; scale bar is
25 µm.
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Generation of Alexa Fluor 546-ArIB[V11L;V16A]

During the course of the

development and testing of Cy3-ArIB[V11L;V16A], we noticed reductions in
fluorescence intensity during the acquisition of z-series images likely because of
photobleaching of the fluorophore. We therefore sought to develop a secondgeneration probe with more photostable properties. The Alexa Fluor series of
fluorophores developed by Molecular Probes (Eugene, OR, USA) is reported to
possess

enhanced

fluorescence

characteristics

compared

with

other

fluorophores (Berlier et al., 2003; Panchuk-Voloshina et al., 1999). We reasoned
that an Alexa Fluor 546-tagged ArIB[V11L;V16A] might possess superior
properties and also enhance the ability to study α7 nAChRs in native systems
where α7 nAChRs may be sparsely expressed.
The amino acid sequence of ArIB[V11L;V16A] and the structure of Alexa
Fluor 546 NHS ester are shown in Fig. 4-3. ArIB[V11L;V16A] was reacted with
Alexa Fluor 546 NHS as described in ‘Materials and methods’. The RP-HPLC
separation of conjugation products from the reactants is shown in Fig. 4-4. The
absorbance peaks of the chromatogram correspond to the unconjugated peptide
(peak 1), the fluorescent conjugate (peaks 2–4), and the unconjugated dye
(peaks 5–7). The conjugation of the peptide with Alexa Fluor 546 NHS ester
resulted in a heterogeneous product owing to the isomeric nature of the dye.
Since the three major isomers have considerable overlap with respect to the
retention time, each isomer was re-purified by an additional RP-HPLC. The
monoisotopic mass of each isomer was determined by MALDI-TOF MS. The
calculated monoisotopic mass of the conjugate is 3251.08 Da. The observed
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masses were: 3251.93 (isomer 1), 3251.54 (isomer 2), and 3251.70 (isomer 3).
In each case, there was also a secondary mass ∼42 Da less than the parent
mass. This smaller mass may represent product breakdown under MALDI MS
conditions. Consistent with this interpretation, the smaller mass was not detected
with electrospray MS.

Figure 4-3.

The amino acid sequence of ArIB[V11L;V16A] showing the

disulfide bonds between cysteine pairs (a) and the structure of Alexa Fluor 546
NHS ester dye (b).

Figure 4-4 RP-HPLC separation of Alexa Fluor 546-ArIB[V11L;V16A] from
the reactants. The labeled absorbance peaks correspond to unconjugated α-
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conotoxin ArIB[V11L;V16A] (1), fluorescent conjugate isomers 1–3 (2–4), and
unconjugated Alexa Fluor 546 NHS ester dye (5–7).

Alexa Fluor 546-ArIB[V11L;V16A] selectively blocks α7 nAChRs expressed
in X. laevis oocytes

Xenopus laevis oocytes were used to heterologously

express nAChRs to assess the activity of the fluorescent conjugate. Initially, the
three conjugate isomers were tested separately for their ability to block α7
nAChR responses to ACh and were determined to have similar activities (data
not shown). All subsequent experiments were performed using the three isomers
pooled together. As shown in Fig. 4-5, Alexa Fluor 546-ArIB[V11L;V16A] potently
blocked the α7 subtype with an IC50 value of 1.8 (1.2–2.7) nM. The selectivity
profile was determined by testing the fluorescent conjugate for activity on a panel
of nAChR subtypes. At the highest concentration tested (10 µM or > 5000 times
the IC50 for α7 nAChRs), significant block was only observed for α3β2, α3β4, and
α6/α3β2β3 nAChR subtypes. After a 5 min static bath exposure to 10 µM Alexa
Fluor 546-ArIB[V11L; V16A], the responses, expressed as a percent of control,
were 26.6 ± 0.8% for α3β2, 60.2 ± 5.6% for α3β4, and 34.8 ± 1.9% for
α6/α3β2β3 (Fig. 4-5). This suggests that the IC50 for each of these three
subtypes will be in the vicinity of 10 µM, the highest concentration tested. In
addition, the off-rate kinetics of Alexa Fluor 546-ArIB[V11L;V16A] at these three
subtypes and the α7 subtype were very different. The oocytes were exposed to a
static bath application of 1 µM Alexa Fluor 546-ArIB[V11L;V16A] for 5 min then
perfused with ND96 alone and the responses monitored for recovery from block.
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α7 responses recovered very slowly (Fig. 4-6a), whereas the responses of α3β2
(Fig. 4-6b), α3β4 (Fig. 4-6c), and α6/α3β2β2 (Fig. 4-6d) nAChRs fully recovered
in < 60 s. The slow reversibility of the interaction between Alexa Fluor 546ArIB[V11L;V16A] and α7 nAChRs allows for extensive washing during labeling
experiments that would eliminate any toxin bound to non-α7 nAChRs while
reducing non-specific binding.

Figure 4-5

Concentration–response

analysis

of

Alexa

Fluor

546-

ArIB[V11L;V16A] activity on nicotinic acetylcholine receptors expressed in
Xenopus laevis oocytes. All subtypes are from rat cRNA except for the muscle
subtype which is from mouse cDNA clones. Alexa Fluor 546-ArIB[V11L;V16A]
blocks α7 with an IC50 of 1.8 (1.2–2.7) nM, nH = 1.3 (0.85–1.7). Solid lines
indicate concentration–response data for Alexa Fluor 546-ArIB[V11L;V16A]
binding to α7, α3β2, α3β4 and α6/α3β2β3. Data points for α1β1δε, α2β2, α2β4,
α4β2, α4β4, α6/α3β4, and α9α10 at the 10 µM concentration are, for clarity,
shown separated to avoid overlap. Error bars represent the mean ± SEM from
n = 4 for α7 and α6/α3β2β3 and 3 for all others. nH, Hill slope; values in
parentheses represent 95% confidence interval.
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Figure 4-6

Alexa Fluor 546-ArIB[V11L;V16A] potently blocks α7 but not

other nicotinic acetylcholine receptor (nAChR) subtypes.

Representative

trace recordings of Xenopus laevis oocytes expressing cloned nAChRs. After a
stable ACh baseline was achieved, the oocytes were exposed to 1 µM Alexa
Fluor 546-ArIB[V11L;V16A] for 5 min in a static bath then washed with ND96 and
the responses to ACh monitored for recovery. The recovery rate for α7 nAChR
responses (a) was very slow and recovered to 5.5 ± 0.9% after 20 min of wash.
In contrast, α3β2 (b), α3β4 (c), and α6/α3β2β3 (d) responses rapidly recovered
from block; only responses 3–5 are shown. Arrows in (b–d) indicate response
after 5 min of wash. ±, SEM from n = 4; all subtypes are from rat cRNA clones.
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Alexa Fluor 546-ArIB[V11L;V16A] displaces [125I]-α-BgTx but not [125]-α-CTx
MII or [125I]-Epi from rat brain membranes We used a panel of binding assays
to assess the affinity of Alexa Fluor 546-ArIB[V11L;V16A] for native rat nAChRs.
[125I]-α-BgTx is selective for α7 nAChRs when used to label brain nAChRs
because α1* and α9*, two other nAChR subtypes to which α-BgTx binds, are not
expressed in brain tissue (Elgoyhen et al., 1994; Elgoyhen et al., 2001; Sgard et
al., 2002). [125]-α-CTx MII selectively binds to α3* and α6* containing nAChR
subtypes while, in cortex, [125I]-Epi primarily detects the α4β2 subtype (DavilaGarcia et al., 1997; Perry and Kellar, 1995; Whiteaker et al., 2000b). Alexa Fluor
546-ArIB[V11L;V16A] displaced [125I]-α-BgTx from hippocampal membranes with
an IC50 of 7.9 ± 0.81 nM (Fig. 4-7a). This corresponds to a Ki of 1.8 ± 0.6 nM
using the Cheng–Prusoff method. No displacement of [125]-α-CTx MII or [125I]-Epi
by Alexa Fluor 546-ArIB[V11L;V16A] was observed using a concentration up to
1 µM (Fig. 4-7b). These results, taken together with those from the Xenopus
oocyte experiments, indicate that Alexa Fluor 546-ArIB[V11L;V16A] selectively
binds to α7 nAChRs.
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Figure 4-7 Alexa Fluor 546-ArIB[V11L;V16A] competes with [

125

I]-α-BgTx

but not [125I]-Epi or [125I]-α-CTx MII for binding sites from rat brain
membranes.

Competition binding assay was performed as described in

‘Materials and methods’ and the data were fit using a single-site model. (a) Alexa
Fluor 546-ArIB[V11L;V16A] potently displaced [125I]-α-BgTx with a Ki of
1.8 ± 0.6 nM, nH = 1.9 ± 0.5. (b) No displacement of [125I]-α-CTx MII or [125I]-Epi
was observed using a concentration of Alexa Fluor 546-ArIB[V11L;V16A] up to
1 µM. nH, Hill slope; each data point represents the mean ± SEM from four
individual determinations.

Alexa Fluor 546-ArIB[V11L;V16A] labels HEK293 cells expressing α7
nAChRs Alexa Fluor 546-ArIB[V11L;V16A] is a relatively hydrophobic ligand, a
property that can produce undesired non-specific binding. Additionally, the
peptide could bind to unknown sites on nAChRs which would not have been
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detected in the functional or radioligand binding assays. To address these
concerns, we used HEK293 cell lines that stably express rat α7, α3β2, α3β4, and
α4β2 nAChRs to directly examine the binding of the fluorescent ligand.
Application of 100 nM Alexa Fluor 546-ArIB[V11L;V16A] to KXα7R1 produced
punctate labeling which appeared to be confined to the cell surface membrane
(Fig. 4-8a). The labeling could be prevented by pre-incubating KXα7R1 cells with
2 µM α-CbTx. (Fig. 4-8b). Based on kinetic data from the oocyte experiments,
under the conditions used, minimal to no binding to α3β2, α3β4, or α4β2
receptors would be expected. Consistent with this prediction, application of Alexa
Fluor 546-ArIB[V11L;V16A] at 100 nM to KXα3β2R4, KXα3β4R2, and KXα4β2R2
cells failed to produce labeling (data not shown). Application of a higher
concentration (1 µM) to KXα3β2R4 (Fig. 4-8c) or KXα3β4R2 (Fig. 4-8d) cells also
failed to produce labeling and no increase in non-specific binding was observed.
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Figure 4-8

Alexa Fluor 546-ArIB[V11L;V16A] selectively labels human

embryonic kidney-293 cells expressing α7 but not α3β2 or α3β4 nicotinic
acetylcholine receptors. (a) KXα7R1 cells were labeled with Alexa Fluor 546ArIB[V11L;V16A] (red). The labeling was abolished by pre-incubating the cells
with 2 µM α-cobratoxin (b). No labeling was observed on KXα3β2R4 (c) or
KXα3β4R2 (d) cells. The cells in all images were counter-stained with Hoechst
33342 (blue) to label the nuclei. All images were captured with a cooled chargecoupled device camera at 40× magnification; scale bar is 25 µm.

Next, we assessed the photostability of the new ligand. KXα7R1 cells were
labeled with either Alexa Fluor 546-ArIB[V11L;V16A] or the Cy3 derivative.
Labeled cells were continuously illuminated and measurements of fluorescence
intensity were taken every 3 s. The Alexa 546-conjugate was significantly more
resistant to photobleaching than the Cy3-conjugate (Fig. 4-9).

Figure 4-9

Alexa Fluor 546-ArIB[V11L;V16A] is more resistant to

photobleaching than Cy3-ArIB[V11L;V16A]. KXα7R1 cells were labeled with
either ♦ Alexa Fluor 546-ArIB[V11L;V16A] or ○ Cy3-ArIB[V11L;V16A]. The cells
were continuously illuminated and measurements of fluorescence intensity were
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taken every 3 s as described in the ‘Materials and methods’. Each data point
represents the mean ± SEM from three individual cells.

Alexa Fluor 546-ArIB[V11L;V16A] labels living hippocampal neurons from
wt but not α7 knockout mice Primary hippocampal neuron cultures from three
different genetic mouse strains were used to examine the binding of Alexa Fluor
546-ArIB[V11L;V16A]. Initially, we examined cultures obtained using wt FVB/NJ
mice. We observed intense punctate labeling on both the soma and neurites of a
subpopulation of neurons (Fig. 4-10a and b). Based on the labeling pattern found
here and previous identification of hippocampal neuron subtypes that express
functional α7 nAChRs (Buhler and Dunwiddie, 2002; Szabo et al., 2008; Zhao et
al., 2009), we predict that these cells are interneurons. Pre-incubating the
cultured neurons with 10 µM α-BgTx reduced the intensity of the labeling to a
level indistinguishable from background (Fig. 4-10c). Although it appeared that
block of Alexa Fluor 546-ArIB[V11L;V16A] by α-BgTx was virtually complete,
small amounts of fluorescence remained which likely represents non-specific
binding. However, it is also possible that some specific binding of Alexa Fluor
546-ArIB[V11L;V16A] to α7 nAChRs could remain if α-BgTx does not occupy
each of the potential binding sites on the homopentameric α7 nAChR (Palma et
al., 1996). We employed a genetic approach to assess this possibility by
comparing the binding with hippocampal neurons from wt C57BL/6J versus α7
knockout mice. As observed in cultured neurons from FVB/NJ mice, a
subpopulation of neurons from wt C57BL/6J were labeled after exposure to Alexa
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Fluor 546-ArIB[V11L;V16A] (Fig. 4-10d). In contrast, no neurons were labeled in
cultures from α7 knockout mice (Fig. 4-10e). The distribution of non-specific
binding in cultures from α7 knockouts was similar to that observed in wt cultures
that had been pre-incubated with α-BgTx. We examined 105 neurons from α7
knockout mice and did not observe any neurons with labeling similar to those
from wt mice.

Figure 4-10

Alexa

Fluor

546-ArIB[V11L;V16A]

labels

α7

nicotinic

acetylcholine receptors in live cultured hippocampal neurons from wild
type (wt) mice but not from α7 knockouts. (a) A 1 µm interval z-series of a
single hippocampal neuron from wt FVB/NJ mice labeled with Alexa Fluor 546ArIB[V11L;V16A]. Note that the labeling is confined to the cell surface and has
the appearance of discrete puncta. (b) Image of cultured hippocampal neurons
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from wt FVBN/J mice labeled with Alexa Fluor 546-ArIB[V11L;V16A]. (c) The
labeling was significantly reduced when the neurons were pre-incubated with
10 µM α-BgTx before and during exposure to Alexa Fluor 546-ArIB[V11L;V16A].
(d) Image of hippocampal neurons from wt C57B6/J mice labeled with Alexa
Fluor 546-ArIB[V11L;V16A]. (e) No labeling was observed on neurons from α7
knockouts (as negative controls to show specificity). Images in (b–e) are of a
single focal plane merged with the corresponding image of the nuclei stained with
Hoechst 33342 (blue). Neurons that are not labeled by Alexa Fluor 546ArIB[V11L;V16A] are indicated by arrowheads. The remaining nuclei correspond
to non-neuronal cells present in the cultures and appear as faint or out of focus
as a result of being in a different focal plane relative to the neurons. Images were
captured at 40× magnification; scale bar is 25 µm for all images.

