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ABSTRACT

During formation of the nervous system in many organisms, neurons must
migrate over long distances to reach their appropriate locations and establish proper
connections with their synaptic targets. To facilitate their guidance in the developing
embryo, neurons express a variety of receptors that can both sense extracellular cues
and elicit intracellular signaling cascades that mediate stage-specific types of motile
behavior, including cellular migration, axonal outgrowth, and synaptic formation. Amyloid
precursor protein (APP) has been shown to regulate numerous aspects of neuronal
motility in vitro, supporting its role as a guidance receptor in the developing nervous
system. However, elucidating the function of APP in vivo has been complicated by the
expression of two closely related genes (APLP1 and APLP2) in mammals that share
partially overlapping functions with APP, and the discovery that different APP isoforms
are expressed by multiple cell types besides neurons in vertebrate model systems.

As an alternative strategy, | have utilized the developing enteric nervous system
(ENS) of the hawkmoth, Manduca sexta. During formation of the ENS, a population of
approximately 300 neurons (EP cells) reaches their correct target locations on the gut
musculature by migrating along an identified set of muscle band pathways that are
permissive to their growth. Previous studies in the Copenhaver laboratory demonstrated
that APPL (APP-like), the sole ortholog of APP in insects, is expressed by the EP cells
during active phases of migration and outgrowth, co-incident with their expression of the
heterotrimeric G protein Goa.. Although activation of Goa has been shown to induce
stalling responses in migrating EP cells and their axons, the upstream receptor in this
pathway has remained unidentified.

Work from several groups has suggested that APP functions as an

unconventional G protein-coupled receptor, capable of regulating a variety of cellular

vii



responses via the heterotrimeric G protein, Goa. However, most of these investigations
employed artificial liposome preparations and transfected cell lines, leaving the validity of
this model in doubt. To test whether insect APPL might also function by regulating Goa.-
dependent aspects of neuronal migration and outgrowth, | discovered that blocking
APPL signaling in the EP cells induced a pattern of ectopic, inappropriate growth and
migration in the Manduca ENS, identical to the effects of inhibiting Goa activity. Using a
combination of biochemical, pharmacological, and bimolecular fluorescence
complementation assays, | showed that APPL directly interacts with Goa in the
developing nervous system, in cell culture, and at synaptic terminals within the fly brain,
and that this interaction is regulated by Goa activity. Corresponding assays using both
murine and human brain tissue samples revealed that Goa (but not other G proteins)
also interacts with endogenously expressed APP, and that this interaction is specific to
the full-length (transmembrane) protein. These results support the model that APP family
proteins function as Goa-coupled receptors that prevent neuronal migration and
outgrowth from occurring in nonpermissive regions.

To date, authentic ligands for APP family proteins are not known. As an
alternative approach for activating APPL, | used established methods for antibody
crosslinking to induce APP signaling in murine neuronal cultures. These studies
revealed a role for APP in promoting Go-dependent growth cone collapse and retraction.
To test whether similar responses could be elicited in vivo, | treated cultured Manduca
embryos with Fc fusion constructs of one of its candidate ligands, Mscontactin. Treating
premigratory EP cells with Mscontactin-Fc resulted in a stalling response, consistent with
the expected effect of activating APPL in this system. Whether APPL-Goa signaling lies

downstream of Mscontactin in mediating this effect is still to be determined.
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Lastly, using a combination of biochemical and immunohistochemical methods, |
identified APP phosphorylation at one specific residue within its cytoplasmic domain
(Thregs) as a potential regulator of APP-Goa interactions. Unexpectedly, | discovered that
Goa preferentially interacts with the nonphosphorylated form of Thregs, sSuggesting that
kinase-dependent phosphorylation of APP at this site may provide another mechanism
for regulating APP-Goa signaling. In combination, this work identifies a role for the
evolutionarily conserved APP family in regulating key aspects of neuronal motility and
outgrowth by functioning as Goa-coupled receptors. Future studies will be needed to
determine how APP-Goa. signaling is regulated in the developing nervous system, and
how perturbations in this signaling pathway may contribute to the progression of

neurodegenerative diseases in the adult brain (including Alzheimer’s disease).
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CHAPTER 1

Thesis Introduction

Alzheimer’s disease (AD) is a fatal neurodegenerative disease afflicting over 5
million Americans, for which no effective treatment exists (Mangialasche et al., 2010,
Wimo et al., 2010). It is characterized by the accumulation of extracellular g-amyloid (Af)
peptides, which are produced by sequential § and y cleavage of amyloid precursor
protein (APP). In familial AD, the cause of 5-10% of AD cases, mutations in either APP
itself or the gamma secretase complex lead to increased AP 42:40 ratios, amyloid
plagues, hyperphosphorylated tau, synaptic loss, and neuronal death (O'Brien and
Wong, 2011). Additionally, in sporadic cases of AD, increased levels of oligomeric Af
are associated with AD (Blennow et al., 2006). These associations have resulted in the
“amyloid hypothesis,” which postulates that the generation of neurotoxic Ap peptides by
secretase processing of APP is a primary cause of AD (Loo et al., 1993, Hardy and
Selkoe, 2002). However, therapies targeting Ap have not resulted in clinical
improvement, suggesting that other APP-related activities may contribute to AD
(Mangialasche et al., 2010). Given that APP has been postulated to regulate a variety of
physiological processes such as neuronal outgrowth, synaptic formation and
maintenance, and LTP (Cullen et al., 1997, Nalbantoglu et al., 1997, Galvan et al., 2006),
an alternative hypothesis is that disruption of the normal functions of APP in the brain
may contribute to the neurodegeneration seen in AD. The overall goal of this thesis was

to better understand the physiological role of APP in the developing nervous system.



An overview of neuronal migration

Proper migration of developing neurons is critical for these cells to reach their
target locations, acquire appropriate cell identities, and establish connectivity. In order
for neurons to develop properly, they must send out axons and migrate over long
distances during precise periods of development. The ability of neurons to follow a
particular path is due in part to their specialized growth cone, which contains a dynamic
cytoskeleton that can rapidly alter its movements in response to local cues (Sotelo,
2002). Actin bundles in the peripheral domain of growth cones form filopodial protrusions
that can extend and retract in response to environmental cues. When input from local
cues causes actin polymerization on one side of the growth cone and concurrent
depolymerization on the other, it generates a traction force that turns the growth cone
(Mitchison and Kirschner, 1988). The actin-rich growth cone can rapidly change direction,
retract, and branch in response to an array of factors, but it is only upon microtubule
invasion of the central growth cone that the axon stabilizes, elongates, and establishes
directionality (Buck and Zheng, 2002, Yuan et al., 2003).

In order to incorporate directional information from the environment, growth
cones express a multitude of guidance receptors capable of detecting extracellular cues
and transducing intracellular responses. The cues recognized by receptors exist in a
variety of forms, including membrane-bound ligands that require cell-cell contact,
secreted ligands that form directional gradients, or adhesion molecules that provide
traction along a substrate. Guidance molecules can induce either attractive or repulsive
responses within migrating cells via the regulation of specific signal transduction
pathways, and multiple signaling pathways can act either in concert or in opposition to
one another to ultimately guide a neuron to its target location (Tessier-Lavigne and

Goodman, 1996). For these reasons, predicting how migrating neurons will respond to a



complex array of guidance cues and distinguishing the contribution of individual
pathways has been experimentally challenging.

Defects in neuronal guidance are the cause of numerous neurodevelopmental
disorders, and notably, many of the events that underlie neuronal positioning in the
developing nervous system may also underlie reshaping and maintenance of neuronal
connections in the adult brain. Therefore, understanding the complex integration of
signals that regulate proper neuronal guidance will provide insight into how disruptions in
these signaling pathways may also contribute to neurological disorders at later stages of
life. However, many questions about how a neuron integrates signals to make decisions
about cell movements remain: (1) How do different regions of the neuron, such as the
cell body and growing axon, distinctly respond to specific cues? (2) How do changes at
the growth cone influence the movement of the cell body? (3) How do signals that
terminate axon growth subsequently permit axon branching and target innervation? And
finally, (4) how are these events re-employed in adult neurons to ensure maintenance of
existing connections? To fully understand these events will require further deciphering of
the mechanisms by which guidance receptors activate intracellular cascades that
regulate cytoskeletal dynamics. A particularly effective means of addressing this issue in

vivo is through the use of simple model systems, such as Drosophila and Manduca.