DISCUSSION
In this work, we demonstrate that the recently described ligand Cy3ArIB[V11L;V16A] specifically labels α7 nAChRs expressed by cultured rat
hippocampal neurons (Fig. 4-2a-f). The labeling could be blocked by preincubating the neurons with excess α-BgTx (Fig. 4-1a and b). However, some
residual intracellular staining of the soma remained possibly reflecting nonspecific binding or incomplete block under the experimental conditions used in
this study. This residual Cy3-ArIB[V11L;V16A] staining of the soma was frequent
in neurons that had been fixed and permeabilized but was rarely observed in
living neurons exposed to Alexa Fluor 546-ArIB[V11L;V16A].
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α7 nAChRs have a relatively high permeability to calcium (Fucile et al.,
2003; Zhao et al., 2003) and activation of these receptors on hippocampal
neurons can substantially increase intracellular calcium concentrations (Fayuk
and Yakel, 2007; Khiroug et al., 2003). Such activity in dendrites and presynaptic terminals could facilitate depolarization and calcium-dependent release
of neurotransmitter, respectively. Indeed, at the mossy fiber-cornus ammonis 3
pyramidal cell synapse, α7 nAChRs are expressed pre-synaptically and facilitate
the release of glutamate (Sharma et al., 2008; Zhong et al., 2008). Further, α7
nAChRs function on dendrites and soma of GABAergic inhibitory interneurons in
the hippocampus to modulate the activity of these interneurons (Buhler and
Dunwiddie, 2002; Placzek et al., 2009; Szabo et al., 2008). We used antibodies
directed against PSD-95 and SV2 to examine the distribution of α7 nAChRs
relative to pre-synaptic and post-synaptic markers in cultured rat hippocampal
neurons. We observed partial overlap and close juxtaposition of α7 nAChR
labeling at both SV2 and PSD-95 sites (Fig. 4-2a–f), providing strong support for
the efficacy of fluorescently tagged ArIB[V11L;V16A] detection of native α7
nAChRs at and near synaptic junctions. Moreover, some labeling was detected
at sites lacking SV2 and PSD-95 staining. α7 nAChRs are not exclusively
confined to either pre- or post-synaptic sites, but also accumulate at peri-synaptic
sites, similar to the distribution observed for GABAA-Rs on cultured hippocampal
neurons (Kannenberg et al., 1999). In conjunction with the live imaging
experiments where α7 nAChR labeling was observed on somata and neurites,
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our results suggest that α7 nAChRs are expressed at multiple sites on cultured
hippocampal neurons.
During

our

studies

with

Cy3-ArIB[V11L;V16A],

we

observed

photobleaching during long exposure times. We therefore developed a new
derivative namely, Alexa Fluor 546-ArIB[V11L;V16A]. This new ligand selectively
blocks α7 nAChRs expressed in Xenopus oocytes with nanomolar potency
(Fig. 4-5). In addition, there are substantial differences in the kinetics of recovery
from toxin block that are nAChR subtype dependent. Recovery from block of α7
nAChRs by Alexa Fluor 546-ArIB[V11L;V16A] is very slow (5.5 ± 0.9% recovery
after 20 min of wash, Fig. 4-6) whereas the block of other receptor subtypes is
rapidly reversible (Fig. 4-6b–d). These substantial differences have practical
implications in that a 5 min wash of the tissue preparation will reverse any
binding that may occur to non-α7 subtypes. Alexa Fluor 546-ArIB[V11L;V16A]
binding to native nAChRs was examined through competition binding assays
using brain membranes. Alexa Fluor 546-ArIB[V11L;V16A] potently displaced
[125I]-α-BgTx but failed to displace [125I]-α-CTx MII from α3* and α6* nAChRs or
[125I]-Epi from β2* and β4* nAChRs in rat brain membranes (Fig. 4-7a and b).
Binding of Alexa Fluor 546-ArIB[V11L;V16A] to nAChRs expressed by stably
transfected HEK293 cells was used to assess the fluorescent properties of the
ligand and the degree of non-specific binding. Specific fluorescent labeling was
detected on cells expressing α7 nAChRs but not on cells expressing α3β2, α3β4,
or α4β2 nAChRs. Interestingly, only a minority of KXα7R1 cells had detectable
amounts of labeling (Fig. 4-8a). The remaining cells may express some α7
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nAChRs but they are likely few in number and at low density thereby escaping
detection under the imaging conditions used. Additionally, there may be
differences in receptor expression that is cell cycle dependent.
Both

Cy3-ArIB[V11L;V16A]

and

the

new

ligand,

Alexa

546-

ArIB[V11L;V16A], fluorescently labeled neurons from native tissue known to
abundantly express α7 nAChRs. Under the conditions used in the present study,
both ligands performed well. However, the Alexa Fluor 546 derivative had the
potential advantage of being more photostable (Panchuk-Voloshina et al., 1999).
Indeed, the Alexa Fluor 546 derivative was significantly more resistant to
photobleaching compared with the Cy3 derivative (Fig. 4-9). Thus, for conditions
where long image acquisition times are required (e.g. during long duration zseries acquisitions or examination of tissue with moderate receptor abundance),
the Alexa Fluor 546 derivative is the superior ligand.
Hippocampal neurons are known to express several nAChR subtypes.
Single-cell

RT-PCR,

immunoprecipitation,

and

immunohistochemistry

experiments indicate the presence of nAChR subunits α2–α5, α7, and β2–β4
(Gahring et al., 2004; Mao et al., 2008; Sudweeks and Yakel, 2000). Among the
possible subunit combinations, those that contain α4 and α7 are the most
abundant subtypes expressed by hippocampal neurons but some neurons have
been reported to express receptors with an α3β4-like pharmacology (Alkondon
and Albuquerque, 2002). In cultured neurons from wt mouse hippocampus,
punctate labeling was observed on a subpopulation of neurons. This labeling
corresponds to α7 nAChRs based on the pharmacological profile of Alexa Fluor
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546-ArIB[V11L;V16A] as determined by oocyte electrophysiology, competition
binding assays, displacement by competitive ligands, and the absence of labeled
hippocampal neurons from α7 knockout mice. The distribution of α7 nAChRs
appeared to be concentrated on neurons having an interneuron-like morphology
with multiple neurites extending from the soma. In contrast, unlabeled neurons
were large triangular or tear drop-shaped with only a few neurites extending from
the soma (characteristics of pyramidal neurons). This is consistent with reports
that pyramidal neurons are generally unresponsive to nicotinic agonists ((Frazier
et al., 1998; Frazier et al., 2003; McQuiston and Madison, 1999), but see
(Alkondon et al., 1997)) and likely express few α7 nAChRs. Previous reports
suggest that in cultured hippocampal neurons, GABAergic interneurons express
the highest levels of α7 nAChRs (Kawai et al., 2002; Massey et al., 2006) and
therefore the neurons identified in the present study are presumed to be
GABAergic as well. However, as mentioned earlier, glutamatergic mossy cells of
the hilar/dentate gyrus region also express α7 nAChRs but these neurons
constitute a small minority of cells in the hippocampus and their frequency in
culture has not been extensively investigated.
Alexa Fluor 546-ArIB[V11L;V16A] represents a unique fluorescent ligand
that selectively labels α7 nAChRs. This selectively provides a useful advantage
over derivatives of α-BgTx for detecting α7 nAChRs in tissues that express
multiple nAChR subtypes. This is of particular relevance to studies that involve
dorsal root ganglia and immune cells where there is substantial expression of
both α7 and α9* nAChRs (Biallas et al., 2007; Grau et al., 2007; Haberberger et
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al., 2004; Peng et al., 2004; Wang et al., 2003a) In addition, although α1*
receptors are predominantly expressed in muscle, in certain neuromuscular
pathologies α7 nAChRs have also been reported (Tsuneki et al., 2003). Thus, the
development of Alexa Fluor 546-ArIB[V11LV16A] is a significant addition to the
pharmacopeia of nAChR ligands.
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CHAPTER 5

ADENOMATOUS POLYPOSIS COLI PROTEIN (APC) IS
ESSENTIAL IN EXCITATORY NEURONS FOR NORMAL
SYNAPTIC PLASTICITY, LEARNING, AND SOCIAL
BEHAVIOR

Jesse L. Mohn, Christina D. Palka, Jonathan Alexander, So-Young Lee,
Antonella Pirone, Philip G. Haydon, and Michele H. Jacob
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CONTRIBUTIONS TO THIS CHAPTER
I performed the majority of the work in this chapter. Western blots confirming
APC knockout in hippocampal lysates of APC cKO mice were performed by me. I
managed the APC cKO mouse colony during the time this work was completed,
and all genotyping was performed either by me, or undergraduate students
working under my supervision. Behavioral experiments and analysis were also all
performed

by

me

or

undergraduates

working

under

my

supervision.

Electrophysiological experiments were performed by postdoctoral fellows both
from our lab, and collaborating labs. Histology was performed by me, with the
assistance of a graduate rotation student. I performed APC-FMRP co-IP
experiments, and the associated RT-PCRs. Finally, western blots from
hippocampal lysates were performed by me (with the exception of pAkt,
performed by a graduate student in our lab), while western blots from PSD
fractions were performed by a fellow graduate student in the Jacob lab.

ABSTRACT
Synaptic plasticity defects cause autism and cognitive disorders. Here, we
implicate a novel pathway—centered around APC—as key in synaptic signaling
required for normal learning, memory and social behavior. Autism and mental
retardation correlate with APC human gene mutations. However, the underlying
mechanisms, and APC’s role in brain development, are poorly defined.

To

elucidate APC’s synaptic function, we have generated transgenic mice with APC
conditionally knocked-out in excitatory neurons. APC cKO mice (compared with
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wild-type littermates) exhibit learning impairments, autistic-like behaviors and
corpus callosum agenesis.

APC cKOs also show alterations in hippocampal

synaptic plasticity and protein levels, that are unique, as well as shared,
compared with other mutant mouse models of autism. Our data identify APC as
a central regulator, in vivo, of synaptic proteins, including β-catenin, ERK2, and
fragile-X mental retardation protein, that are critical for proper cognition and
social behavior. We elucidate new molecular mechanisms of autism.

INTRODUCTION
Approximately 1 out of 150 children will be diagnosed with autism spectrum
disorders (ASD). Defects in synapse maturation and plasticity are root causes of
autism and cognitive disorders. Unbiased large scale genetic screens of families
with autism have identified numerous single gene mutations that correlate with
the disorder (Flavell et al., 2008; Sakai et al., 2011{Flavell, 2008 #260; Szatmari
et al., 2007). However, each mutated gene links to only a small fraction of cases.
An important advance is the recent identification of core pathways that appear to
be convergent targets of ASD causing single gene mutations (Gilman et al.,
2011) (Zoghbi, 2003). The pathways function to regulate synapse differentiation,
plasticity, cytoskeleton organization, axon guidance, and dendritic architecture.
Identifying molecules that link and regulate the disease causing pathways is
critical for defining targets that are likely to provide effective therapeutic
intervention in ASD and cognitive disorders. We predict that the APC protein
functions to link and regulate molecular pathways that are essential for normal
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learning, memory and social behavior.
ASD and mental retardation correlate with APC gene deletions and
polymorphisms in humans (Barber et al., 1994; Raedle et al., 2001; Zhou et al.,
2007). However, APC’s synaptic function is poorly defined. We provided the first
identification of APC’s role at neuronal synapses, in vivo, by showing that APC is
required for coordinated maturation of pre- and postsynaptic specializations at
nicotinic synapses in autonomic neurons (Rosenberg et al., 2008; Rosenberg et
al., 2010; Temburni et al., 2004). APC is also concentrated at glutamatergic
synapses in the brain and required for clusters of PSD-95 and AMPA receptors in
cultured hippocampal neurons (Farias et al., 2009; Shimomura et al., 2005;
Shimomura et al., 2007). Studies of APC in non-neuronal cells have identified
binding partners of this large multi-functional scaffold protein, such as IQGAP1,
β-catenin, fragile-X mental retardation protein (FMRP), and PP2AB56 regulatory
subunit (Mili and Macara, 2009; Rubinfeld et al., 1993; Seeling et al., 1999; Su et
al., 1993; Watanabe et al., 2004). Based on the known neural functions of its
binding partners, we predict that APC is a key regulator of glutamatergic synapse
maturation and plasticity in the mammalian brain.
APC modulates β-catenin levels via its role as negative regulator in the
canonical Wnt signaling pathway.

β-catenin levels, in turn, regulate Wnt-

responsive gene transcription; dysregulated Wnt signaling is associated with
cognitive disorders such as Alzheimer’s disease (De Ferrari and Moon, 2006;
Gordon and Nusse, 2006).

Independent of its transcriptional role, β-catenin

interacts with N-cadherin to modulate dendritic branching, and synaptic structure
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and plasticity (Murase et al., 2002; Okuda et al., 2007; Yu and Malenka, 2003).
The APC binding partner IQGAP1 regulates actin cytoskeleton organization;
actin dynamically modulates synaptic spine motility, stability and size; increases
in spine stability and head diameter correlate with memory acquisition (Bourne
and Harris, 2008).

In addition, IQGAP1 binds to and regulates activation of

ERK2 kinase, which, in turn, is essential for memory consolidation and normal
social behavior (Cestari et al., 2006; Gao et al., 2011; Roy et al., 2004; Satoh et
al., 2011). Further, APC co-precipitates with the RNA-binding protein FMRP and
is required for positioning FMRP-associated mRNAs at distal sites in migrating
fibroblasts (Mili et al., 2008). In neurons, FMRP regulates activity-dependent
local protein synthesis that is required for learning and memory formation
(Bassell and Warren, 2008; Krueger and Bear, 2011). Mutations in the gene
encoding FMRP are the leading cause of inherited mental retardation and autism
in humans (Hatton et al., 2006; Verkerk et al., 1991). Finally, the APC binding
partner PP2AB56 is a phosphatase that modulates the phosphorylation/activation
of key synaptic signaling molecules (Hahn et al., 2010; Kim et al., 2008; Li et al.,
2010; Narayanan et al., 2007; Pi and Lisman, 2008; Resjo et al., 2002).
Accumulating evidence suggests a critical role for APC in linking and
regulating molecular pathways implicated in cognitive function and social
behavior. To test our model of APC’s role at central glutamatergic synapses in
vivo, we have generated a new transgenic mouse with targeted deletion of APC
in excitatory neurons during synapse differentiation. Our behavioral, functional,
structural and molecular analyses of APC cKO mice provide strong support for
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genetic studies in humans that link APC gene mutations to autism and mental
retardation. Our data identify novel molecular mechanisms of autism and new
targets for therapeutic intervention.

METHODS
Animals APC cKO mice were generated by crossing APClox468/lox468 mice (a kind
gift from Fotini Gounari (Gounari et al., 2005)) with CamK-cre93 mice (a kind gift
from Maribel Rios (Rios et al., 2001)). CamK-cre93 mice express Crerecombinase under the direction of the α-CamKII promoter. Pups were
genotyped for the APClox468 allele using the following primers: forward: 5’GTATTCTCAGTCTTAGCGTTCT; reverse: 5’-TTAACAAGGGCAAAAGGAAACA;
and for CamK-Cre using forward: 5’-TGGGCGGCATGGTGCAAGTT; reverse: 5’CGGTGCTAACCAGCGTTTTC. Resulting female APCwt/lox468 CamK-Cre mice
were bred with male APCwt/lox468 mice to generate male APClox468/lox468 mice.
Female APCwt/lox468 CamK-Cre mice were bred with male APClox468/lox468 mice to
generate APC cKO mice (APClox468/lox468 CamK-Cre) and non-Cre expressing
littermates, which were used as controls in all experiments. For behavior, male
mice 3-6 months of age were used. For electrophysiology, mice 4-8 weeks of age
were used. For morphology and immunoblot analysis, mice 3 months old were
used.
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Antibodies Used
Primary Antibodies The antibodies used in this paper and their dilutions are:
APC (H290) (Santa Cruz) at 1:2000; β-catenin (Zymed) at 1:5000; GAPDH
(Chemicon) at 1:100000; GluR1 (Millipore) at 1:5000; GluR2 (Neuromab) at
1:5000; NR1 (Cell Signaling) at 1:1000; NR2A (Molecular Probes) at 1:500;
NR2B (Neuromab) at 1:200; FMRP (Chemicon) at 1:1000; Arc (Santa Cruz) at
1:400; CaMKII (Sigma) at 1:2500; PSD-95 (Neuromab) at 1:100000; panNeurexin (from Peter Scheiffele) at 1:2000; neuroligin 1 (from Peter Scheiffele) at
1:1000; neuroligin 2 (from Peter Scheiffele) at 1:1000; neuroligin 3 (from Peter
Scheiffele) at 1:500; PI3K-p110β (Santa Cruz) at 1:100; PP2A-B56α (Santa
Cruz) at 1:100; PTEN (Cascade Biosciences) at 1:100; mTOR (Cell Signaling) at
1:1000; phospho-mTOR, Ser2481 (Cell Signaling) at 1:500; pan-AKT (Cell
Signaling) at 1:1000; phosphor-AKT, Ser473 (Cell Signaling) at 1:1000; β-Actin
(Santa Cruz) at 1:1000; Active β-Catenin (Millipore) at 1ug/ml; phospho-ERK1/2,
Thr202/Tyr202 (Cell Signaling) at 1:500; ERK (Santa Cruz) at 1:500; phosphorGSK-3β, Ser9 (Cell Signaling) at 1:500;GSK-3β (Cell Signaling) at 1:1000; magi2 (Sigma) at 1:250; phospho-p70 S6K, Thr389 (Cell Signaling) at 1:500; p70-S6K
(Cell Signaling) at 1:1000.
Secondary Antibodies

Anti-rabbit IgG-HRP (Bio-Rad 170-6515) at 1:3000;

anti-mouse IgG-HRP (GE NXA931) at 1:3000

Immunoblot Analysis of Hippocampal Lysates

Mice were sacrificed by

cervical dislocation and hippocampi were dissected out and solubilized in lysis
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buffer (150 mM sodium chloride, 30 mM EDTA, 10 mM HEPES pH 7.4, 0.5%
triton X-100) supplemented with protease inhibitor cocktail (Peirce) and
phosphatase inhibitor cocktail (Roche). After homogenization and centrifugation,
proteins were quantified using Bio-Rad protein assay (Bio-Rad) and dissolved in
4x SDS loading buffer. 25 ug of lysates were resolved by SDS-PAGE, transferred
to nitrocellulose membranes, and proteins of interest were detected by
immunoblot. Quantification of band intensity was performed using Nikon NIS
Elements and presented relative to the loading control (GAPDH).

Preparation of Postsynaptic Density Fraction from Hippocampus For each
sample, hippocampi from three mice were dissected, pooled, and homogenized
in solution A (0.32 M sucrose, 1 mM sodium bicarbonate, 1 mM magnesium
chloride, 0.5 mM calcium chloride, 0.1mM phenylmethylsulfonyl fluoride, 1 mg/L
leupeptin) containing protease (Pierce) and phosphatase (Roche) inhibitor
cocktails. Homogenates were centrifuged for 10 minutes at 4°C and 13800 x g
and supernatants were discarded. Pellets were resuspended in solution B (0.32
M sucrose, 1 mM sodium bicarbonate) containing protease and phosphatase
inhibitor cocktails. Step-wise sucrose gradients were composed of 1.2 M, 1.0 M,
and 0.85 M sucrose layers, each containing 1 mM sodium bicarbonate, and
solution B homogenates were floated on top. Samples were ultracentrifuged for 2
hours in a SW41 rotor at 4°C and 28600 rpm. The synaptosome layer (found
between the 1.2 M and 1.0 M sucrose layers) was removed and mixed with an
equal volume of 1% triton solution (1% triton X-100, 0.32 M sucrose, 12 mM Tris-
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HCl (pH 8.1) ). Samples were ultracentrifuged in a TI70 rotor for 45 minutes at
4°C and 37200 rpm. Supernatant was discarded and pellet was resuspended in
40 mM Tris-HCl (pH 8.1). Protein content was quantified using Bio-Rad protein
assay (Bio-Rad), and 2.5 ug of protein was resolved by SDS-PAGE, as
described above for hippocampal lysate immunoblot analysis.

Immunoprecipitation

To immunoprecipitate proteins and mRNAs bound to

APC and FMRP, we used an approach similar to Duan and Jin (2006) (Duan and
Jin, 2006). Hippocampi were dissected into lysis buffer (10 mM HEPES pH 7.4,
150 mM NaCl, 30 mM EDTA, 0.5% triton X-100) supplemented with inhibitors of
proteases (Pierce), phosphatases (Roche) and RNases (Sigma). Lysates were
centrifuged at 4° C and 3000 x g for 10 minutes. NaCl concentration was raised
to 300 mM, and lysates were again centrifuged, at 4° C and 14,000 rpm for 30
minutes. Lysates were precleared with protein G agarose beads (Thermo
Scientific) previously blocked with lysis buffer containing 0.2 mg/ml E Coli tRNA,
0,2 mg/ml salmon testes DNA, 0.2 mg/ml BSA, and 0.05 mg/ml glycogen at 4° C
for 1 hour. 10% of the total volume was set aside for determination of input RNA
and protein. 3 ug of antibody to either APC (Santa Cruz) or FMRP (DSHB) was
added to pre-cleared lysates and incubated at 4° C for 1 hour. 50 ul previously
blocked beads were added to lysates and incubated at 4° C overnight. The
following day, beads were split for protein and RT-PCR analysis. Proteins were
released from beads by boiling in Laemmli sample buffer for 10 minutes, and
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resolved by SDS-PAGE. RNA was extracted from beads using TRIzol
(Invitrogen) according to the manufacturers’ instructions

RT-PCR RT-PCR was performed as previously described (Olsen et al., 2007)
using

the

following

primers:

For

αCaMKII,

forward:

5’-

AATGGCAGATCGTCCACTTC; reverse: 5’-ATGAGAGGTGCCCTCAACAC; for
PSD95,

forward:

5’-GTGGGCGGCGAGGATGGTGAA;

CCGCCGTTTGCTGGGAATGAA;

and

for

NR1,

reverse:
forward:

5’5’-

CGGCTCTTGGAAGATACAGC; reverse: 5’-CCGTCACATTCTTGGTTCCT.

Cresyl Violet Staining of Fixed Frozen Brain Sections

Mice were

transcardially perfused with 4% paraformaldehyde in PBS. The whole brain was
removed and submerged in the same fixative overnight. The brains were then
cryoprotected in 30% sucrose. 30 micron frozen sections were cut coronally with
a freezing microtome, mounted onto slides, and dried. Fat was removed by
submersion in xylene, followed by hydration in alcohols (100%, 95%, 70%) and
water (5 min each). Slides were stained in 0.5% cresyl violet solution, with
differentiation in water and dehydration in 70%, 95%, and 100% alcohol. Slides
were coverslipped with permount, and imaged using a Zeiss brightfield
microscope with a 0.5x objective.
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Electrophysiology
Slice Preparation for Electrophysiology Horizontal hippocampal slices (300 330 microns) were prepared as described previously (Pascual et al., 2005).
Briefly, the brain was rapidly removed from the skull and chilled with cold (4°C)
artificial cerebrospinal fluid (ACSF) of the following composition (in mM): 85
sodium chloride, 2.5 potassium chloride, 1.25 monosodium phosphate, 0.5
calcium chloride, 4 magnesium chloride, 25 sodium bicarbonate, 75 sucrose, 25
glucose and 0.5 ascorbic acid (pH 7.4 adjusted with 95% O2, 5% CO2). The brain
was then glued on a plate and cut with a Leica VT 1000S vibratome,
microdissections of the hippocampus were performed and CA3 to CA1
connections were cut. Resultant slices were incubated at 30-32°C for 1 hr
recovery and were recorded at 32°C, unless otherwise indicated.
Miniature Excitatory Postsynaptic Currents

Whole-cell recordings of

miniature EPSCs (mEPSCs) from hippocampal CA1 pyramidal neurons were
obtained at a holding potential of -60 mV using patch electrodes (3 MΩ) filled with
a

solution

containing

(in

mM):

100

cesium

methanesulonate,

10

tetraethylammonium chloride, 8 sodium chloride, 10 HEPES, 5 QX-314-Cl [N2(2,6-dimethyl-phenylcarbamoylmethyl) triethylammonium chloride], 2 Mg-ATP,
0.3 Na-GTP, 10 EGTA, with pH 7.25, 290 mOsm. 1 µM TTX, 20 µM bicuculline
and 25 µM AP5 were added to ACSF to inhibit spontaneous action potentialmediated synaptic currents and isolate AMPAR-mediated currents. Signals were
obtained using MultiClamp 700B amplifier under visual control of Nikon E600FN
microscope. All data were acquired using Clampex 9.2, filtered at 1 kHz and
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digitized at a sampling rate of 1 kHz. Miniature events were detected with a 6 pA
threshold level of detection in the Mini Analysis Program.
Extracellular Recordings Extracellular field recordings were performed using
slices obtained from 8-10 weeks old APC cKO and littermate control mice. Slices
were perfused with normal ACSF containing (in mM) 124 sodium chloride, 3.1
potassium chloride, 1 magnesium chloride, 2 calcium chloride, 26 sodium
bicarbonate, 1 monosodium phosphate, 10 glucose, saturated with 95%O2 and
5% CO2 at 32°C. The osmolarity of the normal ACSF was in the range of 280290 mOsm/kg. Field potentials from the CA1 stratum radiatum were recorded
with an extracellular glass pipette (2 - 3 MΩ) filled with ACSF. Schaffer collaterals
were stimulated at 0.033 Hz with a bipolar tungsten electrode. Stimulating
electrode was 400-500 µm away from the recording electrode. Stimulation
intensities were chosen to produce a field EPSP (fEPSP) with an amplitude that
was approximately 40 - 50% of that obtained with maximal stimulation.
Recordings were performed using Axopatch-1C amplifier. Data were filtered at 1
kHz and sampled 10 kHz with a Digidata 1322A interface and pClamp software.
LTP was electrically induced by theta-burst stimulation or 100 Hz stimulation.
Theta-burst stimulation consisted of 5 trains of theta burst stimulation at 0.033
Hz. A train of theta burst consisted of 50 ms duration 100 Hz trains, repeated 4
times at 200 ms interval. The 100 Hz stimulation consisted of 2 trains of 100Hz
1sec duration stimuli with 20 sec interval. LTD was induced by 10 min application
of DHPG (100 µM). Magnitude of LTP or LTD was measured 1 hour after
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application of the protocols. LTP and LTD histograms represent the average
response over the last 10 minutes of recording.

Behavioral Testing All mice were individually housed on a reverse 12 hour
light/12 hour dark cycle, and handled 5 minutes daily for a week prior to
behavioral testing. All mazes, apparatuses, and objects were cleaned between
subjects and trials with 70% ethanol.
Novel Object Recognition

Trials were carried out in a plexiglass cage

measuring 40 cm x 20 cm. Objects used were either metal cylinders, or salt
shakers stuffed with tissue paper. Trials were recorded with a video camera
using ANY-Maze software. Mice were habituated to the chambers for 10 minutes.
On day 2, mice were given a 10-minute trial with two identical objects, each
situated 4 cm away from opposite corners of the plexiglass cage. 24 hours after
initial exposure, on day 3, mice were given a 10 minute trial where one of the
objects was replaced with a novel, different object. Videos were scored manually
for time spent interacting with each object on days 2 and 3. Time spent with
novel object is expressed as a percentage of total time interacting with both
objects. Confidence intervals were calculated for each group to compare the
mean to a hypothetical 50% time spent with novel object.
Barnes Maze The Barnes maze was performed using a raised, circular platform
measuring 5 feet in diameter. Around the perimeter of the platform are 40 evenlyspaced holes, each measuring 5 cm in diameter. The escape box is a small,
black-plexiglass chamber containing a ramp which leads up to the maze. The
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maze is partitioned from the rest of the testing room by a curtain. Distinct visual
cues are posted on the walls and curtain surrounding the maze. Trials were
recorded using a ceiling-mounted video camera connected to a computer running
ANY-Maze tracking software. One day before training, mice were given a 90second habituation period after which they were guided to the goal hole, and into
the escape box. Mice were trained on days 1-4. On each day, they were given
two 3-minute trials, spaced 20 minutes apart. If mice failed to find the goal after 3
minutes, they were gently guided to the goal and into the escape box. On days 5
and 12, 90-second probe trials were administered in which the goal box was
removed. Latency, primary errors, path efficiency, and speed were all calculated
by ANY-Maze software. Latency is the time taken before the mouse reaches the
goal, primary errors are the number of incorrect holes visited before the goal
hole, and path efficiency is the optimal path-to-goal length divided by the traveled
path length. Each mouse is given a different goal hole, and the maze itself is
rotated a quarter-turn each day while the goal boxes remain in the same position
relative to the room.
Footprint Analysis / Stride Length Measurement The front and back paws of
the mice were dipped in red and blue nontoxic, water-based ink, respectively.
Mice were placed in a narrow runway lined with 24 inches of white printer paper
and allowed to walk to the end. The stride length of the front and back paws were
measured and averaged separately for each side of the animal, and then divided
by the length of the animal.
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Home Cage Monitoring Home cages were placed inside SmartFrame Cage
Rack System (Hamilton/Kinder) frames connected to a computer running
Hamilton/Kinder MotorMonitor software. Distance traveled was measured by the
software by recording photobeam breaks over a 30-hour period.
Marble Burying

Mice were habituated to standard 7” x 11” mouse cages

containing 4 cm-deep bedding for 30 minutes. Mice were removed, bedding was
smoothed, and 17 marbles were placed atop the bedding in an evenly-spaced
manner. Mice were returned to their respective cages for 15 minutes, after which
they were removed, and the number of marbles buried was recorded. Marbles
were considered buried if they were at least ¾ covered with bedding.
Repetitive Novel Object Contact

Repetitive novel object contact task was

performed in a manner similar to (Pearson et al., 2011). Mice were habituated to
a standard, empty 7” x 11” cage for 30 minutes. The following day, 4 novel
objects—a jack, a six-sided die, a lego, and a two-pronged outlet cover—were
placed one inch from each corner. Mice were video-recorded for a 10-minute
trial. The sequence of objects contacted was manually scored for the entire 10
minute trial. Contact was defined as clear facial or vibrissae contact. Ranked
object preference was calculated individually for each mouse. Total contacts to
each of the 4 objects were expressed as a percentage of total contacts, and
ordered by object rank for each mouse. For sequence preference, the number of
times mice contacted objects in each possible sequence of four objects was
tallied, and the sequence of objects which was repeated the most times was
determined for each mouse. The number of times the preferred sequence was
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repeated was then divided by total object contacts, for each mouse, and this
value was used as frequency index.
Social Olfactory Test