The role of APP in neurons

APP is a single-pass transmembrane glycoprotein that structurally resembles a
cell surface receptor (Kang et al., 1987). Mammalian APP is expressed in all neurons, in
addition to its almost ubiquitous expression in other cell types, suggesting that it may
serve critical roles in cellular function (Forloni et al., 1992). In the developing nervous
system, the spatial and temporal expression pattern of APP may provide insight into its

role in neuronal differentiation. APP expression commences during embryogenesis,



coincident with periods of axon outgrowth (Salbaum and Ruddle, 1994) and
synaptogenesis (Clarris et al., 1995). It is highly expressed at the cell surface of growth
cones (Ferreira et al., 1993, Yamazaki et al., 1997, Sabo et al., 2003), both at
presynaptic and postsynaptic regions (Hoe et al., 2009a, Wang et al., 2009), as well as
within intracellular compartments throughout the cell body, axon, and neurites,
demonstrating that it undergoes dynamic trafficking that may modulate its function in
neurons (Muresan and Muresan, 2005, Muresan et al., 2009). Notably, in vitro studies
have supported potential roles for APP in regulating numerous aspects of neuronal
development, such as cell adhesion (Breen et al., 1991, Soba et al., 2005), neurite
outgrowth (Perez et al., 1997, Small et al., 1999), and synaptogenesis (Priller et al.,
2006, Wang et al., 2009). However, the authentic functions of APP in vivo have
remained elusive.

Consistent with a role for APP in regulating key aspects of neuronal development,
both the extracellular and intracellular domains of APP interact with a number of
molecules that may regulate neuron motility. The extracellular domain of APP, which has
been crystalized (Rossjohn et al., 1999), contains multiple protein-folding domains that
give it a complex secondary structure. Within the large ectodomain are subdomains, E1
and E2, that have been shown to be critical for interactions between APP and integrins
(Yamazaki et al., 1997), laminin (Narindrasorasak et al., 1992), and collagen (Beher et
al., 1996), supporting a role in cell adhesion. APP also binds a variety of other proteins
like Reelin (Hoe et al., 2009b), F-spondin (Ho and Sudhof, 2004), LDL-R (Andersen et
al., 2005, Fuentealba et al., 2007, Brodeur et al., 2012), and contactin family members
(Osterfield et al., 2008), all of which are thought to regulate aspects of neuronal
positioning or axon guidance (Nadarajah and Parnavelas, 2002). Additionally, APP
cleavage products can bind the extracellular domain of transmembrane APP (Gralle et

al., 2009, Sola Vigo et al., 2009), potentially acting as a ligand for the full-length receptor.



APP may also regulate important aspects of neuronal development through
interactions mediated by its cytoplasmic domain, which contains a Go-binding domain
adjacent to the transmembrane domain, as well as a tyrosine-based protein sorting
domain adjacent to its cytoplasmic tail, called the internalization domain. The
internalization domain has been postulated to regulate growth cone dynamics and
synaptic remodeling by interacting with Fe65 (Sabo et al., 1999, Sabo et al., 2003),
induce axon arborization by interacting with Abl tyrosine kinase (Leyssen et al., 2005),
facilitate synapse formation by interacting with X11/MINT (Ashley et al., 2005), and
regulate neuronal positioning through its interaction with Dab 1 (Young-Pearse et al.,
2007). Notably, Torroja et al., has demonstrated that insect APP is necessary for proper
synaptic bouton formation in Drosophila, and both the internalization domain and the Go-
binding domain can mediate distinct aspects of synaptic formation (Torroja et al., 1999b).
However, while these interactions suggest that APP may play a key role in regulating
multiple aspects of neuronal development, the mechanisms by which it may do so

remain unknown.

Neuronal migration in the developing cortex: a role for APP

The developing mammalian cortex is one of the best-studied models of neuronal
migration. Seminal work on this system demonstrated that in order for neurons to
establish the highly structured layers of the cortex, they undergo a well-organized
pattern of migration (Berry and Rogers, 1965, Rakic, 1974). The newly generated
neurons, which arise in the ventricular zone, migrate through the intermediate zone to
the cortical plate, stopping at their target location before they reach the pial layer of the
marginal zone. Each wave of newly-born neurons migrates past the previous cortical
layer, producing an inside-out laminar structure (Rakic, 1974). While formation of this

structure is very stereotyped, not all neurons arrive at their target location using the



same mechanisms. In early phases of migration, neurons primarily utilize glial-
independent somal translocation, in which migrating cells extend their leading process
over short distances and then translocate their cell bodies towards their target location
by shortening their process (Nadarajah et al., 2001). However, as new cortical layers
form and each wave of new neurons must traverse a progressively wider cortex (with a
more complex assortment of cues), neurons rely on glial-guided locomotion. In this form
of migration, the length of the neuron’s leading process stays relatively constant, while
the migrating cell body moves along pre-established radial glia, interspersed with a
phase in which the neuron detaches from the glia and switches to a multipolar,
exploratory state (Nadarajah et al., 2001). During periods of exploration, the neuron
extends and retracts multiple processes and can then either re-associate with its original
radial glial pathway or switch to somal translocation to reach its final destination (Tabata
and Nakajima, 2003, Noctor et al., 2004).

These distinct phases of migration and the precisely regulated targeting of
neurons to their proper cortical layer highlight the complexity of cues that neurons must
integrate to respond to their environment. One potentially important molecule for guiding
neurons to their target location in the developing cortex is APP. However, elucidating the
function of APP in vertebrates has been complicated by a number of factors, including
the redundant expression of APP with two closely related gene products, APLP1 and
APLP2 (amyloid precursor like proteins 1 and 2).

Although the role of APP in neuronal migration is still unclear, gain- and loss-of-
function studies have suggested that APP plays a role in regulating neuronal migration.
Triple knockout of APP, APLP1, and APLP2 revealed that in the absence of all three
APP family members, cortical neurons migrated past their target locations in the cortical
plate, forming ectopic lissencephalies. These results suggest that APP family proteins

may function as an inhibitory signal, directing neurons to stop migrating once they reach



their target location (Herms et al., 2004). To experimentally prevent compensation by
APLP1 and 2, Young-Pearse and colleagues transiently knocked down APP expression
in neural progenitors by electroporating E13 (embryonic day) mouse embryos with APP
shRNA. This manipulation prevented neuronal precursors from migrating into the cortical
plate and the cells remained trapped in the intermediate zone (Young-Pearse et al.,
2007). In contrast to the aforementioned studies by Herms et al., these results suggest
that APP promotes neuronal migration, and consistent with these conclusions,
overexpressing APP increased the number of neurons that reached the cortical plate by
E16 (Young-Pearse et al., 2007). In part, this disparity may be explained by a more
recent study demonstrating that knocking down APLP2 in neuronal progenitors
prevented their proper differentiation and subsequent migration, while knocking down
APLP2 in post-mitotic neurons had no effect (Shariati et al., 2013). Since APLP2 and
APP are coexpressed by neuronal progenitors of the ventricular zone (Visel et al., 2004,
Lopez-Sanchez et al., 2005, Diez-Roux et al., 2011), transiently knocking down APP
may have similarly caused defects in cell fate determination, thereby complicating an
analysis of migration per se via the methods used by Young-Pearse et. al. Thus, while
these results demonstrate that APP is important for proper neuron migration, the actual

role of APP in neuronal development is still not clear.

Complications in understanding the role of APP in the mammalian brain

Although the developing mouse cortex has served as a useful model for
revealing key features underlying neuronal migration, analyzing the role of APP in this
process has been complicated by the complexity of this system. On the other hand,
simpler model systems, such as Manduca and Drosophila, provide many advantages for

studying the role of APP in vivo. Four key challenges in elucidating the role of APP in



neuronal migration using mammalian model systems, as well as the corresponding
advantages of using invertebrate model systems, will be discussed below.

In contrast to the robust role for APP in vitro, APP KO mice are viable, fertile, and
do not have significant reductions in neuron number, synaptic boutons number, nor
altered dendrite morphology in the hippocampus (Phinney et al., 1999, Senechal et al.,
2008). In contrast, triple knockout of APP, APLP1, and APLP2 results in postnatal
lethality (Herms et al., 2004). These results suggest that APP family proteins are able to
functionally compensate for each other. However, APP and APLP2 expression overlaps
in neuronal progenitors within the subventricular and ventricular zones, whereas APP
and APLP1 coexpression is restricted to differentiated neurons in the cortical plate (Visel
et al., 2004, Lopez-Sanchez et al., 2005, Diez-Roux et al., 2011). These unique
expression patterns support both distinct and redundant functions for each of these gene
products. Therefore, understanding the role of APP in neuronal migration in the
mammalian brain also requires considering the unique role of each APLP, a factor which
has thus far complicated an analysis of the function of APP in developing neurons. In
contrast, Manduca and Drosophila express only one APP ortholog (APPL), simplifying
an analysis of the role of this protein in neuronal migration.