Social olfactory test was performed similarly to

(Silverman et al., 2010). The test was performed in an empty, standard 7” x 11”
mouse cage. Odors were presented on cotton swabs suspended roughly 2.5”
above the floor of the cage. For water and non-social odors (vanilla and banana
extract, diluted 1:100 in water), swabs were submerged in the liquid before
presentation. For social odors, swabs were run along the bottom of cages
housing multiple, novel male or female mice. Swabs were prepared for odor
presentation immediately before they were used for trials. Mice were exposed, in
order, to three consecutive 2-minute trials of water, followed immediately by 2
blocks of three 2-minute trials of both non-social odors, followed immediately by
three 2-minute trials of social odors. Trials were scored manually by an observer,
measuring time investigating the swab using a stopwatch. Investigation was
defined as clear facial or vibrissae contact.
Social Interaction Test Three-chamber social interaction test was performed
similarly to (Moy et al., 2007). Three-chamber apparatus was a rectangular
plexiglass cage measuring 60 cm x 40 cm, evenly divided into three chambers
with plexiglass partitions. Partitions each contained a small hole allowing mice to
move freely between the chambers. Plexiglass slats can be placed to block
access through the holes. Mice were given a 10-minute habituation period after
which they were confined to the middle chamber. In the center one of the side
chambers, an empty, inverted, cylindrical wire-mesh pencil holder was placed. In
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the other side chamber, a novel, ovariectomized female mouse was placed within
an identical inverted pencil holder. 500-ml beakers, half-filled with water, were
placed atop both pencil holders, to prevent mice from climbing to the top. Slats
were then removed from the partitions, and the subject mouse was given a 10minute trial to explore all three chambers. Trials were recorded by a video
camera connected to a computer running ANY-Maze software. ANY-Maze video
tracking software measured the amount of time mice spent in each chamber,
while time spent directly interacting with the occupied and unoccupied pencil
cages was recorded manually.
Elevated Plus Maze The elevated plus maze test for anxiety was performed on
a fully automated elevated plus maze consisting of two open arms (38 cm x 5
cm) and two closed arms (38 cm x 5 cm) with 15 cm-high black plexiglass walls,
and a central intersection zone (5 cm x 5 cm). The maze is elevated 75 cm off
the floor. The maze is connected to a computer running Hamilton/Kinder
MotorMonitor software, which records photobeam breaks from the maze to
determine mouse movements and position. Mice are placed in the central
intersection zone and given a single, 5-minute trial.
Rotarod The rotarod treadmill (UgoBasile) consists of an automated rotating
cylinder measuring 3 cm in diameter. Mice were given 3 consecutive 60-second
trials at 16 rpm. Following a 20-minute break, mice were given 3 consecutive 60second trials at 24 rpm, followed by another 20-minute break, and finally 3 trials
at 32 rpm. This same procedure was repeated one day later. Latency-to-fall was
manually recorded using a stopwatch. The median latency value was determined
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for each block of three trials—at each three speeds, each day. These median
values were used to create survival plots.

RESULTS
Generation of APC conditional knockout mice In order to study APC’s role in
learning, memory, and synaptic development and plasticity, we generated APC
conditional knockout (APC cKO) mice lacking APC expression in excitatory
neurons of the brain. We crossed APCfl mice carrying floxed APC alleles
(Gounari et al., 2005) with CaMKII-Cre mice (Rios et al., 2001), which express
Cre recombinase driven by the α-calcium/calmodulin-dependent protein kinase II
(CaMKII) promoter in postmitotic, excitatory neurons of the brain. We confirmed
the loss of APC in APC cKO mice brain by immunoblotting 3-month old brain
lysates for APC. Compared to their control, non-Cre-expressing littermates, APC
cKO mice show dramatically reduced APC expression in total brain, as well as in
the hippocampus and cortex (Fig. 5-1A). The APC protein remaining in APC cKO
brain likely originates from glial cells and inhibitory neurons, as APC is
ubiquitously expressed, and Cre is not expressed in these neurons in CaMKIICre mice (see (Rios et al., 2001)).
APC is a negative regulator of the Wnt signaling pathway, forming part of
the β-catenin destruction complex, which leads to phosphorylation and
proteasomal degradation of β-catenin in the absence of Wnt signaling (Zeng et
al., 1997). In the presence of Wnt signaling, β-catenin is stabilized, and can
translocate to the nucleus where it leads to TCF/LEF-dependent gene expression
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(Behrens et al., 1996; van de Wetering et al
al., 1997). In the absence of APC, we
expect to see increased expression levels of β
β-catenin
catenin in the brain of APC cKO
mice. We analyzed β-catenin
catenin expression in hippocampal lysates from APC cKO
cK
mice and control littermates by immunoblotting. Consistent with a loss of APC
function, we observe a two
two-fold
fold increase in the hippocampal expression of ββ
catenin in APC cKO mice (214.9 ± 10.3 % of control; p = 0.00022 student’s tt
test), confirming that w
we
e have achieved functional knock down of APC in our cKO
mouse (Fig. 5-1B,C).

Figure 5-1
1

APC conditional knockout

(A) Western blot showing APC

expression is dramatically decreased in the whole brain, hippocampus, and
cortex of APC cKO mice. APC deletion is driven by CaMKII-driven
CaMKII
Cre
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expression. (B, C) APC expression is decreased, and β-catenin expression is
increased two-fold in the hippocampus of APC cKO mice. Signals are normalized
to GAPDH as a loading control. Statistically significant differences: **p < 0.01,
***p < 0.001, student’s t-test, versus control littermates.

Impaired learning and memory in APC cKO mice

APC associates with

numerous proteins involved in learning and memory (Mili et al., 2008; Seeling et
al., 1999; Watanabe et al., 2004), and is necessary for proper synapse
development (Rosenberg et al., 2008; Rosenberg et al., 2010; Shimomura et al.,
2005). APC mutations are also associated with mental retardation in humans
(Barber et al., 1994; Raedle et al., 2001). Additionally, β-catenin regulates
activity-dependent changes in dendritic spines (Murase et al., 2002; Okamoto et
al., 2004), and is required for memory consolidation (Maguschak and Ressler,
2008). These functions of APC, and its role in regulating levels of β-catenin,
predict learning and memory deficits in APC cKO mice. We tested APC cKO
mice and littermate controls on the novel object recognition (NOR) task (Brown
and Aggleton, 2001). Mice were given 10 minutes to explore two identical
objects. 24 hours later, the mice were given 10 minutes in the same chamber,
now containing one of the familiar objects and one novel object. Control mice
showed a clear preference for the novel object, indicating memory of the familiar
object (56.4 ± 2.6 % of time spent with novel object; p = 0.014 compared with
hypothetical 50%). In contrast, APC cKO littermates showed no preference for
either object, spending equal time with both objects (49.8 ± 2.6 % of time with
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novel object; p = 0.93 compared with hypothetical 50%) (Fig. 5-2A). Therefore,
APC cKO mice display memory deficits on the NOR task.
Because the NOR task requires both cortex and hippocampus (Brown and
Aggleton, 2001), we additionally tested APC cKO mice on the Barnes maze—a
hippocampus-dependent spatial memory test (Barnes, 1979). Mice were given
two trials per day for four days. Control mice learned the location of the goal
rapidly, as shown by taking less time to reach the goal (latency), and visiting
fewer incorrect holes (errors). APC cKO littermates, however, took much longer
to learn the task, as they had higher latencies (p = 0.0075 repeated measures
ANOVA) and committed more errors (p = 0.00017 repeated measures ANOVA)
over the course of training (Fig. 5-2B,C). APC cKO mice also took less efficient
routes to the goal (p = 0.00081 repeated measures ANOVA), while showing no
change in average speed (p = 0.20 repeated measures ANOVA) (Fig. 5-2D,E).
However, by the end of the 4-day testing period, APC cKO mice performed the
task as well as their control littermates. This indicates that APC cKO mice have
impaired hippocampal learning and memory.
We also performed probe trials on day 5, and again one week later, on
day 12. During probe trials, we removed the goal box from the Barnes maze, and
the number of visits made to each hole was recorded. On day 5, APC cKO mice
showed a strong preference for the goal hole, as did control littermates. This is
expected given that APC cKO mice performed as well as littermate controls
during the day 4 trials (Fig. 5-2G). On day 12, control mice continued to display a
strong preference for the goal hole, while APC cKO littermates showed no
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preference (Fig. 5-2H). Additionally, on day 12 APC cKO mice took more than
twice as long to visit the goal hole for the first time (ctl = 16.8 ± 5.6 seconds, cKO
= 52.8 ± 10.9 seconds; p = 0.0064 student’s t-test), and committed three times as
many errors as control littermates (ctl = 4.5 ± 1.4, cKO = 19.2 ± 4.0; p = 0.0013
student’s t-test), while taking less efficient routes to the goal hole (path efficiency:
ctl = 0.49 ± 0.10, cKO = 0.18 ± 0.07; p = 0.019 student’s t-test) (Fig. 5-2I-K).
Taken together, these results suggest that APC cKO mice have deficits in
hippocampus-dependent learning and memory, and severe deficits in long term
memory. This is consistent with APC mutations being associated with mental
retardation in humans.
These deficits are not due to impairments in motor coordination, as we
performed gait analysis and saw no difference in the stride length of APC cKO
mice compared to littermate controls (stride length / body length, right side: ctl =
0.72 ± 0.02, cKO = 0.74 ± 0.03; p = 0.48 student’s t-test. Left side: ctl = 0.73 ±
0.03, cKO = 0.74 ± 0.03; p = 0.81 student’s t-test) (Fig. 5-2F). Additionally, home
cage monitoring over 30 hours revealed no change in overall activity or distance
traveled (p = 0.42, repeated measures ANOVA) (Fig. 5-3).
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Figure 5-2 Impaired learning and memory in APC cKO mice (A) Mice were
tested for novel object recognition 24 hours after exposure to two identical
objects. Control mice displayed a preference for the novel object, while APC cKO
littermates showed equal interest towards the novel and familiar object.
Statistically significant differences: *p < 0.05 compared to a hypothetical 50%. (BD) On the Barnes maze, mice were given two trials—separated by 10 minutes—
per day, for 4 consecutive days. Control mice showed rapid improvement—as
measured by latency to find the goal, number of errors committed before
reaching the goal, and path efficiency—while APC cKO littermates showed much
slower improvement on the task. (E) APC cKO mice maintained a similar
average speed when compared to control littermates. (F) Footprint analysis
shows that APC conditional knockout has no effect on stride length, compared to
control littermates. (G) Probe trial on day 5 shows that both control mice and
APC cKO littermates display a strong preference for the location of the goal, as
measured by amount of visits to the goal hole. (H) Probe trial on day 12 shows
that control mice retain a strong preference for the goal location, while APC cKO
littermates no longer prefer the goal location. (I-K) On the day 12 probe trial, APC
cKO mice show a severe impairment in long-term memory, taking longer to reach
the goal location, committing more errors, and taking a less efficient path, than
control littermates. Statistically significant differences: *p < 0.05, **p < 0.01, ***p
< 0.001 versus control littermates, student’s t-test. ‡p < 0.01 repeated measures
ANOVA.
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Figure 5-3
3 Home cage monitoring (A) Mice were individually housed and
home cage activity was monitored over 30 hours. Control and APC cKO mice
show similar levels of activity over the 30
30-hour period.

APC cKO mice display aut
autistic-like behaviors

APC gene mutations are

associated with autism in humans (Zhou et al., 2007).. APC is a negative
regulator of the Wnt signaling pathway, a pathway implicated in ASDs (De Ferrari
and Moon, 2006; Lijam et al., 1997; Wassink et al., 2001)
2001).. APC also interacts
with the FMR1 gene product, FMRP (Mili et al., 2008).. Transcriptional silencing
of FMR1 is the cause of fragile X syndrome, the most common inherited form of
mental retardation and autism in humans (Hatton et al., 2006; Verkerk et al.,
1991).. These reasons strongly suggest that a consequence of loss of APC
protein will be the development of autistic
autistic-like features. We therefore tested APC
cKO mice for autistic-like
like behaviors using defined behavioral assays (Crawley,
2007; Moy and Nadler, 2008; Silverman et al., 2010)
2010).. To test for repetitive
behavior, we performed a marble
marble-burying
burying assay on APC cKO mice and littermate
litterma
controls (Crawley, 2007)
2007). Mice were given 20 minutes in a cage containing 17
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marbles, and we recorded the number of marbles buried at the end of the test.
While control mice buried 7.2 ± 1.0 marbles, APC cKO littermates buried
significantly more, 11.5 ± 0.9, marbles (p = 0.0056, student’s t-test) (Fig. 5-4A).
The increased marble burying behavior of APC cKO mice is likely not due to
increased anxiety, because APC cKO mice display decreased anxiety-like
behavior when tested on the elevated plus maze, spending four times as much
time in the open arms as control littermates (ctl = 8.3 ± 3.1 % time in open arms,
cKO = 36.6 ± 7.1; p = 0.0052, student’s t-test) (Fig. 5-5). Additionally, APC cKO
mice showed increased repetitive behaviors on a repetitive novel object contact
task (Pearson et al., 2011). Mice were presented with 4 novel toys for 10
minutes. We recorded the number of times mice investigated each toy, as well as
the sequence in which the toys were investigated. Increased repetition of a
pattern of sequential toy investigations is thought to model the stereotyped
patterns of behavior witnessed in ASD in humans (Pearson et al., 2011). While
control and APC cKO mice showed equal ranked preference for the four novel
objects, APC cKO mice repeated the same sequence of object visits more times
than control littermates (p = 0.0042, student’s t-test) (Fig. 5-4B,C). These results
suggest that deleting APC from excitatory neurons causes an increase in
repetitive, stereotyped behaviors, one of the three behavioral abnormalities
associated with autism in humans (APA, 2000).
We next wanted to examine social behaviors of APC cKO mice, as
reduced social interactions are a hallmark of mouse models of autism. Because
social interactions depend on olfactory cues, we first performed a social versus
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non-social olfaction test (Silverman et al., 2010). In this test, we used cotton
swabs to present control and APC cKO mice with non-social odors (water, vanilla
extract), followed by a social odors—cotton swabs run through the litter of two
separate non-familiar male, or female mouse cages. Each odor was presented
as a series of three consecutive 2-minute trials, and we recorded the amount of
time the subject mouse spent investigating the cotton swab. Control and APC
cKO mice showed a similar level of interest in the non-social odors. However,
APC cKO mice showed significantly less interest in social odors—both male and
female mouse litter—than their control littermates. Additionally, control mice
displayed the expected habituation/dishabituation pattern—spending less time
investigating the same odor on successive trials, followed by renewed interest
when a novel social odor is presented—while APC cKO mice did not (Fig. 54D,E). APC cKO mice did, however, spend markedly more time investigating
social odors than non-social odors, indicating intact olfactory function. These
results suggest that APC cKO mice have reduced social interest, as well as an
inability to differentiate social odors.
To more directly test the social interest of APC cKO mice, we performed
the three-chambered social interaction test on APC cKO mice and control
littermates (Silverman et al., 2010). Subject mice were placed in the empty,
center chamber. The two other chambers each contained a cylindrical, wire mesh
cage. One chamber contained an empty wire cage, while the other contained a
wire cage housing a novel, ovariectomized, wild-type female mouse. The wire
cage allows the mice to see and smell each other, but not interact directly. As
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expected, control mice spent considerably more time interacting with the wire
cage housing the mouse, compared to the empty wire cage. APC cKO mice also
preferred the mouse-housing wire cage, but spent far less time interacting with it
than did control littermates (ctl = 218 ± 16 seconds with mouse-cage, cKO = 141
± 10; p = 0.00075, student’s t-test) (Fig. 5-4F). Control and APC cKO mice made
a similar number of transitions between the three chambers, showing that there
was no change in overall locomotion in APC cKO mice (Fig. 5-4G). Taken
together, these results show that APC cKO mice display increased repetitive
behaviors, and decreased social interactions—two hallmarks of autism in
humans, and suggest that APC cKO mouse effectively models symptoms of the
human condition.
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Figure 5-4 Autistic-like behavior in APC cKO mice (A) Mice were given 20
minutes in a chamber containing 17 marbles. APC cKO mice buried more
marbles than their control littermates, showing an increase in repetitive
behaviors. (B) APC cKO mice and control littermates showed equal levels of
preference for four different objects in a repetitive novel object contact task. (C)
APC cKO mice repeated the preferred sequence of visits to four objects more
frequently than control littermates. Sequence repeats are normalized to total
object visits. (D,E) Mice were presented with non-social, and social odors, for
three two-minute trials each. Both APC cKO mice and control littermates show an
ability to distinguish social from non-social odors. However, APC cKO mice show
less interest in social odors than control littermates, and also fail to display a
typical habituation / dehabituation pattern, as seen in control mice. (F) Mice were
given 10 minutes to explore a standard, three-chambered social interaction
arena. Control and APC cKO littermates displayed a preference for a caged,
unfamiliar, ovariectomized female mouse, versus an empty cage. However, APC
cKO mice showed far less interest in the unfamiliar mouse than control
littermates, indicating reduced social interest. (G) Control mice and APC cKO
littermates made a similar number of entries to both chambers, showing that the
observed decrease in the social interest of APC cKO mice is not due to a
reduction in general locomotion on this task. Statistically significant differences:
*p < 0.05, **p < 0.01, ***p < 0.001 versus littermate controls, student’s t-test.
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Figure 5-5
5 Elevated plus maze Mice were testing for anxiety-like
like behavior on
the elevated plus maze. (A) While control mice spent only 8.3% of the time in the
open arms, APC cKO mice spent 36.6% of the time in the open arms, indicating
reduced anxiety-like
like behavior. (B) APC cKO mice and control mice traveled a
similar distance over the course of the trial. Statistically significant differences:
**p < 0.01, student’s t-test.
test.

Decreased motor coordination in APC cKO mice Though APC cKO mice
showed no apparent locomotion deficits, we sought to test motor coordination in
APC cKO mice, as humans with autism frequently present deficits in bimanual
coordination, and
nd motor coordination in general (Fournier et al., 2010; Isenhower
et al., 2012).. We tested motor coordination using the rotarod test. APC cKO mice
and control littermates were given three consecutive 1
1-minutes
minutes trials, at each of
three speeds. Initially, at 16 rpm, both groups of mice showed difficulty remaining
rem
on the rotarod. However, even as speed was increased to 24 rpm, and then to 32
rpm, control mice showed the ability to rapidly learn the task, as virtually all
control mice remained on the rotarod for the full minute. In contrast, APC cKO
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littermatess continued to struggle with the task, suggesting that conditional APC
deletion causes deficits in motor coordination (Fig. 5-6A).
To determine if the poor performance observed on the rotarod is due to
impaired motor learning, rather than a true motor coo
coordination
rdination deficit, we tested
mice in the same manner 24 hours later. As expected, control mice retained the
ability to remain on the rotarod, at all speeds tested. APC cKO littermates, on the
other hand, were able to remain on the rotarod only at 16 rpm. A
Att faster speeds,
APC cKO mice performed as poorly as they had on the initial day of testing.
Therefore, APC cKO mice displayed motor learning
learning—as
as they improved on the
task at slower speeds—
—but
but show impaired motor coordination at faster speeds
(Fig. 5-6B). This suggests that APC deletion from excitatory neurons causes
defects in motor coordination.
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Figure 5-6 Impaired motor coordination in APC cKO mice (A) Mice were
tested on the rotarod at three different speeds. Plotted is the median
performance over three 1-minute trials. Control mice showed difficulty at 16 rpm,
but showed rapid improvement during subsequent trials at 24 and 32 rpm. In
contrast, APC cKO littermates showed no improvement, struggling at all three
speeds. (B) Mice were tested in the same manner 24 hours later. All control mice
performed the task at all speeds, while APC cKO littermates were only able to
perform the task at 16 rpm, showing a deficit in motor coordination.

APC cKO mice display agenesis of the corpus callosum

We examined

overall brain morphology and architecture in APC cKO mice and control
littermates by staining frozen sections with cresyl violet. While brain morphology
was for the most part normal in APC cKO mice, we observed a striking agenesis
of the corpus callosum (AgCC). Corpus callosum axons failed to cross the
midline in APC cKO brain (Fig. 5-7). This result is consistent with the RotaRod
deficits seen in APC cKO mice, as AgCC is correlated with decreased bimanual
coordination in humans (Mueller et al., 2009). Additionally, AgCC is associated
with ASD in humans (Hardan et al., 2009), and reduced corpus callosum volume
correlates with lowered sociability in the BALB/cJ inbred mouse (Fairless et al.,
2008). This shows that APC cKO mice display yet another phenotype associated
with autism in humans. APC is a microtubule organizer, and may therefore be
critical for proper midline crossing of corpus callosum axons. However, this
phenotype may also be the result of dysregulated Wnt signaling in the absence
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of APC, as Wnt signaling is important for guiding callosal axons (Keeble et al.,
2006).

7 Agenesis of the corpus callosum in APC cKO mice Cresyl violetFigure 5-7
stained sections show predominantly normal brain architecture, but a striking
failure of the corpus callosum to cross the midline (*) in APC cKO mice.

Basal synaptic transmission in APC cKO mice APC is a known organizer of
nicotinic synapses in vivo (Rosenberg et al., 2008; Rosenberg et al., 2010),
2010) and
APC also promotes the clustering of AMPA receptors in hippocampal neurons
(Shimomura et al., 2007)
2007).. For these reasons, we looked to see whether synaptic
transmission was altered in the hippocampus of APC cKO mice. We performed
extracellular

recordings

at

Schaffer

collateral
collateral-CA1
CA1

pyramidal

(SC-CA1)
(SC

synapses, and found no change in the ratio of stimulus intensity to field excitatory
postsynaptic current (fEPSC) slope (input
(input-output)
output) in APC cKO mice, compared to
littermate controls (Fig. 5
5-8A).
A). This suggests that deleting APC from excitatory
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neurons in the hippocampus has no effect on basal excitatory synaptic
transmission.
In order to assess presynaptic function in APC cKO mice, paired pulse
facilitation (PPF) was measured at SC-CA1 synapses. Similar to input-output, we
saw no change in PPF in APC cKO hippocampus, compared to littermate control
mice (Fig. 5-8B). Taken together, these results suggest that conditional APC
knockout has no effect on hippocampal excitatory transmission, or presynaptic
function.
As a more sensitive measure of synaptic function, we used whole-cell
recordings to measure miniature excitatory postsynaptic currents (mEPSCs) from
CA1 neurons of control and APC cKO mice. AMPAR-mediated mEPSCs
occurred with much greater frequency in APC cKO CA1 neurons, compared to
control neurons (relative frequency: ctl = 1.0 ± 0.24, cKO = 4.3 ± 1.09; p = 0.033,
student’s t-test), while showing no change in amplitude (relative amplitude: ctl =
1.0 ± 0.09, cKO = 1.17 ± 0.05; p = 0.10, student’s t-test) (Fig. 5-8C-E). Increased
mEPSC frequency suggests either an increase in the probability of release, or an
increase in synapse number; while the lack of change in mEPSC amplitude
suggests that postsynaptic sensitivity to excitatory neurotransmission is
unchanged. These results appear to be at odds with the data gained from our
field recordings, which indicate no change in release probability or synapse
strength (Fig. 5-8A,B). In other studies, promoting β-catenin interactions with
cadherins causes increases in mEPSC frequency (Murase et al., 2002). Given
that APC cKO mice express two-fold higher levels of β-catenin in the
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hippocampus (Fig. 5-1B,C), mEPSC frequency may be increased in APC cKO
mice through a β-catenin-dependent mechanism. The increased sensitivity
offered by whole cell recordings versus field recordings may explain the apparent
discrepancy in these results.
Examination of the kinetics of AMPAR-mediated mEPSCs revealed that
the decay time of mEPSCs was decreased in APC cKO neurons (relative decay
time: ctl = 1.0 ± 0.9, cKO = 0.75 ± 0.07; p = 0.44, student’s t-test), while the rise
time showed no change (relative rise time: ctl = 1.0 ± 0.05, cKO = 1.03 ± 0.03; p
= 0.61, student’s t-test) (Fig. 5-8F,G). This may indicate altered subunit
composition of AMPA receptors—or perturbed regulation of posttranslational
modifications—in APC cKO mice compared to littermate controls.
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Figure 5-8
8 Basal synaptic transmission (A) Extracellular recordings taken
from hippocampal CA1 region show normal input
input-output
output curves in response to
Schaffer collateral stimulation in slices prepared from APC cKO mice. (B) Paired
pulse ratio is unaffected by APC conditional knockout. (C) Example traces of
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whole cell recordings from CA1 neurons of control and APC cKO slices showing
AMPAR-mediated mEPSCs. (D) APC cKO neurons show increased AMPARmEPSC frequency. (E) AMPAR-mEPSC amplitude is unchanged in APC cKO
neurons. (F) Rise time of AMPAR-mEPSCs is unchanged in APC cKO neurons.
(G) Decay time of AMPAR-mESPCs is decreased in APC cKO neurons.
Statistically significant differences: *p < 0.05 versus littermate controls, student’s
t-test.

Enhanced LTP and LTD in APC cKO mice APC interacts with scaffold and
signaling proteins known to be important for regulating synaptic plasticity, such
as ERK (Watanabe et al., 2004), PP2A (Seeling et al., 1999), PSD-95
(Shimomura et al., 2007), and FMRP (Mili et al., 2008). Additionally, observed
learning and memory deficits in APC cKO mice (Fig. 5-2) may be associated with
perturbed synaptic plasticity. We examined hippocampal synaptic plasticity by
recording long-term potentiation (LTP) and long-term depression (LTD) at SCCA1 synapses. LTP induced by five trains of theta burst stimulation (TBS) was
markedly enhanced in APC cKO mice, compared to littermate controls (ctl = 54 ±
5.5 % potentiation, cKO = 72 ± 5.2 %; p = 0.017, student’s t-test) (Fig. 5-9A,C). In
other transgenic mouse models, enhanced LTP can be associated with either
enhanced, or impaired learning and memory (Jia et al., 1996; Kim et al., 2009;
Migaud et al., 1998; Tang et al., 1999). This suggests that APC is required in
excitatory hippocampal neurons for normal synaptic plasticity. Wnt signaling is
required for LTP in the hippocampus (Ma et al., 2011), and enhancing Wnt
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signaling via LiCl-mediated inhibition of GSK3 leads to enhanced LTP (Chen et
al., 2006b). Given that APC is a negative regulator of the Wnt pathway, LTP may
be enhanced in APC cKO mice due to hyperactivation of the Wnt pathway.
APC interacts with FMRP (Mili et al., 2008), a critical regulator of
metabotropic glutamate receptor-dependent LTD (mGluR LTD) (Huber et al.,
2002). We measured mGluR LTD by treating hippocampal slices with the group I
mGluR agonist 3,5-dihydroxyphenylglycine (DHPG). In APC cKO slices, DHPG
caused an increased degree of LTD compared to control slices (ctl = 32 ± 2.5 %
depression, cKO = 41 ± 3.3 %; p = 0.037, student’s t-test) (Fig. 5-9B,D).
Enhanced mGluR-dependent LTD is a hallmark of the FMRP-knockout mouse
(Hou et al., 2006; Huber et al., 2002; Nosyreva and Huber, 2006). Given that
APC directs the localization of FMRP in fibroblasts (Mili et al., 2008), enhanced
LTD in APC cKO mice could be caused by a failure of FMRP to properly localize
to synaptic sites. In contrast to our APC cKO mouse, the FMRP-knockout mouse
is reported to display either unaltered (Zhang et al., 2009), or decreased
hippocampal LTP (Hu et al., 2008; Yun and Trommer, 2011). Therefore, these
results show that the APC cKO mouse has abnormal synaptic plasticity which
partially, but not completely, mirrors plasticity irregularities seen in existing
mouse models of autism and mental retardation.
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Figure 5-9
9 Altered synaptic plasticity in APC cKO mice (A, C) LTP was
induced at Schaffer collateral
collateral—CA1
CA1 synapses in hippocampal slices by
delivering 5 trains of theta burst stimulation. APC cKO mice showed enhanced
LTP compared to littermate controls. (B, D) mGluR
mGluR-dependent
dependent LTD was induced
by treating hippocampal slices with DHPG (100 µM) for 10 minutes. APC cKO
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mice show enhanced mGluR-LTD compared to littermate controls. Statistically
significant differences: *p < 0.05 versus control littermates, student’s t-test.

APC interacts with FMRP and target mRNAs in mouse hippocampus In
mouse fibroblasts, APC interacts with FMRP and FMRP-associated mRNAs, and
directs their localization to filopodial tips (Mili et al., 2008). We sought to
determine whether this interaction also occurs in mouse hippocampus. APC coimmunoprecipitated with FMRP from mouse hippocampal lysates, showing that
the two proteins do indeed interact in the hippocampus (Fig. 5-10A). Additionally,
RT-PCR performed on both APC and FMRP immunoprecipitates shows that APC
interacts with two known FMRP target mRNAs—αCaMKII and PSD95
(Muddashetty et al., 2007)—but not NR1, an mRNA which does not interact with
FMRP (Fig. 5-10B). Together, these results show that APC forms a complex with
FMRP and target mRNAs in the mouse hippocampus. This suggests that APC
may play a role in trafficking FMRP-associated mRNA granules, much as it has
been shown to do in fibroblasts (Mili et al., 2008), and could be a mechanisms
through which APC regulated mGluR LTD (Fig. 5-9B,D).
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Figure 5-10
10 APC interacts with FMRP and regulates its expression (A)
APC, immunoprecipitated from mouse hippocampal lysate, interacts with FMRP.
(B) RT-PCRs
PCRs performed on APC
APC- and FMRP-immunoprecipitates
immunoprecipitates show that both
proteins interact with αCaMKII and PSD95 mRNAs, but not NR1 mRNA. (C)
Representative western blots show plasticity
plasticity-related
related protein expression levels
from control and APC cKO hippocampal lysate
lysate.. (D) Quantification of (C). (E)
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Western blots of hippocampal levels of glutamate receptors. (F) Quantification of
(E). (G) Western blots of hippocampal levels of synaptic adhesion proteins. (H)
Quantification of (G). All bands are representative of an n of 5. Control and APC
cKO bands are taken from the same gel. For quantifications, band densities are
normalized to GAPDH or, in the case of p-mTOR and pAkt, total
(phosphorylation-independent) levels of the protein. Statistically significant
differences: * p < 0.05, ** P < 0.01, student’s t-test.