As already noted, mammalian APP is highly expressed in neurons but is also
expressed in most other cell types. Therefore, when Herms et. al. and Young-Pearse et.
al. disrupted APP expression in the developing cortex, they did so in both neurons and
glia. Since cortical neurons rely on both somal translocation and glial-guided locomotion
to reach their target location, the potential roles of APP in glial guidance versus neuronal
motility in this system are difficult to distinguish. In contrast, Manduca and Drosophila
possess only one APP isoform, which is expressed exclusively in neurons. Therefore,

these model systems permit an in vivo analysis of APP proteins exclusively in neurons.



Another complication of using the mammalian cortex to understand the role of
APP in neuronal development is that during embryonic development, as differentiated
neurons establish themselves in appropriate layers within the cortical plate, mitotically
active neuroblasts that will generate future cortical layers still reside in the ventricular
zone. Manipulating APP during embryogenesis may therefore perturb the normal
positioning of cortical neurons by disrupting differentiation rather than migration itself
(Shariati et al., 2013). An ideal model system would enable analysis specifically in post-
mitotic neurons that can be individually manipulated. As described below, Manduca
provides such a model system.

Finally, although several of the mechanisms controlling axon guidance are
unique from cell body migration, other aspects of their motility utilize overlapping
pathways. At any given time in the developing mammalian cortex, subsets of neurons
are undergoing somal translocation and rapidly extending their axons, while other later-
born neurons are concurrently utilizing glial-guided locomotion to move their cell body.
Therefore, to distinguish whether signaling molecules play a role in axon guidance or cell
migration, an ideal model system would be one in which cell migration and axon
outgrowth occur during distinct phases of development, as is the case in EP cells of

Manduca.

Drosophila: a model system for studying the function of APP in vivo

APP family proteins are highly conserved across species, permitting a model
systems approach for studying their roles in vivo. Insects contain just one APP isoform,
APP-like (APPL) (Rosen et al., 1989), which is expressed exclusively in neurons (Martin-
Morris and White, 1990). In contrast to the critical (but non-neural) function of the APP
ortholog APL-1 in C. elegans (Daigle and Li, 1993, Hornsten et al., 2007), loss of APPL

in Drosophila is not lethal. Similar to the non-lethal effects of deleting APP in mammals,



APPL null flies are viable and fertile, and show only minor locomotor defects. Notably,
the deficits in phototaxis observed in APPL null flies could be rescued by human APP
(Luo et al., 1992), demonstrating that these proteins are both functionally and structurally
conserved; these results further support the use of insect model systems for
understanding the role of APP in vivo. Notably Drosophila APPL loss- and gain-of-
function studies (described below) have been informative for identifying a role for APPL
in regulating synaptic formation, neuronal excitability, neurite outgrowth, and cytoskeletal
dynamics. However, a role in neuronal migration remains to be identified.

Genetic studies in Drosophila have demonstrated a role for APPL in certain
aspects of bouton formation: APPL null larvae have fewer synaptic boutons per
neuromuscular junction (nmj) than wild type larvae (Torroja et al., 1999b), while
overexpression of APPL increases bouton number (Ashley et al., 2005). Notably, the
Go-binding domain of APPL is necessary for promoting parent bouton formation, while
the internalization domain mediates satellite bouton formation (Torroja et al., 1999b).
APPL null flies have also been shown to exhibit altered synaptic function. When motor
neurons from third instar larvae were stimulated electrophysiologically, recordings made
from their corresponding muscle targets revealed that APPL null flies had reduced
excitatory junction potential (EJP) amplitudes compared to wild type controls. APPL null
flies had higher mini EJP (mEJP) frequency and increased mEJP amplitude, but reduced
quantal content, indicating alterations in presynaptic function (Ashley et al., 2005).
Another study using cultured embryonic Drosophila neurons showed that APPL null
neurons had lower potassium (K+) channel activation and enhanced A-type K+ currents
compared to wild type neurons (Li et al., 2004), suggesting that APPL plays a role in
altering the activation properties of neurons. Together these studies support a role for

APPL in regulating synaptic formation and function.
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Drosophila APPL has also been shown to alter neurite extension and branching
in developing neurons, although the mechanisms by which it does so remain unresolved.
In cultured neurons lacking APPL, neurite branching was enhanced, whereas APPL
overexpression diminished branching. Paradoxically, both the overexpression and
deletion of APPL reduced neurite length (Li et al., 2004). This is in contrast to another
study in the adult Drosophila brain that showed that APPL overexpression in a subset of
neurons enhanced axon arborization (Leyssen et al., 2005). Interestingly, these authors
showed that APPL was upregulated following neuronal injury (similar to the upregulation
of APP at sites of injury in the human brain) (Van Den Heuvel et al., 2000, lwata et al.,
2002), while flies lacking APPL had higher mortality rates following injury. These studies
support a role for APPL in regulating neurite outgrowth both during development and in
response to injury, but they do not clarify the mechanisms by which APPL regulates
these responses.

APPL has also been postulated to regulate cytoskeletal dynamics. Li et al.
showed that overexpressing mutated APPL resulted in tangled microtubules and
mislocalization of actin filaments from growth cones to the neurite shaft (Li et al., 2004).
Because this phenotype resulted from overexpression of a non-cleavable form of APPL,
these observations do not distinguish between a possible gain- or loss-of-function effect.
However, they do demonstrate a potential role for APPL in regulating cytoskeletal
dynamics (Li et al., 2004), which in turn may provide a mechanism by which APPL
signaling can ultimately regulate key aspects of neuronal development and motility.
However, a robust assay for investigating the role of APPL in neuronal migration during

development has until recently been lacking.
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Manduca: a model system for studying neuronal migration in vivo

The developing Manduca Enteric Nervous System (ENS) provides an
advantageous model system to study neuronal migration in vivo (Copenhaver, 2007).
The insect gut is comprised of a foregut (FG), midgut (MG), and hindgut (HG) and like
the vertebrate ENS, formation of the ENS in Manduca requires enteric neurons to
undergo directed migration over a substantial distance to form a pair of small ganglia
and an enteric plexus that innervates the gut (Copenhaver and Taghert, 1989a, b,
Copenhaver et al., 1996). Unlike the neurons that form the vertebrate ENS, the enteric
plexus cells (EP cells) of Manduca migrate along superficially-positioned longitudinal
muscles (Copenhaver et al., 1996), permitting experimental manipulations and imaging
throughout development (Copenhaver, 2007). Since embryonic development in
Manduca is temperature-dependent, embryos can be precisely staged such that at 25°C,
each hour post-fertilization corresponds with 1% of development. The Copenhaver
laboratory has developed a culture protocol for manipulating migrating EP cells while
leaving the nervous system of the embryo completely intact. This experimental approach
permits an in vivo analysis of candidate signaling molecules in migration. In addition,
since the migratory sequence of EP cells is both stereotyped and well characterized, the
effects of experimental manipulations in one group of animals can be precisely matched
to identically staged controls (Copenhaver and Taghert, 1989a, b).

Previous studies described the developmental sequence of EP cell migration
within the developing ENS in detail (schematically represented, Fig. 1.1A-D). At 35% of
embryonic development, a population of about 300 EP cells delaminates from the
neurogenic placode within the foregut epithelium, and the neurons become post-mitotic
before beginning their first phase of migration (Copenhaver and Taghert, 1989b, a,
1990). From 40-55% of development, the EP cells spread bilaterally around the foregut,

and then extend exploratory processes posteriorly onto one of eight preformed muscle
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band pathways. The band pathway selected by each neuron is probabilistic and
depends on their proximity to a particular pathway as well as on dispersal cues from
neighboring cells (Copenhaver and Taghert, 1989b, a). Over the next 5-7 hours (55-62%
of development), individual EP cells migrate along their selected muscle band pathway
(b). Throughout this period of migration, the EP cells actively extend and retract their
filopodia, exploring their environment, but ultimately stay aligned with their selected
muscle band pathways while avoiding the adjacent interband regions (ib). After migration
of the EP cells is complete (by 65% of embryogenesis), the neurons transition to a
period of axon outgrowth, extending their axons posteriorly along the muscle band
pathways. Meanwhile, a population of mitotically active glia, which over the past 10
hours have begun spreading out along the FG/MG boundary, migrates along the
pathways established by the neurons (Copenhaver, 1993). By 75% of development
(after cell migration and axon outgrowth is complete) the neurons undergo terminal
differentiation and acquire position- and lineage-specific phenotypes (Copenhaver and
Taghert, 1989a, 1990, Copenhaver et al., 1996). By the time of hatching at 100%, the
neurons’ cell bodies are fully ensheathed by glia, and the neurons have extended lateral

branches to innervate the gut musculature (Copenhaver, 1993).
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Figure 1.1. Schematic representation of EP cell migration and development in the Manduca
ENS. A) Dorsal view of the Manduca ENS, demonstrating the positions of the foregut (FG),
midgut (MG), and hindgut (HG) relative to the whole embryo. Arrows point to the migratory
population of enteric plexus (EP) cells that innervate the musculature of the MG. B-D)
Enlarged view of the FG/MG boundary, showing the pattern of EP cell migration during key
periods of embryogenesis. B) At 40% of embryogenesis, EP cells (magenta) arise from
invagination of the foregut epithelium, while proliferating glia (pink) emerge from neurogenic
zones of foregut. C) By 55% of development, longitudinal muscle cells have formed eight band
pathways “b” (four of the dorsal pathways are shown). EP cells have spread bilaterally around
the FG/MG boundary and align their filopodia with the band pathways. D) From 55-62% of
development, EP cells migrate along the muscle bands, while avoiding the interband region
“ib” that is inhibitory to their growth. Meanwhile, a population of proliferating glia spread
around the gut. E) By 80% of development, both cell migration and axon outgrowth are
complete. EP cells differentiate and innervate the gut musculature. Glial cells, whose
migration followed the path of the EP cells, ensheath the EP cell bodies. Figure adapted from
Copenhaver and Taghert 1989a and Copenhaver 2007.

Using EP cell migration as an assay to study the role of APP in neuronal
migration has many advantages over vertebrate systems. Like Drosophila, Manduca
express just one APP isoform, APP-like (APPL), whose expression is restricted to
neurons (Swanson et al., 2005). This cell type-specific expression pattern of Manduca
APPL facilitates an analysis of its function in developing neurons without potential
complications of additional APP isoforms in multiple cell types (as occurs in vertebrates).
Additionally, since EP cells do not commence migration until after their terminal mitosis,
the role of APPL in neuronal migration can be separated from its potential role in cell
cycle determination. As noted above, since EP cell migration occurs prior to glial
migration, experimental manipulations can also be focused on a period of development

in which neuronal migration occurs independent of glial guidance. Finally, since the
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migratory sequence of EP cells is both well characterized and precisely regulated, the
role of APPL in filopodial extension, cell migration, and axon outgrowth can be
experimentally separated.

To determine the role of a candidate signaling molecule in neuronal migration
within the developing ENS, precisely staged Manduca embryos can be opened in culture
with a small incision to expose the premigratory EP cells while leaving the nervous
system completely intact. The neurons can then be treated with pharmacological
reagents, bioactive peptides and antibodies, antisense constructs, and synthetic RNAs
to alter gene expression and function in the entire population of neurons or in individual
neurons (Horgan et al., 1995, Coate et al., 2007, Coate et al., 2008). Because the
neurons remain accessible to experimental manipulation and imaging throughout
development, these experimental strategies can be used to analyze the role of candidate
guidance cues during distinct phases of neuronal differentiation. After the embryos have
completed development, the preparations can be fixed as whole-mount preparations,
immunostained, and analyzed with quantitative confocal methods and camera lucida
analyses to assess multiple aspects of neuronal migration, axon outgrowth, and synaptic
targeting (Wright et al., 1998, Wright et al., 1999, Copenhaver et al., 2011).

Previous studies in the Copenhaver laboratory have identified a number of
guidance factors that direct EP cells to their target locations. Both the muscle band
pathways and the EP cells express the 1g-CAM Fasciclin Il (Fas Il), and during phases of
active migration, homophilic interactions mediated by Fas Il on the neurons and their
pathways direct the EP cells posteriorly along the gut musculature (Wright et al., 1999,
Wright and Copenhaver, 2000). Guidance signals expressed along the band cells are
required to guide EP cells into the developing ENS: when an individual band was
ablated, neurons that could align with adjacent bands re-adjusted their course to an

alternative pathway but never migrated onto the interband regions. This manipulation
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demonstrated that attractive cues along the muscle band pathways are essential for EP
cell migration and suggested that inhibitory cues in the interbands prevented neurons
from migrating into those regions (Copenhaver et al., 1996). Consistent with this
hypothesis, the Copenhaver laboratory identified the expression of Manduca Eph
receptors in a population of inhibitory cells within the midline interband regions of the gut,
which are normally repulsive to the EP cells. Conversely, the corresponding Manduca
Ephrin ligand (MsEphrin) is expressed only by the motile EP cells, and activation of
MsEphrin reverse signaling by midline MsEph receptors triggers EP cell retraction and
prevents ectopic midline crossovers (Coate et al., 2007, Coate et al., 2008, Coate et al.,
2009). In contrast, the receptors and ligands that prevent the EP cells from migrating

onto the lateral interband regions have until recently remained unknown.

G protein signaling

Heterotrimeric G proteins consist of a, 8, and y subunits that transduce signals
from a diversity of transmembrane G protein-coupled receptors (GPCRs). Ligand-
induced activation of the GPCR causes GDP-to-GTP exchange on the a subunit that
results in its dissociation from the py dimer and from the receptor, and both the activated
a-subunit and liberated By dimer can then interact with a variety of downstream effectors,
such as adenylyl cyclase, phospholipase C, or ion channels, among many others (Hille,
2001). Hydrolysis of GTP-to-GDP returns Ga to its inactive form and allows it to re-
associate with the By dimer, permitting the cycle of G protein signaling to continue.

In most instances, the a subunits are thought to confer specificity to the G protein
that associates with a particular GPCR and have been characterized according to their
classic downstream functions. For example Gsa was originally named for its ability to

“stimulate” adenylyl cyclase, while Gia was found to “inhibit” adenylyl cyclase, although
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most Ga subunits are now known to regulate multiple effector pathways in different
contexts. Goa, on the other hand, was named for a largely unknown “other” function,
and its role in neuronal development is still poorly understood.

Conventionally, GPCRs are 7-transmembrane spanning receptors that undergo
ligand-dependent conformational changes to activate their associated G proteins.
However, several single-pass transmembrane receptors have been identified that also
regulate G protein activity, such as the Gi-activating insulin-like growth factor receptor
(Nishimoto et al., 1987, Nishimoto, 1993). Although the mechanism by which these
single-transmembrane GPCRs activate G proteins remains unclear, a common feature
of single-pass GPCRs is a conserved BBXXB domain (Okamoto et al., 1990; Wu et al.,
1995; Timossi et al., 2004). Based on sequence conservation of this domain and its
ability to bind Go in vitro, APP was identified as a potential GPCR (Nishimoto et al.,

1993).

APP can function as a Goo.-associated receptor in vitro

Initial studies investigating whether APP could function as a G protein-associated
receptor demonstrated that incubating synthetic human APP with heterotrimeric Go in
phospholipid vesicles led to Goa activation (Nishimoto et al., 1993, Okamoto et al.,
1995). In particular, a 20 amino acid region of the APP cytoplasmic domain
encompassing the BBXXB domain (His 657-Lys 676) was shown to be both necessary
and sufficient to induce Goa activation, identifying this region of APP as the putative Go-
binding domain (Nishimoto et al., 1993). Full-length APP, in the absence of secretases
or APP fragments, were also shown to activate Goa, consistent with the model that APP
can function as a single-pass transmembrane GPCR. When APP was transfected into

cultured cells, it coimmunoprecipitated Goa, whereas activating G proteins with GTPyS
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reduced this association. These results support the hypothesis that APP functions as a
Go-associated receptor that binds inactive Goa,, whereas activation of the subunit
causes it to dissociate from the receptor.