Changes in hippocampal protein expression and signaling cascades in
APC cKO mice We profiled the hippocampal expression levels of a number of
synaptic proteins in APC cKO mice. Hippocampal lysates and postsynaptic
density fractions from APC cKO mice and control littermates were separated by
SDS-PAGE and subsequently subjected to immunoblot analysis for proteins
involved in synaptic plasticity and signaling, synaptic adhesion, and glutamate
receptors.
We observe changes in a number of proteins important for synaptic
plasticity in the hippocampus. Notably, FMRP levels are decreased in
hippocampal lysates from APC cKO mice compared to littermate controls. This
may indicate that APC-FMRP interactions regulate the stability of FMRP protein.
We examined the expression of proteins whose mRNAs are regulated by FMRP
and saw decreases in Arc (Fig. 5-10C,D), but no change in PSD95 or CaMKII
(data not shown). While we see Arc decreases in APC cKO mice, Arc is
increased in FMRP KO mouse hippocampus (Zalfa et al., 2003). This
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discrepancy likely indicates that APC regulates levels of Arc in ways that do not
directly function through control of FMRP protein levels. APC directs localization
of FMRP-target mRNAs in fibroblasts (Mili et al., 2008). If FMRP-target mRNAs,
such as Arc, are mislocalized in APC cKO neurons, this may lead to lower levels
of translation.
A two-fold increase was seen in levels of the phosphatase PTEN, while
we observed a decrease in levels of the B56 regulatory subunit of the
phosphatase PP2A, a known APC-interacting protein (Seeling et al., 1999) (Fig.
5-10C,D). Additionally, we see a two-fold increase in levels of β-catenin (Fig. 51C). These changes in synaptic protein expression suggest that APC is a key
synaptic scaffold for coordinating multiple signaling pathways involved in
plasticity, and identify APC as the first known regulator of FMRP protein levels.
Inhibition of PP2A is thought to be a key event in the expression of LTP (Pi and
Lisman, 2008). Decreased levels of PP2A in the absence of APC may explain
the observed enhancement of LTP in APC cKO mice (Fig. 5-9A,C)
Whole hippocampal lysates from APC cKO mice showed decreases in two
glutamate

receptor

subunits—GluR1

and

NR1

(Fig.

5-10E,F).

Our

electrophysiology data suggest no change in basal synaptic function (Fig. 58A,C,E), but overall levels of protein measured in whole lysate may not reflect
functional levels of the receptors.
We have previously shown that APC directs the localization of the
synaptic adhesion proteins neurexins and neuroligins to developing nicotinic
synapses in the embryonic chick ciliary ganglion (Rosenberg et al., 2010). We

213

examined the levels of neurexins and neuroligins in APC cKO hippocampus and
control littermates. While no changes are observed in neurexins or neuroligins 1
and 2, we see a decrease in the expression of neuroligin 3 in APC cKO
hippocampus compared to control littermates (Fig. 5-10G,H). Mutations in NL3
are strongly associated with autism in humans (Jamain et al., 2003).
We also examined protein expression in postsynaptic density fraction
(PSDs) extracted from APC cKO and littermate control hippocampus. Results
from PSDs were mostly similar to whole hippocampal lysate measurements (Fig.
5-10,5-11). APC cKO PSDs also showed decreased expression of FMRP, and a
trend towards decreased Arc expression. A slight decrease was seen in the
activation of Akt, but no changes were seen in the activation of the downstream
targets mTOR and S6K. Given that these samples were prepared from naïve
mice, it will be important in future studies to examine the activation of signaling
cascades in mice subjected to learning paradigms, and in hippocampal slices
following the induction of both LTP, and mGluR LTD. Similar to results from
whole hippocampal lysate, APC cKO PSDs show decreased in the PP2A
regulatory B56 subunit. Finally, a decrease in the activation of ERK2 is witnessed
in APC cKO hippocampal PSD. In migrating epithelial cells, APC directs the
targeting of IQGAP1 to the leading edge (Watanabe et al., 2004). IQGAP1 is a
scaffold which mediates the activation of ERK during memory formation (Schrick
et al., 2007). Additionally, ERK2 signaling is critical for both long-term memory
(Cestari et al., 2006), and normal social behavior (Satoh et al., 2011). Therefore,
the observed deficits in long-term memory (Fig. 5-2H-K), and abnormalities in
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social behavior (Fig. 5
5-4D-F)
F) may be due to impaired ERK2 signaling in APC
cKO mice.

11
Figure 5-11

FMRP an
and
d activated ERK are decreased in APC cKO

hippocampal postsynaptic density.

Western blots from hippocampal

postsynaptic density fractions from APC cKO mice and littermate controls show
decreases in FMRP and PP2A
PP2A-B56
B56 regulatory subunit, and also decreases in the
activation of Akt and ERK2. All bands are representative of an n of 3 samples,
each pooled from the hippocampi of 3 mice
mice.. Control and APC cKO bands are
taken from the same gel. For quantifications, band densities are normalized to
actin, or for p-mTOR,
mTOR, pAkt, and pS6K, total protein levels. Statistically significant
differences:
nces: * p < 0.05, **
*** P < 0.001, student’s t-test.
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DISCUSSION
Our newly generated transgenic mouse with targeted deletion of APC in
excitatory neurons appears to be a useful model of mental retardation and autism
in humans with APC inactivating gene mutations.

We identify APC as an

important new target for therapeutic intervention by demonstrating that APC
coordinately regulates multiple molecular pathways implicated in cognitive
disorders and autism.
Behavioral testing of APC cKO mice, compared with control littermates,
reveal learning and memory deficits (hippocampal-dependent spatial learning
tasks) and autistic-like behaviors including reduced social interest and enhanced
repetitive behaviors (Fig. 5-2;5-4).

Further, APC cKO mice exhibit corpus

callosum agenesis, a structural feature often found in the brains of autistic
humans that correlates with poor bimanual coordination and impaired social
cognition (Hardan et al., 2009; Isenhower et al., 2012; Mueller et al., 2009).
Consistent with this structural change, APC cKO mice have impaired bimanual
motor coordination (accelerating rotarod test) (Fig. 5-6), but normal locomotion
and gait (open field movement monitored for 30 hrs and footprint analysis) (Fig.
5-2;5-3).

AgCC in APC cKO mice may reflect APC’s role in organizing the

polarized microtubule cytoskeleton (Reilein and Nelson, 2005). A role for Wnt
signaling has also been established in the formation of the corpus callosum
(Keeble et al., 2006), suggesting that dysregulated Wnt signaling could contribute
to AgCC in APC cKO mice. Additionally, this developmental abnormality could be
due to perturbations in the function of the microtubule (MT)-associated protein
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MAP1B. MAP1B KO, similar to APC cKO mice, mice show AgCC (Meixner et al.,
2000). MAP1B mRNA is an FMRP target (Menon et al., 2008), and Wnt signaling
is thought to direct axonal growth cones, in part, by modulating MAP1B-MT
interactions via GSK3 phosphorylation of MAP1B (Lucas et al., 1998). These
findings suggest that APC is critical for proper corpus callosum formation due to
its ability to regulate Wnt signaling, and/or FMRP (Mili et al., 2008). Importantly,
MAP1B KO mice display intact hippocampus-dependent spatial learning and
memory (Pangratz-Fuehrer et al., 2005), suggesting that learning and memory
deficits observed in APC cKO (Fig. 5-2) mice are not due solely to AgCC.
Our functional studies identify a key role for APC in regulating
glutamatergic synaptic plasticity that is required for normal learning and memory.
APC cKOs showed dysregulated plasticity at CA3/CA1 pyramidal neuron
synapses in freshly isolated hippocampal slices. LTP induced by theta burst
stimulation (TBS) was abnormally enhanced relative to that of wild-type
littermates. LTD induced by mGluR activation was also increased in APC cKOs
(Fig. 5-9). In contrast, basal synaptic transmission was not altered, based on the
input/output

relationship

extracellularly (fEPSPs).

of

excitatory

postsynaptic

responses

recorded

No change in the amplitude of miniature EPSCs

(mEPSCs) further indicated normal baseline sensitivity of postsynaptic receptors
in APC cKOs (Fig. 5-8).

The kinetics of the mEPSCs was significantly altered,

however, with more rapid decay times, suggesting a possible change in AMPAR
subunit composition. Further, tests for changes in presynaptic function provided
contradictory results, with increased mEPSC frequency suggesting greater
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probability of release, but this was not supported by the lack of change in pairedpulse ratios (PPRs).

Taken together, the simplest explanation for these

electrophysiological data is that synapses in APC cKOs versus WT littermates
are more numerous (increased mEPSC frequency), but less mature (no change
in input/output relationship), and show abnormally enhanced activity-induced
plasticity (increased LTP and LTD).
Similar to our findings in APC cKO mice, precedence exists for enhanced
plasticity, with no change in basal synaptic transmission, and for enhanced LTP
correlating with cognitive impairments in other transgenic mouse models (Jia et
al., 1996; Kaksonen et al., 2002; Kim et al., 2009; Manabe et al., 2000; Meng et
al., 2002; Migaud et al., 1998; Uetani et al., 2000). Interestingly, autistic patients
show enhanced cortical plasticity, aberrant LTP- and LTD-like mechanisms, in
vivo, as measured by transcranial magnetic stimulation (Oberman et al., 2010).
The abnormally enhanced plasticity suggests dysregulation of activitydependent local protein synthesis at APC cKO hippocampal synapses.

Our

results identify the large APC scaffold protein as a hub that links multiple
molecular pathways to coordinately regulate plasticity, local mRNA translation,
signaling cascades, and cytoskeletal dynamics at the synapse. We show that
APC co-precipitates with FMRP, the mRNA binding protein that regulates local
translation (Fig. 5-10). Other known APC interacting proteins include the PP2A
regulatory

subunit

B56

(Seeling

et

al.,

1999)—which

modulates

the

activation/phosphorylation state of several regulators of local protein synthesis
(Hahn et al., 2010; Kim et al., 2008; Narayanan et al., 2007; Resjo et al., 2002)
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—and β-catenin (Rubinfeld et al., 1993; Su et al., 1993), which drives Wntdependent gene transcription and has transcription-independent functions such
as the regulation of synapse density, structure and plasticity (Morin et al., 1997;
Murase et al., 2002; Okuda et al., 2007; van de Wetering et al., 1997).

In

addition, APC and several of its binding partners, EB1, MACF, and IQGAP1,
regulate the local actin and microtubule cytoskeleton (Barth et al., 2002;
Rosenberg et al., 2008; Watanabe et al., 2004; Zumbrunn et al., 2001).
We show that APC deletion leads to decreases in FMRP levels in both
hippocampal lysates and isolated hippocampal PSDs (fig. 5-10;5-11).

We

hereby identify APC as the first protein known to regulate FMRP levels at
synapses in vivo. In humans, transcription silencing mutations of the fmr1 gene
encoding FMRP is the most common cause of heritable mental retardation and
autism, Fragile-X syndrome (FXS) (Hatton et al., 2006; Verkerk et al., 1991).
Critical insights into the underlying molecular mechanisms have come from
studies of FMRP KO mice, as a model of human FXS. FMRP KO mice exhibit
abnormal plasticity and dysregulation of mGluR5-activated synaptic protein
synthesis (Bassell and Warren, 2008; Huber et al., 2002; Krueger and Bear,
2011; Nosyreva and Huber, 2006).

MGluR5-dependent LTD is abnormally

enhanced, whereas LTP is decreased or not altered in FMRP KO mice (Hu et al.,
2008; Huber et al., 2002; Yun and Trommer, 2011; Zhang et al., 2009).
Conflicting reports implicate two different molecular pathways, PI3K/Akt/mTOR
and ERK1/2 signaling, in the aberrant plasticity and dysregulated local protein
synthesis.

Some studies have found excessive increases in synaptic
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PI3K/Akt/mTOR activity (Gross et al., 2010; Sharma et al., 2010), whereas others
have found no change in these signaling pathways in either basal or mGluR5activated states in the FMRP KO hippocampus (Osterweil et al., 2010). Rather,
the latter study suggested that dysregulated local protein synthesis correlated
with hypersensitivity to mGluR5 activation of ERK2 signaling (Osterweil et al.,
2010).

The importance of tightly regulating activated ERK2 levels is further

indicated by the autistic-like behavior, and long-term memory deficits of ERK2
null mice (Cestari et al., 2006; Satoh et al., 2011).
APC cKOs show molecular changes that are shared, as well as unique,
compared with FMRP KO mice. We find decreased activation of ERK2 and Akt
in APC cKOs. APC cKOs also show increased PTEN, a negative regulator of Akt
activation (Fig. 5-10;5-11). The decreases in activated ERK2 and Akt may be
compensatory changes to modulate dysregulated protein synthesis and cellular
signaling in APC cKO hippocampal neurons. Additionally, ERK2 activation is
dependent on the scaffold IQGAP1 (Roy et al., 2004; Schrick et al., 2007). APC
binds IQGAP1 directly, and regulates its localization (Watanabe et al., 2004). In
the absence of APC, IQGAP1-dependent ERK activation may be perturbed.
Based on these changes at the basal state and the role of mGluR5 as a major
initiator of activity-regulated synaptic protein synthesis, we plan to measure the
activation of these pathways in response to mGluR stimulation.

Further, APC

cKOs exhibit decreased levels of the FMRP target, Arc (Fig. 5-10). Arc plays a
role in synaptic plasticity (LTD and LTP) via regulation of activity-induced
AMPAR internalization and actin cytoskeleton dynamics (Bramham et al., 2009;
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Plath et al., 2006; Shepherd and Bear, 2011; Waung et al., 2008). PP2A-B56
levels are also reduced in APC cKO KO mouse hippocampus (Fig 5-10;5-11).
PP2A regulates the (de)activation state of FMRP, ERK, p70S6K and 4EB-P1,
key regulators of activity-stimulated synaptic protein synthesis (Hahn et al., 2010;
Li et al., 2010; Narayanan et al., 2007; Van Kanegan et al., 2005).
One major difference between APC cKOs and FMRP KO mice is that βcatenin levels are dramatically increased, as expected based on APC’s role as a
negative regulator of β-catenin levels in the canonical Wnt signaling pathway
(Phelps et al., 2009). In sharp contrast, APC is increased and β-catenin is not
altered in FMRP KO mice (Liao et al., 2008), and Wnt signaling appears to be
reduced in FXS patients (Rosales-Reynoso et al., 2010). Interestingly, similar to
aberrant LTP in APC cKO mice, excessive canonical Wnt signaling is also
associated with enhanced LTP in the hippocampus (Chen et al., 2006a), where it
is proposed to mediate the activation of mTOR, downstream of GSK3
inactivation, during LTP (Ma et al., 2011). Dysregulated Wnt signaling has been
implicated in cognitive disorders such as Alzheimer’s disease, schizophrenia and
autism (De Ferrari and Moon, 2006; Farias et al., 2010; Freese et al., 2010). The
Wnt pathway modulates synapse maturation and plasticity (Inestrosa and
Arenas, 2010; Salinas and Zou, 2008). Further, a new study implicates Wnt in
fear memory by showing that altered Wnt signaling in the amygdala, in particular,
inhibiting the decreased in Wnt expression that occurs with fear conditioning
training, causes impaired memory consolidation (Maguschak and Ressler, 2011).
APC cKO mice may also have impaired memory consolidation, as suggested by
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their ability to perform well in Barnes maze probe tests at 5 days, but not at 12
days (Fig. 5-2). Thus our data suggest a role for canonical Wnt signaling in other
forms of memory acquisition (spatial, as well as fear) and in other brain regions
(hippocampus, as well as amygdala).
Increases in β-catenin levels are known to modulate excitatory synapse
function and plasticity, independent of Wnt-dependent gene transcription.
Dynamic regulation of β-catenin interactions with N-cadherin modulate synapse
number, size, maturity and plasticity, including activity-induced insertion of
AMPARs into the surface membrane and activation of ERK2-dependent local
protein synthesis (Abe et al., 2004; Abu-Elneel et al., 2008; Bamji et al., 2006;
Brigidi and Bamji, 2011; Elia et al., 2006; Kim et al., 2008; Murase et al., 2002;
Saglietti et al., 2007; Schrick et al., 2007; Xie et al., 2008).