Although an endogenous ligand for activating APP in neurons remains
unidentified (Zheng and Koo, 2011), antibodies targeting the extracellular domain of APP
have been able to induce Goa activation in vitro. When APP and heterotrimeric Go
complexes were expressed in phospholipid vesicles, application of 22C11, a monoclonal
antibody targeting the extracellular domain of APP (APPes.s1), enhanced the generation
of Goa-GTP (Okamoto et al., 1995). Notably, full-length APP was expressed in the
absence of other signaling molecules in these assays, suggesting that APP can function
as a receptor that promotes ligand-induced Goa activation. In contrast, when APP
antibodies were applied to extracted membrane fractions derived from rat neurons, APP
antibodies reduced Goa activation rather than enhancing it (Brouillet et al., 1999).
However, since all of these studies were conducted in highly artificial systems, their

contradictory results highlight the importance of validating APP-Go interactions in vivo.

The role of Goa in developing neurons

Goa is the most abundant protein in growth cones, and accordingly has been
postulated to regulate multiple aspects of synaptogenesis and axogenesis (Edmonds et
al., 1990). Consistent with this potential function, Goa expression is both temporally and
spatially regulated in the nervous system; in both rat and Drosophila neurons, Goa
expression commences just prior to axogenesis (Chang et al., 1988, Wolfgang et al.,
1991, Fremion et al., 1999). In flies with Goa mutations, longitudinal motor axons were
either misrouted or missing, suggesting that Goa plays a role in axon guidance (Fremion

et al., 1999). In Manduca, Goa is the only heterotrimeric G protein detected in the motile
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EP cells during their initial migration, and can be detected in both their cell bodies and
leading processes (Copenhaver et al., 1995). Consistent with a developmental role for
Gooa in neurons, its expression commences just prior to migration onset and increases
during periods of migration and axon outgrowth (Horgan et al., 1994).

To determine whether Go signaling regulates axon outgrowth, previous studies in
the Copenhaver laboratory utilized mastoparan, a wasp venom capable of activating
Gooa and Gia. When individual EP cells were injected with mastoparan, neuronal
migration was stalled, an effect that could be prevented with pretreatment of pertussis
toxin (PTX) (Horgan et al., 1995). PTX inhibits Goa and Gia in most species by ADP-
ribosylating a cysteine residue near their carboxyl terminal (West et al., 1985). However,
since insect Gia lacks the cysteine residue targeted by PTX (Thambi et al., 1989) and
Goa is the only detectable heterotrimeric G protein in the EP cells during migration
(Copenhaver et al., 1995), these results indicate that Goa activation inhibits cell
migration. Notably, injecting individual EP cells with preactivated Goa recapitulated the
stalling phenotype, but injection of the By dimer alone had no effect (Horgan and
Copenhaver, 1998). These results suggest that Goa activation restricts the extent of EP
cell migration, presumably in response to local environmental cues that interact with
Goa-coupled receptors expressed by the EP cell filopodia.

Horgan and colleagues delineated this pathway further when they discovered
that stimulating Goo. in the EP cells induced the activation of large calcium (Ca*?)
transients through voltage-independent channels, whereas preventing Ca*?influx or
buffering Ca*? elevation in the neurons precluded the inhibitory effects of Goa activation
(Horgan and Copenhaver, 1998). This work supports a model whereby Goa activation
leads to Ca**-dependent inhibition of neuron migration. However, the receptor

responsible for activating Go in this pathway had not been identified.
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In more recent work, the Copenhaver laboratory discovered that EP cells
commence expression of APPL just prior to migration onset, and that APPL colocalizes
with Goa in migrating neurons (Swanson et al., 2005). Based on the model that APP
might function as a Go-coupled receptor (as described above), these findings support
the hypothesis that APPL might also function as the Goa-coupled receptor in the EP
cells, whereby APPL responds to inhibitory cues encountered in the interband regions
and mediates Go-dependent repulsive responses in the EP cells and their leading
processes. In addition, APPL undergoes a dynamic sequence of trafficking, processing,
and post-translational modifications in developing neurons, but it is not understood how
these dynamic events are associated with the potential role of APPL signaling in

neuronal migration (Swanson et al., 2005).

APP-Go signaling in disease

In vitro evidence supporting a role for APP as a Go-coupled receptor also
suggests a link for this pathway to AD pathology. As noted above, studies using artificial
liposomes and extracted membrane preparations showed that APP can regulate Goa
activity (Nishimoto et al., 1993), while cells transfected with familial AD-associated
mutations in APP caused constitutive Goa activation (Okamoto et al., 1996) and
accelerated cell death (Yamatsuiji et al., 1996a, Yamatsuji et al., 1996b, Giambarella et
al., 1997). Notably, these effects were prevented by treatment with the Goa inhibitor
pertussis toxin (PTX) or when using FAD isoforms of APP lacking their Goa-binding
domain (Yamatsuji et al., 1996a). In human brain samples from AD patients, disease
progression correlated with elevated G protein activity and reduced APP-Goa
interactions, suggesting a pattern of enhanced Goa activation and release (Reis et al.,

2007, Shaked et al., 2009). This elevated G-protein activity is consistent with in vitro
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studies showing that hyperactivation of Goa by APP can trigger a pathway that is
neurotoxic (Galvan et al., 2006, Sola Vigo et al., 2009). These results suggest that
aberrant APP-Go signaling may also be linked to AD pathology, although the
mechanisms underlying this response are poorly understood. Determining whether APP-
Go signaling plays a role in regulating aspects of neuron guidance, axon outgrowth, or
synaptic formation under physiological conditions may therefore provide insight into how

dysregulation of this pathway may contribute to neurodegenerative disease.

Thesis overview

The goal of this thesis was to (a) determine whether APPL may function as a
Goa-associated receptor to regulate neuronal motility (Chapter 2); (b) determine the role
of APPL signaling in neuronal migration and whether it is Go-dependent (Chapter 3);
and (c) characterize the key changes in APPL trafficking and modifications that may

regulate its role as a Go-associated guidance receptor (Chapter 4).
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Amyloid precursor proteins interact with the heterotrimeric G protein Go in the

control of neuronal migration
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ABSTRACT

Amyloid precursor protein (APP) belongs to a family of evolutionarily conserved
transmembrane glycoproteins that has been proposed to regulate multiple aspects of
cell motility in the nervous system. Although APP is best known as the source of f3-
amyloid fragments (Ap) that accumulate in Alzheimer’s disease (AD), perturbations
affecting normal APP signaling events may also contribute to disease progression.
Previous in vitro studies showed that interactions between APP and the heterotrimeric G
protein Goa regulated Goa activity and Go-dependent apoptotic responses, independent
of Ap. However, evidence for authentic APP-Goa interactions within the healthy nervous
system has been lacking. To address this issue, we have used a combination of in vitro
and in vivo strategies to show that endogenously expressed APP family proteins
colocalize with Goa in both insect and mammalian nervous systems, including human
brain. Using biochemical, pharmacological, and bimolecular fluorescence
complementation assays, we have shown that insect APP (APPL) directly interacts with
Goa in cell culture and at synaptic terminals within the insect brain, and that this
interaction is regulated by Goa activity. We have also adapted a well-characterized
assay of neuronal migration in the hawkmoth Manduca to show that perturbations
affecting APPL and Goa signaling induce the same unique pattern of ectopic,
inappropriate growth and migration, analogous to defective migration patterns seen in
mice lacking all APP family proteins. These results support the model that APP and its
orthologs regulate conserved aspects of neuronal migration and outgrowth in the

nervous system by functioning as unconventional Goa-coupled receptors.
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INTRODUCTION

Amyloid precursor protein (APP) is best known as the source of g-amyloid (Ap)
peptides that have been postulated to cause Alzheimer’s disease (AD) (Hardy and
Selkoe, 2002). However, therapeutic strategies targeting Ap have been unsuccessful
(Karran et al., 2011), suggesting that other APP-related processes may contribute to the
disease (Mangialasche et al., 2010). APP is a member of an evolutionarily ancient family
of type 1 glycoproteins that possess highly conserved extracellular and intracellular
domains, indicating that they can participate in transmembrane signaling events (Turner
et al., 2003, Gralle and Ferreira, 2007). Both full-length APP and its cleavage products
have been ascribed multiple roles in neuronal motility (Perez et al., 1997, Sabo et al.,
2003, Young-Pearse et al., 2008), including the control of neuronal migration in the
developing brain (Herms et al., 2004, Rice et al., 2012). However, attempts to validate
these functions in vivo have produced conflicting results, in part due to molecular
redundancy with two closely related proteins (APLP1 and APLP2) and compensatory
interactions by other guidance cues (Heber et al., 2000, Bergmans et al., 2010).
Although APP may interact with a plethora of adapter and signaling proteins (Reinhard
et al., 2005), the mechanisms by which APP and its orthologs regulate neuronal motility
in the nervous system have remained elusive.

Intriguing studies have shown that APP interacts with the heterotrimeric G protein
Goo, at least under some conditions. In artificial liposomes and extracted membranes,
APP can regulate Goa activity (Nishimoto et al., 1993, Okamoto et al., 1995), while cells
transfected with APP isoforms associated with familial AD (Hornsten et al.) exhibit
constitutive Goa activation and accelerated apoptosis (Okamoto et al., 1996, Yamatsuji
et al., 1996a, Yamatsuji et al., 1996b). Notably, these effects were prevented by the Gi/o

inhibitor pertussis toxin or by expressing APP isoforms lacking their putative Go-binding
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domain (Yamatsuji et al., 1996a, Yamatsuiji et al., 1996b). Elevated G protein activity and
decreased APP-Goa interactions have also been detected in brain samples from AD
patients (Reis et al., 2007, Shaked et al., 2009), while cell culture studies suggest that
AP peptides induce neurotoxic effects via the dysregulation of APP-Goa signaling (Sola
Vigo et al., 2009). These results support the model that APP might function as an
atypical Go-coupled receptor whose normal functions are disrupted in AD. However, a
viable assay for investigating endogenous APP-Goa interactions in neurons has been
lacking.

To address this issue, we have established the embryonic nervous system of
Manduca sexta (hawkmoth) as a novel preparation for testing how APP family proteins
control neuronal migration. As in other invertebrate models, Manduca express only one
APP ortholog (APP-like; APPL), and previous studies have shown that both APPL and
Goa are robustly expressed by migratory neurons in this system (Horgan et al., 1995,
Swanson et al., 2005). We have now used a combination of in vitro and in vivo assays to
determine whether endogenously expressed APP family proteins interact with Goa in
neurons from multiple species; whether this interaction is direct; and whether APPL-Goa.

signaling regulates neuronal migration within the developing nervous system.
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MATERIALS AND METHODS

Whole-mount immunostaining of staged embryos

Synchronous groups of embryos of either sex were collected from an in-house
colony of Manduca sexta and staged according to a panel of external and internal
developmental markers (Copenhaver and Taghert, 1989a, b). When reared at 25°C,
embryogenesis is complete in 100 hr, whereby 1% of development is equivalent to 1
hour post fertilization (hpf). Embryos were collected at 55, 58, and 65 hpf (before, during,
and after EP cell migration) and dissected in defined saline (140mM NaCl, 5mM KCl,
28mM glucose, 40mM CaCl2, and 5mM HEPES, pH 7.4) to expose the Enteric Nervous
System (ENS), as described previously (Coate et al., 2007). For immunohistochemical
analysis, embryos were filleted dorsally to expose the developing ENS and subsequently
fixed in 4% paraformaldehyde (PFA; Sigma/Aldrich) in phosphate-buffered saline (PBS)
for 1 hr at room temperature. After extensive rinsing in PBS plus 0.1% Triton X-100
(PBST), embryos were pre-incubated for 1 hr in blocking solution (10% normal horse
serum plus 0.1% sodium azide in PBST). Embryos were then incubated in antibodies
diluted in blocking solution with constant agitation for either 1 hr at room temperature or
overnight at 4°C.

For immunostaining, antibodies were used at the following concentrations:
mouse anti-Fasciclin Il (Fas Il; C3 monoclonal), 1:20,000 (Wright et al., 1999); affinity-
purified anti-Goa, 1:100 (generated against AA 343-355 of Manduca Goa; Horgan et al.,
1995); anti-cAPPL, 1:2500 (previously referred to as anti-msAPPL-cyt), generated
against the sequence YENPTYKYFEVKE within the cytoplasmic domain of Manduca
APPL (Swanson et al., 2005). We also generated an additional polyclonal antiserum
(anti-nAPPL, #21506; 1:5000) against a fusion protein derived from the E1 ectodomain

region of Manduca APPL (AA 1-197). The specificity of this antiserum for APPL was
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validated in western blots of Manduca and Drosophila lysates; by
coimmunohistochemical staining with our other APPL antibodies; by pre-adsorption
against the fusion protein (versus control fusion proteins); and by cross-
immunoprecipitation with other anti-APPL antibodies (data not shown). Primary
antibodies against Fas Il and APPL were detected with fluorochrome-conjugated
secondary antibodies diluted in blocking solution. Antibodies conjugated to Alexa Fluor
488, 568 or 647 (Molecular Probes/Life Technologies) were used at a final concentration
of 1:1000; antibodies conjugated to Cy3 and DyLight 549 (Jackson ImmunoResearch)
were used at 1:400. Anti-Goa was detected with anti-guinea pig secondary antibodies
coupled to horseradish peroxidase (HRP) and visualized using the tyramide signal
amplification system (TSA Plus Fluorescence Kit, PerkinElmer), following the
manufacturer’s instructions. Whole-mount immunostained preparations were stored in
Elvanol (Banker G, 1998) and imaged with an Olympus FluoView 300 laser scanning
confocal head mounted on an Olympus BX51 microscope (located in the Live Cell
Imaging Facility, Center for Research on Occupational and Environmental Toxicology),
or with an inverted Zeiss LSM710 confocal microscope (located in the Advanced
Imaging Center of the Jungers Institute, OHSU). Maximum intensity projections of
flattened Z-stack confocal images were generated using MetaMorph software. To
illustrate the relationships between the EP cells and their muscle band pathways (shown
in Figure 2.1), Fas Il immunostaining in each panel was cropped at either the FG/MG
boundary (55 hpf) or at positions adjacent to the most posterior neurons on each
pathway (58-65 hpf). The cropped Fas Il images were then montaged with the flattened
Z-stack images of APPL immunostaining in the same preparations.

To examine the colocalization of mammalian APP with Goa, primary cultures of

embryonic rat hippocampal neurons (grown on coverslips) were provided by Dr. Gary
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Banker (Dotti et al., 1988). Neurons were fixed with 4% PFA in PBS for 15 min at room
temperature, permeabilized for 10 min with 0.1% PBST, and blocked for 15 min with 5%
fish skin gelatin in PBST. The following primary antibodies were applied for 60 min at
room temperature: anti-22C11 targeting AA 66-81 of human APP (Millipore #MAB348,
1:100); anti-pAPP, specific to p(Threes) within AA 666-670 of human APP (Sigma-Aldrich
#SAB4300153; 1:200); and affinity-purified anti-Goa, 1:300 (Horgan et al., 1995).
Secondary antibodies conjugated to Alexa Fluor 488, 568 or 647 (Molecular Probes/Life
Technologies) were used at a final dilution of 1:1000. Coverslips were mounted in

Elvanol and imaged as described above.

Coimmunoprecipitation and immunoblotting

Staged Manduca embryos (20 per reaction; dissected at 65 hpf) and adult
Drosophila heads (20 per reaction) were collected on dry ice and homogenized in 1%
Triton lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris, pH 8) or 1% NP40 lysis
buffer (150 mM NacCl, 50 mM Tris, pH 8). Aliquots of each lysate were centrifuged at
16,000 rpm for 10 min, and the supernatants were pre-cleared with Protein A/G beads
(Santa Cruz Biotechnology). The supernatants were then incubated with primary
antibodies (described below) for 1-3 hr at room temperature or overnight at 4°C and
incubated with prewashed beads for 1 hr. The bead-bound antibody complexes were
then pelleted by centrifugation. After washing in chilled lysis buffer, immunoprecipitated
protein complexes were eluted by boiling the beads in SDS sample buffer for 1 min
(Swanson et al., 2005). The samples were then separated on 10% or 4-12% Criterion
polyacrylamide gels (Bio-Rad), transferred to nitrocellulose, and immunoblotted with
antibodies diluted in Tris-buffered saline plus 0.1% Tween-20 (Polysorbate) and 5%

Carnation dry milk.