β-catenin also

interacts with the LAR-liprin-α-GRIP complex and thereby facilitates postsynaptic
recruitment of AMPARs (Dunah et al., 2005). In addition, increased postsynaptic
levels of β-catenin lead to increased intensity of presynaptic vesicle clusters,
increased mEPSC frequency and increases in TBS-LTP at CA1/CA3 synapses
(Beaumont et al., 2007; Murase et al., 2002; Okuda et al., 2007), resembling
many of the functional changes reported here for the APC cKO hippocampus.
Our findings elucidate new molecular mechanisms of autism and cognitive
impairments. This is the first report, to our knowledge, of enhanced LTP, rather
than decreased LTP, in a transgenic mouse model of autism.

Similarly,

excessive β-catenin levels have not been previously reported. We identify APC
as a central linker that brings together molecular pathways that regulate synaptic
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signaling cascades (kinases and phosphatases), local protein synthesis, actin
cytoskeleton dynamics, and plasticity required for normal cognitive function and
social behavior. Genetic screens confirm the association of APC gene mutations
with autism and mental retardation in humans (Barber et al., 1994; Raedle et al.,
2001; Zhou et al., 2007).

In clinical conditions, APC gene mutations are

predominantly heterozygous, albeit sporadic mutations occur in combination with
an inherited mutant allele to give rise to “two-hits”, which correlate with more
severe phenotypes (Lamlum et al., 1999). Similarly, our preliminary behavioral
analyses suggest a milder phenotype for heterozygous APC cKOs, intermediate
between homozygous APC cKOs and WT littermates.

Further study will be

needed to define the functional effects of APC haploinsufficiency.

Here we

utilized homozygous APC cKO mice to define the physiological role of APC in
excitatory neurons of the mammalian brain. Our data identify APC as a key
linker of multiple molecular pathways implicated in autism and cognitive deficits,
and thereby define APC as a novel molecular target for effective therapeutic
intervention.
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CHAPTER 6

DISCUSSION

224

SUMMARY OF THESIS
The doctoral research which I have described in this thesis advances our
understanding of the role played by APC in neuronal development and synaptic
plasticity. I, along with my collaborators and labmates, have shown that APC
interactions direct excitatory synapse maturation, and signal retrogradely to
coordinate presynaptic and postsynaptic differentiation in vivo. We have also
shown that APC is required in excitatory CNS neurons for proper brain
development and synaptic plasticity. Further, APC deletion caused deficits in
learning and memory, and the expression of autistic-like behaviors. We expect
the APC cKO mouse to serve as a useful model of ASDs going forward. I will
now summarize my findings, offer possible mechanisms to explain the
development of observed phenotypes in APC cKO mice, and outline future
directions with which to test these hypotheses.
Chapter 2 details work I contributed to in understanding APC’s role in
regulating cytoskeletal organization and postsynaptic complexes at peripheral
neuronal nicotinic synapses in the developing embryonic chick parasympathetic
ciliary ganglion (CG). Through the in vivo expression of a dominant-negative
peptide, we found that APC-EB1 interactions regulate both the local microtubule
(MT)- and actin-based cytoskeletons at the synapse (Fig. 2-8), and promote
α3*nAChR insertion and stability (Fig. 2-6). We found that APC-EB1 interactions
direct the capture of EB1 tagged MT plus-ends at N-cadherin/β-catenin rich
synaptic sites and stabilize the local MT and submembranous actin cytoskeleton.
The latter function involves recruiting the MT-actin crosslinking proteins IQGAP1
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and MACF to nicotinic postsynaptic sites (Fig. 2-7). APC and IQGAP1 interact
directly (Watanabe et al., 2004), while APC and MACF likely interact through
common binding to EB1 (Slep et al., 2005). IQGAP1 promotes actin
polymerization and stabilization, and it interacts with MT+ ends via CLIP-170, an
EB1 binding partner (Fukata et al., 2002). APC and MACF interact with MT+
ends via EB1 (Slep et al., 2005; Su et al., 1995). MACF is known to tether EB1tagged MTs to cortical actin-rich sites and thereby promote the stabilization of
dynamic MTs (Kodama et al., 2003). APC::EB1-dn-expressing neurons show
decreased labeling for submembranous MTs and actin, IQGAP1 and MACF,
showing that APC is critical for the proper regulation of cytoskeletal elements at
postsynaptic sites (Fig. 2-8). The stable cytoskeleton, in turn, is essential for
linking and retaining postsynaptic components, including receptor clusters.
APC::EB1 interactions are essential for targeting α3*nAChRs to
postsynaptic sites. We show decreases in both the insertion and stable retention
of α3*nAChRs in APC::EB1-dn expressing neurons. Further, we show that
α3*nAChRs link to APC via the 14-3-3 adapter protein (Fig. 2-9). 14-3-3 binds to
the long cytoplasmic loop of the α3nAChR subunit directly—an interaction
dependent on Ser 415 of the α3nAChR loop. 14-3-3 interactions are typically
strengthened by phosphorylation (Shikano et al., 2006). My preliminary studies
suggest that α3nAChR::14-3-3 interactions are dependent on Akt-mediated
phosphorylation of Ser 415 (data not shown). This work advances our
understanding of protein interactions which direct the insertion and stability of
α3*nAChRs at synapses. Our study has identified APC as the only protein known
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to function in targeting nAChRs to postsynaptic sites in neurons. In contrast,
neighboring inhibitory glycinergic synapses were not altered in APC::EB1dn
expressing neurons, suggesting that APC is required for excitatory but not
inhibitory

synapse

differentiation.

Our

work

has

disease-relevance,

as

dysfunction of nicotinic synapses show associations with Alzheimer’s disease,
schizophrenia, and epilepsy (Dani and Bertrand, 2007). APC mutations correlate
with schizophrenia, mental retardation and autism in humans (Barber et al.,
1994; Raedle et al., 2001; Zhou et al., 2007).
Work described in Chapter 3 built upon this model system—again using in
vivo expression of APC::EB1dn in developing chick CG neurons—to show that
the APC complex acts transsynaptically to promote functional presynaptic
maturation of nicotinic synapses (Fig. 3-10 - 14). These studies showed that, at
postsynaptic sites in the embryonic chick CG, APC colocalizes with β-catenin,
scaffold proteins S-SCAM and PSD-93, neuroligin (NL), and α3*-nAChRs; βcatenin binds to S-SCAM that, in turn, binds to NL (Fig. 3-1,2,4). Similarly, PSD93 and -95 are also known to bind to NL. However, the separate role of the
scaffold proteins in targeting NL to postsynaptic sites is poorly defined, with
contradictory reports indicating a key role for S-SCAM or PSD-95 at
glutamatergic synapses in vitro. Our studies at nicotinic synapses in vivo showed
that S-SCAM is essential. APC-EB1 interactions are necessary for localizing SSCAM and NL at nicotinic postsynaptic sites (Fig. 3-5,10). Importantly, PSD-95
and PSD-93 are not sufficient for the delivery and/or maintenance of proper
synaptic levels of NL—as these two proteins are not affected by APC::EB1dn
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expression (Fig. 2-2,3-9). Our findings establish S-SCAM as a key regulator of
NL localization at the synapse in vivo.
Surprisingly, postsynaptic APC::EB1dn expression showed retrograde
effects, as levels of presynaptic neurexin (NRX), and the active zone proteins
RIM and piccolo were reduced (Fig. 3-11,13). While overall levels of SV2 were
unchanged, expression of APC::EB1dn caused a decrease in the length of
continuous SV2 labeling in the calyx-type presynaptic terminal (Fig. 3-12),
suggesting reduced synaptic maturation based on developmental studies in the
CG (Landmesser and Pilar, 1974). Presynaptic function was also perturbed, as
synaptic vesicle recycling in response to high K+ depolarization was significantly
reduced with postsynaptic expression of APC::EB1dn (Fig. 3-14). These
retrograde effects were likely mediated transsynaptically by NL-NRX interactions,
as we observed decreases in the synaptic levels of both of these proteins in
APC::EB1dn-expressing CG neurons (Fig. 3-10,11).
Because S-SCAM binds to β-catenin, and not APC, we asked how
APC::EB1dn may regulate S-SCAM synaptic levels. At glutamatergic synapses,
β-catenin recruits S-SCAM to postsynaptic sites. Interestingly, APC::EB1dn
expression had no effects on overall levels of β-catenin, or its binding partner Ncadherin, in CG neurons (Fig. 2-2). However, levels of “active,” dephosphorylated
β-catenin are reduced by expression of APC::EB1dn (Fig. 3-6), likely indicating
increased GSK3-mediated phosphorylation of β-catenin in dn-expression
neurons. The phosphorylation state of β-catenin dynamically shifts its binding to
APC versus N-cadherin, leading to its participation in distinct complexes at the
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synapse. We predict that dephosho-β-catenin has greater binding affinity for SSCAM.

As support, we show that inhibiting GSK3 with LiCl in cultured CG

neurons led to increased interactions of S-SCAM with β-catenin and NL (Fig. 38). Together, these results suggest that Wnt signaling, by inhibiting GSK3, can
promote β-catenin binding to S-SCAM and S-SCAM recruiting NL to synapses
and thereby promote synapse maturation.
The combined studies of Chapters 2 and 3 identify a novel role for APC as
a key regulator of pre and postsynaptic maturation. APC coordinates the delivery
and/or retention of diverse proteins to nicotinic postsynaptic sites. By bringing
together the complex of cytoskeleton regulators, and scaffold, adaptor and
adhesion proteins, APC directs

the regulation of the local MT and actin

cytoskeleton, the clustering of postsynaptic neurotransmitter receptors, and the
coordinated maturation of pre- and postsynaptic specializations. Given that
APC’s interacting partners are expressed at glutamatergic synapses in the CNS
(Meyer et al., 2004; Murase et al., 2002; Nuriya et al., 2005; Shimomura et al.,
2007)—and that APC mutations are associated with mental retardation and
autism in humans (Barber et al., 1994; Raedle et al., 2001; Zhou et al., 2007)—
these studies motivated me and our lab to perform the experiments discussed in
Chapter 5: The deletion of APC from mouse CNS excitatory neurons, and the
subsequent examination of its effects on cognition and social behaviors.
I assisted our collaborator, Dr. J. Michael McIntosh, with the experiments
reported in Chapter 4. We assessed the experimental utility of newly developed
fluorescent ligands designed to label α7nAChRs. α7nAChRs are widely
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expressed in the CNS and function to regulate presynaptic release of
neurotransmitter in inhibitory interneurons (Alkondon and Albuquerque, 2001;
Dani and Bertrand, 2007). Because of their physiological importance, there is a
need for useful ligands for their detection. We tested a conotoxin tagged for high
resolution fluorescent staining- Cy3- and Alexa Fluor 546-ArIB[V11L;V16A]. Cy3ArIB[V11L;V16A]. We detected labeled puncta on hippocampal neurons which
showed close associations with SV2 and PSD-95 puncta (Fig. 4-1,2). Most
important for specificity, we demonstrated that Alexa Fluor 546-ArIB[V11L;V16A]
labeled puncta in wild-type hippocampal neurons, but not neurons from
α7nAChR KO mice (Fig. 4-10). These results demonstrate that Alexa Fluor 546ArIB[V11L;V16A] effectively and specifically labels α7nAChRs. Because
α7nAChR antibodies bind non-specifically in α7nAChR KO mice (Herber et al.,
2004; Moser et al., 2007), the effective development of specific α7nAChR probes
should facilitate studies of α7nAChRs in the healthy and diseased CNS.
Interestingly, our earlier studies showed that postsynaptic APC-EB1
interactions are not required for clustering perisynaptic α7nAChRs in CG neurons
(Temburni et al., 2004). However, Farias et al (Farias et al., 2007) show that APC
is required for Wnt7a-induced trafficking of α7nAChRs down axons and for
clustering of presynaptic α7nAChRs in hippocampal neuron cultures. These
results suggest that APC can play different regulatory roles in synapse
development depending on receptor subtypes and cellular context.
In Chapter 5, I reported the generation and initial characterization of our
APC cKO mouse, and propose that it serves as a useful new model of autism.
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We used the α-CaMKII promoter to induce Cre-mediated deletion of APC in
differentiated, postmitotic excitatory neurons (Minichiello et al., 1999; Rios et al.,
2001). Others have examined APC function in the brain using similar
approaches, but deleted APC in neuronal precursors—prior to the completion of
neuronal differentiation—using Cre-mediated recombination driven at early ages
by either nestin or glial acid fibrillary protein (GFAP) promoters (Imura et al.,
2010; Yokota et al., 2009). These studies showed that APC plays a key role in
glial and neuronal cell polarity and differentiation and cortical neuron migration.
We designed our conditional knock-out to preserve these critical APC functions.
Our focus is the role of APC at central excitatory synapses. We found that
CaMKII-driven APC deletion led to abnormalities in synaptic maturation and
plasticity, deficits in learning and long-term memory, autistic-like behaviors, and
agenesis of the corpus callosum. Below I list possible mechanisms that may
underlie these phenotypes, and offer future directions to test them.

Proposed mechanisms for APC cKO phenotypes
Agenesis of the corpus callosum. APC cKO mice display agenesis of the
corpus callosum (AgCC), a structural feature that is likely linked to their poor
performance on the Rotarod (Fig. 5-6,7). AgCC is linked to deficits in bimanual
motor coordination (Mueller et al., 2009). In humans, autism is associated with
reduced corpus callosum volume (Hardan et al., 2009), and deficits in bimanual
coordination and motor coordination in general (Fournier et al., 2010; Isenhower
et al., 2012). In mice, the inbred BALB/cJ strain shows reduced sociability, which
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correlates with a reduction in corpus callosum volume (Fairless et al., 2008).
These results suggest that AgCC in APC cKO mice contributes to autistic-like
behaviors, such as reduced social interactions (Fig. 5-4). Because the corpus
callosum begins to develop during gestation, it is predicted that in APC cKO
mice, CaMKII-driven Cre is likely expressed embryonically in neurons which send
out pioneer axons—the first to cross the rostral midline (Levitt, 2003). Current
studies in the lab are examining embryos of APC cKO mice expressing a GFP
Cre-reporter, to establish the Cre-expression pattern, and examine the behavior
of pioneer axons.
APC and Wnt signaling control growth cone guidance through a variety of
mechanisms involving both the microtubule (MT)- and actin-based cytoskeletons,
discussed above. Loss of APC could therefore prevent corpus callosum
formation through a failure of growth cones to properly respond to guidance
cues.

Wnt

signaling

specifically

controls

growth

cones

through

the

phosphorylation of MAP1B (Lucas et al., 1998). Additionally, the drug VPA—an
environmental risk factor for autism (Arndt et al., 2005)—can modulate growth
cones and MAP1B phosphorylation through the inhibition of GSK3 (Hall et al.,
2002). Like APC cKO mice, MAP1B KO mice also display AgCC (Meixner et al.,
2000), showing that the MT-binding protein MAP1B is specifically required for the
formation of the corpus callosum. In APC cKO mice, dysregulation of Wnt
signaling in callosal growth cones may cause aberrant phosphorylation of
MAP1B, and prevent formation of the corpus callosum. Additionally, MAP1B
mRNA trafficking down axons and local translation is regulated by FMRP (Menon
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et al., 2008). Given that APC binds FMRP, and that FMRP protein levels are
reduced in APC cKO mice (Fig. 5-10), this provides another possible mechanism
to explain AgCC in APC cKO mice. Preliminary data from one of my labmates
suggests that MAP1B protein levels are decreased in the cortex of APC cKOs.
Though FMRP KO mice do not display AgCC (The Dutch-Belgian Fragile X
Consortium, 1994), loss of APC and loss of FMRP may not necessarily have the
same consequences on the localization and control of FMRP-target mRNAs.
Many FMRP-target mRNAs localize correctly in the absence of FMRP (Bassell
and Warren, 2008). In fibroblasts, APC is necessary for the proper localization of
FMRP and its associated mRNAs at filopodial tips (Mili et al., 2008). If a similar
function is served in neurons, FMRP-MAP1B mRNA complexes may not localize
to growth cones of APC cKO mice, which could prevent formation of the corpus
callosum. We plan to determine the effects of APC loss on FMRP localization in
future experiments, described below.

Synaptic plasticity and learning and memory
Enhanced LTP.

LTP is dependent on the inactivation of PP2A, and the

activation of multiple signaling kinases and cascades, such as ERK, CAMKII, and
the PI3K-Akt-mTOR pathway (Fukunaga et al., 2000; Gafford et al., 2011;
Giovannini, 2006; Pi and Lisman, 2008; Sanna et al., 2002; Stoica et al., 2011).
Additionally, Wnt signaling is required for LTP at SC-CA1 synapses in the
hippocampus (Ma et al., 2011). APC cKO mice display enhanced SC-CA1 LTP,
and deficits in learning and long-term memory (Fig. 5-2,9). Enhanced LTP is
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associated with learning deficits in a number of transgenic mice, including PSD95 KO mice (Jia et al., 1996; Kaksonen et al., 2002; Kim et al., 2009; Manabe et
al., 2000; Meng et al., 2002; Migaud et al., 1998; Uetani et al., 2000). The
simplest explanation for enhanced LTP in APC cKO mice is that it is a result of
increased Wnt signaling. Consistent with this prediction, enhanced Wnt signaling
leads to aberrantly increased LTP at SC-CA1 synapses (Chen et al., 2006b) and
transient decreases in Wnt signaling in the amygdala are required for
consolidation of fear memories (Maguschak and Ressler, 2011), resembling our
findings in APC cKO mouse hippocampus. The importance of changes in the
Wnt/ β-catenin pathway is highlighted by reports that abnormal Wnt signaling is
implicated in autism in humans (De Ferrari and Moon, 2006; Farias et al., 2010;
Freese et al., 2010; Liao et al., 2008; Sbacchi et al., 2010).
Wnt signaling, along with ERK and Akt signaling, cooperate during LTP to
inhibit GSK3, and allow activation of mTOR (Ma et al., 2011). We see no
changes in the basal activation of mTOR in APC cKO hippocampus (Fig. 510,11). Current studies in our lab are examining the activation of mTOR—and
other signaling pathways—during memory retrieval in the Barnes maze. These
studies will test our model of the dysregulated signaling pathways that lead to
aberrant LTP in APC cKO mice.
APC cKO mice show decreased levels of the PP2A regulatory subunit B56
in hippocampal lysates and PSD fractions, relative to control littermates (Fig. 510,11). APC binds B56 directly (Seeling et al., 1999), and therefore may be
responsible for its localization to synaptic sites. PP2A dephosphorylates a
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number of kinases important for the expression of LTP, and its inactivation is a
critical event for the expression of LTP (Kim et al., 2008; Pi and Lisman, 2008;
Resjo et al., 2002). In the absence of APC, decreased levels of PP2A may allow
greater activation of LTP-associated kinases, and thus lead to excessively
enhanced LTP. Ongoing studies examining pathway activation in mice trained on
the Barnes maze (see above) will reveal whether LTP-relevant pathways are
hyperactivated in APC cKO mice during learning paradigms.
PSD fractions from APC cKO mouse hippocampus show a decrease in
ERK activation (Fig. 5-11). ERK activation is required for learning and memory,
and is regulated by interactions with IQGAP1 (Gao et al., 2011; Schrick et al.,
2007). Because APC is required for IQGAP1 localization to the leading edge of
migrating epithelial cells (Watanabe et al., 2004), decreased ERK signaling may
underlie learning and memory deficits seen in APC cKO mice. Additionally, ERK2
cKO mice—with ERK2 deleted in the CNS—show decreases in social
interactions (Satoh et al., 2011). Ongoing studies will examine IQGAP1 levels in
APC cKO hippocampal PSD fractions, as well as ERK activation in response to
training on the Barnes maze.
β-catenin expression is increase two-fold in the hippocampus of APC cKO
mice (Fig. 5-1). This is expected, and consistent with APC’s role as a negative
regulator of the Wnt signaling pathway (Gordon and Nusse, 2006). Independent
of Wnt-dependent gene transcription changes, β-catenin interactions with
cadherins regulate spine density and morphology. β-catenin is

positively

associated with enlarged spines, and β-catenin depleted neurons show a
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decrease in mature spines, and mEPSC amplitude (Okuda et al., 2007). βcatenin is also necessary for homeostatic synaptic scaling and for activitydependent changes in spine morphology, demonstrating that β-catenin is a
regulator of synaptic plasticity (Arikkath and Reichardt, 2008; Okuda et al., 2007).
In APC cKO mice, therefore, increased levels of β-catenin may enhance LTP by
promoting exaggerated spine growth. Our lab is examining spine morphology
and density in APC cKO mice, by crossing APC cKOs and control littermates with
Thy1-YFP mice, which express YFP in a subset of neurons.
While β-catenin interactions with cadherins are generally associated with
larger, strong synapses (Murase et al., 2002), these interactions must be
dynamically regulated for the formation of long-term memories (Maguschak and
Ressler, 2008, 2011). Fear conditioning induces a Wnt-dependent dissociation of
β-catenin from cadherins in the amygdala (Maguschak and Ressler, 2011). In
APC cKO neurons, the absence of APC may effectively occlude Wnt signaling,
and render β-catenin unresponsive to learning-induced increases in Wnt
signaling, providing another means by which APC deletion could prevent longterm memory. To test this model, we will assess the phosphorylation state of βcatenin, as phosphorylation at specific sites regulates β-catenin interactions with
N-cadherin and other binding partners, leading to dynamic shifts in the molecular
interactions and function of β-catenin at synapses.
Enhanced mGluR LTD. mGluR LTD induced by DHPG is enhanced in APC
cKO mice (Fig. 5-9). Most of the proteins discussed above for their role in LTP—
namely ERK, PP2A, and components of the PI3K-Akt-mTOR pathway—are also
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important for LTD, so APC interactions with them could affect LTD in a similar
manner (Hou and Klann, 2004; Krueger and Bear, 2011; Narayanan et al., 2007;
Narayanan et al., 2008). Examining their activation in APC cKO hippocampal
slices following exposure to DHPG will further our understanding of their possible
dysregulation.
In addition to the signaling pathways mentioned above, mGluR LTD is
highly regulated by FMRP. Similar to our observations in APC cKO mice, FMRP
KO mice express enhanced mGluR LTD (Huber et al., 2002). Given that FMRP
levels are substantially decreased in APC cKO hippocampal lysate and PSD
fractions, a simple explanation is that FMRP deficits cause enhanced LTD in
APC cKO mice (Fig. 5-10,11). While mGluR LTD is typically dependent on
protein synthesis, hippocampal slices from FMRP KO mice express a form of
LTD that is resistant to protein synthesis inhibitors (Nosyreva and Huber, 2006).
Therefore, if mGluR LTD is enhanced in APC cKO mice as a result of decreased
FMRP levels, we would expect to see a similar independence from protein
synthesis.

Autistic-like behaviors. APC cKO mice express behaviors associated with 2 of
the 3 core features of autism in humans—increased repetitive behaviors and
decreased social interactions (Fig. 5-4)(APA, 2000). Our attempts to test the third
criterion—decreased vocalizations—were unsuccessful due to a lack of detected
ultrasonic vocalizations from control pups and dams (data not shown). Autism is
thought to be caused by defects in neural connectivity and synaptic maturation
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and plasticity (Geschwind and Levitt, 2007; Zoghbi, 2003). Many of the
phenotypes already described above, such as AgCC and altered synaptic
plasticity, likely have relevance to the expression of autistic-like behaviors in APC
cKO mice. The decrease in FMRP (Fig. 5-10,11) is particularly relevant, given
that loss of FMRP protein causes fragile X syndrome, the most common inherited
form of autism (Hatton et al., 2006; Pieretti et al., 1991). Additionally, we note a
decrease in hippocampal levels of NL3 in APC cKO mouse hippocampus (Fig. 510). Mutations in NL3 are associated with autism in humans (Jamain et al.,
2003). Our work in the developing chicken CG shows that APC-EB1 interactions
play a role in localizing chicken NL1 to postsynaptic, nicotinic sites (Fig. 3-10).
These observations from APC cKO mice suggest that APC may similarly play a
role in localizing NL3 to glutamatergic sites (Budreck and Scheiffele, 2007).
Although the APC cKO mouse displays decreased levels of FMRP, and
shares many phenotypes with FMRP KO mice, there are important differences.
While APC cKO mice expresses enhanced LTP, LTP in FMRP KO mouse
hippocampus has been reported to be decreased or unchanged (Hu et al., 2008;
Huber et al., 2002; Yun and Trommer, 2011; Zhang et al., 2009). We also see
differential effects on the expression of β-catenin and Arc: β-catenin is increased
in the APC cKO mouse and unchanged in the FMRP KO; Arc is increased in the
FMRP KO but decreased in our APC cKO mouse (Liao et al., 2008; Zalfa et al.,
2003). These results indicate that shared, as well as distinct molecular
mechanisms are responsible for the autistic and cognitive disabilities in these 2
different mouse models. We propose that APC serves multiple roles that are
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critical for proper brain development and function, only one of which is regulation
of FMRP. Similarly, our APC cKO mouse is the only model of autism-associated
gene mutations that shows AgCC, a common feature in autistic humans. Thus,
this new transgenic mouse is a useful model of autism in humans and our studies
of this mouse are providing new insights into the molecular etiology of autism.

FUTURE DIRECTIONS
Attempt to rescue phenotypes with specific APC domains. APC is a multifunctional protein composed of distinct interaction domains. Through these
domains, APC controls multiple cellular processes and signaling pathways. APC
cKO mice display many phenotypes, each of which may be caused by the
dysregulation of one—or many—of the pathways and processes regulated by
APC. In order to map APC cKO phenotypes to APC domains and functions, we
plan to cross APC cKO mice with two lines of mice, each expressing a different
truncated form of APC (Fig. 6-1). APC(Min) mice express a truncated, 850-amino
acid form of APC. While this protein contains the binding domain for PP2A,
IQGAP1 and Asef, it lacks binding sites for β-catenin, microtubules, EB1, PSD93, and PSD-95 (McCartney and Nathke, 2008; Seeling et al., 1999; Shimomura
et al., 2005; Temburni et al., 2004; Tomita et al., 2007; Watanabe et al., 2004).
The APC(Min) protein is unable to regulate Wnt signaling, and APC(Min/+) mice
develop gastric tumors, due to spontaneous loss of heterozygosity (Tomita et al.,
2007). Thus, we expect this mouse to provide normal levels of PP2A and Erk2
(via IQGAP1), but dysregulated Wnt/β-catenin signaling. We will confirm this by
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immunoblotting, and define the separate role of PP2A and Erk2 in “rescuing” the
specific autistic and cognitive disabilities seen in APC cKO mice.
The APC1638T m
mouse
ouse will allow us to test the role of normal Wnt
signaling in the behavioral phenotype. APC 1638T mice express a truncated form
of APC which contains 3 of the 7 β-catenin-binding 20-amino
amino acid repeats, and
one SAMP motif; but lacks the basic microtubule b
binding
inding domain, as well as the
EB1-, PSD-93- and PSD
PSD-95-binding
binding domains. Homozygous APC1638T mice do
not develop tumors, and mouse embryonic fibroblasts from these mice show
intact Wnt signaling (Smits et al., 1999)
1999).. Thus, we predict normal Wnt signaling in
the neurons.
To our knowledge, behavior and synaptic plasticity has not yet been
investigated in these mice expressing APC truncation mutations. Studies of the
mice will allow us to determine which APC domains are sufficient to reduce the
severity or prevent the different behavioral changes found in the absence of APC
(APC cKO mice). Additionally, as the APC domain important for mediating
interactions with FMRP has not yet been mapped (Mili et al., 2008),
2008)
immunoprecipitations performed from these mice will identify the essential APC
interaction domain and the role of FMRP interactions in the behaviors.
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Figure 6-1 Schematic of APC protein interaction domains and associated
functions.

APC domains are shown, with binding partners of interest.

Associated functions relevant for APC cKO phenotypes are listed below. The
FMRP-interaction domain has not yet been mapped. We plan to attempt “rescue”
experiments with APC1638T, and APC(Min) mice for comparison with the
phenotype of APC cKO mice. APC schematic modified from (McCartney and
Nathke, 2008).

Determine activation of pathways in APC cKO mice during LTD induction
and learning. As discussed above, we have measured the basal activation state
of the PI3K-Akt-mTOR and ERK pathways in APC cKO mice. However,
measuring their activation in response to DHPG-mediated LTD induction, and
learning paradigms, such as the Barnes maze, may give us a better
understanding of why APC cKO mice display abnormal synaptic plasticity, and
deficits in learning and memory. If any dysregulated pathways are identified, we
will attempt to rescue the associated phenotypes with pharmacological
treatments, either in hippocampal slice (for electrophysiology), or with in vivo
administration (for behavior).

Determine APC’s effect on the localization of FMRP in hippocampal
neurons. APC interacts with FMRP in mouse hippocampus and fibroblasts, as
shown by their co-precipitation. In fibroblasts, APC is necessary for localizing
FMRP and its target mRNAs at filopodial tips (Mili et al., 2008). In APC cKO
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mouse hippocampus, we observe a decrease in FMRP protein levels in whole
lysates and PSD fractions (Fig. 5-10,11), but do not know if the sub-cellular
distribution of FMRP is altered, as would be suggested from fibroblast studies. To
test this, we will culture APCfl/fl neurons (from non-Cre expressing mice) and
delete APC with lentiviral-delivered Cre. We will treat mature cultures with Crelentivirus, to ensure axon specification and extensive neurite outgrowth occur
prior to loss of APC (Craig and Banker, 1994). Further, this approach will model
deletion of APC during synapse differentiation, as we have done in vivo in APC
cKOs. Using immunofluorescence, we will determine the effect of APC deletion
on FMRP localization relative to synapses. We predict that, like in fibroblasts,
APC plays a critical role in localizing FMRP complexes to sites of local
translation, and thereby expect to see a decrease in synapse-associated FMRP
puncta with APC deletion. The cultures can also be used to examine the
localization of other proteins, such as NL3, which shows decreased levels in APC
cKO hippocampal lysate. We can then test drug treatments for rescuing the
altered levels and localization of key synaptic plasticity proteins in APC depleted
neurons in vitro. These future studies will provide new insights into approaches
with potential for effective intervention in autism.
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