29



For coimmunoprecipitations using mouse brain, frozen tissue samples were
provided by Dr. Joseph Quinn and Christopher Harris (Department of Neurology,
Portland Veterans Administration Medical Center, and Layton Center for Aging and
Alzheimer’s Disease Research, OHSU). Brains were divided in half under liquid nitrogen,
extracted in NP40 lysis buffer, and immunoprecipitated by the methods described above.
Alternatively, membranes were prepared from lysed mouse brain samples following the
protocol described in (Hortsch, 1994). Briefly, tissue was homogenized in hypotonic
saline (100 mM Tris-HCI, pH 8.0; 1mM EDTA) and centrifuged at 100,000 g for 1hr at
4°C. The pellets were then re-suspended in NP40 lysis buffer, incubated with primary
antibodies for 3 hr at room temperature or overnight at 4°C, and immunoprecipitated as
described above. For coimmunoprecipitations using human brain tissue, frozen samples
were made available from the Oregon Brain Bank (collected and distributed following
established protocols), with the assistance of Dr. Randall L. Woltjer (Department of
Pathology, OHSU). Approximately 90 mg tissue per reaction was homogenized with a
Dounce homogenizer in 1 mM EDTA, 100 mM NaCl, 50 mM Tris-HCI (pH 8), plus 1%
Triton X100 (Strickler et al.) and 0.5% sodium cholate (Sigma-Aldrich). Undigested
protein was then pelleted in a Beckman L7-55 ultracentrifuge for 1 hr at 100,000 g at 4°C,
and the supernatants used for subsequent immunoprecipitation reactions (as described
in Shaked et al., 2009). Samples were incubated with antibodies overnight at 4°C with
continuous rocking and then immunoprecipitated, as described above.

The following antibodies were used to immunoprecipitate APP-associated
proteins: for Manduca lysates, we used anti-cAPPL and anti-nAPPL-EX, previously
referred to as anti-msAPPL-ect (generated against the sequence
EDDDYTDADDSAWPRPES within the extracellular domain of Manduca APPL;
Swanson et al., 2005). For Drosophila lysates, we used anti-cAPPL. For mouse lysates,

we used anti-nAPP (Sigma-Aldrich #8967, targeting amino acids 46-60 of human
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APPggs) and anti-APPggs (Sigma-Aldrich #SAB4300464, targeting AA 666-670 of human
APPgg5); and for human brain lysates, we used anti-nAPP (Sigma-Aldrich #8967). For
each experiment, replicate lysates were immunoprecipitated with matched control
immunoglobulins: purified IgY (7.5 ug, Aves #N-1010) was used in experiments
employing chicken-derived antibodies; purified IgG (10-12 ug, Jackson Laboratories #1-
000-003) or normal rabbit serum (1-3 ul) was used in experiments employing rabbit-
derived antibodies. The following antibodies were used to detect G proteins that were
coimmunoprecipitated with APP or APPL: anti-Goa (1:100-1:250; Horgan et al., 1995);
anti-Gsa (1:1K) against a conserved sequence shared by Drosophila and mammalian
Gsa (Santa Cruz Biotechnology #sc-383); anti-Gia (1:1000), targeting the conserved C-
terminal sequence 327-355 (gift from Dr. Michael Forte; as described in Copenhaver et
al., 1995); and anti-Ggy (1:75, BD Transduction Laboratories). Secondary antibodies
coupled to Horseradish Peroxidase (HRP) were purchased from Jackson
ImmunoResearch and used at 1:10K, and detected using standard chemiluminescent
protocols (with either West Pico or West Femto substrates from Thermo-Fisher).

For coimmuniprecipitation experiments to test whether the Go-binding domain in
APPL was required for APPL-Goa interactions in Drosophila, we used the following
transgenic lines (provided by Dr. Vivian Budnik and Michael Gorczyca): Appl°, a null
mutation of the Appl gene (Luo et al., 1992); UAS-Appl*®, encoding an in-frame mutation
that lacks AA 758-791 (and has the point mutations ArgrgsArgrgs-LeurgsSerrgs), which is
insensitive to secretase cleavage (secretase-deficient APPL; Luo et al., 1992); and UAS-

AppISdACQ, secretase-deficient APPL that lacks AA 845-855 within its Go domain

(APPL*ACg; Torroja et al., 1999b). The UAS transgenes were crossed into App/® flies to
test the interactions of each APPL variant in the absence of wild type protein; Appld flies

(lacking all APPL) served as a negative control. Expression of the transgenes was
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accomplished with the GAL4/UAS system (Brand and Perrimon, 1993), using the eye-
specific GMR-GAL4 driver line (Bloomington Stock Center). For these assays,
Drosophila lysates were immunoprecipitated with anti-Goa (EMD/Calbiochem #371726)
and immunoblotted with either anti-cAPPL (1:2500) or anti-Gpy (1:75), as described

above.

Analysis of direct Goa-APPL interactions by BiFC

Plasmids containing the coding domains for complementary portions of Venus
Fluorescent Protein (Vn1 and Vn2) were provided by Dr. Stephen Michnick (University of
Montreal) and used for a modified version of the Protein-fragment Complementation
Assay (Remy et al., 2004). The APPL-Vn1 plasmid construct was generated in pcDNA3
(Invitrogen) by ligating the full-length coding domain of APPL in-frame with Vn1,
consisting of AA 1-158 of Venus Fluorescent Protein plus a 10 amino acid glycine-rich
linker domain (Benton et al., 2006, Mervine et al., 2006). The APPLAGo-Vn1 construct
was generated using PCR primers designed to omit the full Go-binding domain of
Manduca APPL (AA 762-791; HAQGEVQVEQTGVVAPTPEERHVANMQING), identified
by alignment with the Go-binding domain of human APPggs (His657-Lys676; as
described in Nishimoto et al., 1993). Fusion constructs containing the coding domains of
insect Goa, Gia, and Gsa were ligated in-frame at their N-termini with Vn2, consisting of
AA 159-239 of Venus Fluorescent Protein plus a 10 amino acid glycine-rich linker region.
For an in vitro analysis of bimolecular fluorescence complementation (BiFC) induced by
reassembly of Vn1- and Vn2-tagged fusion proteins, COS7 cells were plated on poly-
lysine coated coverslips (at 20% density) and transiently transfected the following day
with either 1000 ng total plasmid DNA or 20 ng plasmid DNA plus 980 ng pGEM-T

helper plasmid, using TransIT-LT1 (Mirus Bio LLC). After 18, 24, or 48 hr, the cells were
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fixed for 10 min in 4% PFA, followed by incubation in blocking solution (PBS plus 10%
normal horse serum) for 30 min. Primary antibodies were diluted in blocking solution and
applied to the cells for 1 hr at room temperature. For this analysis, we labeled the cells
with anti-nAPPL (1:1000), anti-Goa (1:100), and mouse anti-GFP (Invitrogen/Molecular
Probes, A-11120), which recognizes the Vn2 fragment of the holoprotein. After rinsing
with PBS, the cells were incubated with Alexa 568- and Alexa 647-conjugated secondary
antibodies (diluted 1:1000) for 30 min, rinsed again, and mounted on glass slides with
Elvanol for imaging with confocal microscopy. Z-stack images of each cell (5 optical
sections per stack) were acquired under linear parameters, using identical laser and
acquisition settings. The stacked images were flattened in MetaMorph and adjusted for
brightness and contrast, using identical settings for all cells imaged in an experiment. To
quantify membrane-associated BiFC levels generated by different combinations of the
Vn1 and Vn2 constructs, maximum intensity projections of each stacked image were
generated in MetaMorph, and intensity values were determined for equivalent perimeter
segments for each cell in Fiji. Values were obtained independently for anti-APPL, anti-
Goa, and BiFC (visualized in different wavelengths). The mean values of average pixel
intensities were then derived for replicate sets of cells (at least 20 cells per group), and
used to evaluate statistical differences between the BiFC signals generated by the
Venus-tagged proteins when expressed individually or in combination.

For BiFC analysis of APPL-Goa interactions in vivo, constructs containing the
coding domains for Manduca APPL, APPLAGo, and Goa were cloned in-frame with Vn1
and Vn2, respectively. The constructs were then ligated into the pUASg (Appl) or pUAST
(Goa) vector and used to transform Drosophila (BestGene Inc; Chino Hill, CA).
Transformant flies homozygous for UAS-APPL-Vn1, UAS-APPLAGo-Vn1, UAS-Vn2-

Goa, or recombined to express combinations of the constructs (UAS-APPL-VNn1 + Vn2-
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Goa or UAS-APPLAGo-VNn1 + Vn2-Goa) were crossed with flies carrying the eye-
specific GMR-GAL4 promoter construct (Brand and Perrimon, 1993). Mated flies were
maintained at 28°C, and third instar larvae were collected at various stages of
development for imaging and analysis. Larval eye discs were isolated in PBS and
immediately placed on ice. Discs were fixed for 10 min in PBS plus 4% PFA at 4°C, then
blocked for 30 min with 10% normal horse serum in PBS plus 0.1% Triton X-100. To
detect the expression of either Vn1 or Vn2 fusion constructs, discs were immunostained
with polyclonal GFP antibodies (Aves #GFP1020 or Invitrogen #A11122; 1:1000), which
recognize both fragments of Venus fluorescent protein. To amplify BiFC signals
specifically induced by the reassembly of Vn1 and Vn2, we used anti-GFP (Sigma-
Aldrich #G6539; 1:1000), which only labels the recombined protein. Discs were
incubated in primary antibodies for 1.5 hr, then rinsed with PBS-0.1% triton, and
incubated with secondary antibodies (diluted in blocking solution) for 30 min at room
temperature. DyLight 549 goat-anti-chick antibodies (Jackson ImmunoResearch) were
used at 1:200; Alexa-conjugated secondary antibodies (Molecular Probes) were used at
1:1000. Whole discs were mounted in Elvanol, and flattened Z-stack images were
obtained by confocal microscopy and ImageJ processing, using the same number of

optical sections and laser settings for each disc.

Manipulations of endogenous G protein activity

To test the role of G protein activity in regulating Goa-APPL interactions, lysates
were prepared from staged Manduca embryos or from GV1 cells (Hiruma and Riddiford,
2004) a Manduca cell line of ectodermal origin that endogenously expresses APPL and
Goa (as well as other neuronal proteins; Coate et al, 2009). Cells and tissues were

homogenized in either chilled NP40 buffer (1%) or RIPA buffer, and clarified by
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centrifugation at 13,000 rpm for 10 min. The following reagents were then added to
replicate aliquots of the lysates at the following final concentrations: GTPyS (Sigma),
0.01-10 um; GDPBS (Sigma), 1-20 um; Mas7 (a mastoparan analog with enhanced
activity; Enzo Life Sciences), 50-400 um; Mas17 (an inactive mastoparan analog; Enzo
Life Sciences), 30 um; and Pertussis Toxin A protomer (Enzo Life Sciences), 1-4 ug/ml
plus 1 mM NAD+. After incubation at room temperature for 30 min, the lysates were
briefly centrifuged to remove cellular debris and analyzed by coimmunoprecipitation and
immunoblotting, as described above. For analysis using the Odyssey Infrared Imaging
System (LI-COR Biosciences), immunoblots were labeled with IRDye 680- and 800-
conjugated secondary antibodies (from Rockland Immunochemicals and Molecular
Probes/Invitrogen). Quantification of band intensities was performed using Odyssey
software, and each experimental condition was normalized with respect to untreated
control immunoprecipitations (run in parallel on the same immunoblots). Alternatively,
immunoblots were processed using the chemiluminescent protocols described above;
the blots were then imaged on X-ray film with X-OMAT processing, scanned into TIFF
files with Photoshop (Adobe), and relative pixel intensities were calculated for bands of
interest using ImageJ. For each treatment condition, relative levels of Goa. and APPL
were normalized to levels detected in matched control samples (run on the same
immunoblots) and imaged with identical parameters. Goa levels were then calculated as
a ratio of Goa/APPL levels; each experiment was repeated at least 3 times. For
statistical analysis, levels of immunoprecipitated Goa for each experimental condition
were normalized to their respective untreated controls. Mean Goa levels for each
treatment condition were then compared to matched untreated controls, using Student’s

two-tailed t tests. Each experiment was repeated at least three times.
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Embryonic culture and migration assays

Staged Manduca embryos were isolated at 52 hpf, shortly before the onset of EP
cell migration. Embryos were dissected from their egg shells and extraembryonic
membranes and placed in Sylgard-coated chambers filled with either culture medium:
50% Schneider’s Drosophila medium, 40% MEM with Hank’s salts, 9.7 % heat-
inactivated normal horse serum, 0.2% 20-hydroxyecdysone, 0.1% insulin, and 0.01%
penicillin-streptomycin (pen-strep), pH 7.4; or defined saline: 140mM NaCl, 5mM KClI,
28mM glucose, 5mM HEPES, 4 mM CacCl,, 0.2% 20-hydroxyecdysone, 0.1% insulin and
0.01% pen-strep, pH 7.4 (Horgan and Copenhaver, 1998). A small incision in the dorsal
body wall between segments T2 and T3 (a position just anterior to the foregut-midgut
boundary) was made to expose the enteric plexus on the developing gut. The
premigratory EP cells were then directly treated with experimental reagents targeting
APPL or Goa. The incision was then gently closed with glass electrodes, and the
embryos were allowed to develop in culture for another 12-18 hr at 28°C, spanning the
time of normal EP cell migration and axon outgrowth. In experiments targeting
subsequent aspects of axon elongation and terminal branch formation, embryos were
opened in culture at 65 hpf (at the end of the migratory period), treated with experimental
reagents, and incubated for an additional 24 hr, spanning the normal period of
synaptogenesis on the midgut musculature (Wright et al., 1998). Aluminum fluoride
(AlF4.) was prepared by diluting premixed solutions of 0.6 M NaF and 0.5 mM AICl;
(1:40) in culture medium to give a final concentration of 12.5 uM AlF,.; equivalent
concentrations of NaCl premixed with AICI; served as controls (after Horgan and
Copenhaver, 1998). Pertussis toxin (PTX; intact molecule; Gibco/Life Technologies) was
preactivated with 1M dithiothreitol and diluted in serum-free culture medium (Horgan et

al., 1995). Treatment of the EP cells with anti-nAPPL antibodies (#21506) was
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performed by diluting a purified IgG fraction of the antibody in culture medium;
equivalent concentrations of control rabbit IgG (Jackson ImmunoResearch) were used
as controls.

At the end of each experiment, embryos were dissected completely to expose
the ENS, then fixed and immunostained with anti-Fas Il to reveal the full extent of EP cell
migration and outgrowth (Wright et al., 1999). Anti-Fas |l immunoreactivity was detected
with biotinylated anti-mouse secondary antibodies (1:200) and the avidin-biotin-HRP
protocol from Vector Laboratories (ABC kit; Burlingame, CA). The distributions of
postmigratory EP cells and their axons were analyzed using photomicrographic and
camera lucida techniques. Ectopic outgrowth was quantified using a grid-based analysis
of EP cell processes that had extended into each interband region of the midgut
(normally inhibitory to the neurons); ectopic neurons were counted manually. To account
for day-to-day variability in culture conditions, values obtained from each experimental
preparation were normalized to mean values calculated from replicate sets of matched
control preparations included with each experiment. Pairwise statistical differences
between control and experimental groups were then calculated using Student’s two-
tailed t tests.

Morpholino antisense oligonucleotides (morpholinos; Gene Tools Inc.) were
designed against several regions of the mMRNA sequence encoding Manduca APPL, and
initially tested for their effectiveness and specificity in GV1 cells. Morpholinos were
applied to cultured GV1 cells for 48 hr (grown in GV1 medium: 3.32g lactalbumin
hydrolysate and 20 ml 50x Yeastolate per liter of Grace’s medium, plus 10% heat
inactivated FBS and 1% pen-strep). The cells were then lysed in chilled NP40 lysis
buffer, and residual APPL levels were analyzed by western blotting methods; the
expression of several control proteins (including Fas Il and tubulin) were visualized in the

same samples to monitor for off-target effects of the morpholinos. The most effective
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APPL-specific morpholino (directed against a sequence spanning the initiation codon;
CCGCGTTGCTTCCCA-CCAGCCC) was subsequently used to knock down APPL
expression in cultured embryos. Morpholinos were diluted in defined saline (1-50 uM)
supplemented with 10% heat-inactivated horse serum, 0.5% pen-strep, 0.2% 20-
hydroxyecdysone, 0.1% insulin, and 0.2 M L-glutamine. Embryos were opened in culture
at 48 hpf, and the morpholinos were delivered into the EP cells with 0.6 % Endo-Porter
(Coate et al., 2008). Matched sets of embryos were treated with standard control
morpholinos (Gene Tools, Inc.) or Endo-Porter alone. The embryos were then allowed to
develop for an additional 24-48 hr at 28°C before fixation and analysis, as described
above. Matched sets of cultured preparations were also immunostained with anti-nAPPL

to monitor the effectiveness of the morpholinos in inhibiting APPL expression.
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RESULTS

Goa colocalizes with endogenous APPL and APP in motile neurons

During formation of the Enteric Nervous System (ENS) in Manduca, a population
of ~300 neurons (EP cells) undergoes a stereotyped sequence of migration along
preformed pathways to form a branching nerve plexus (the EP), which spans the
foregut-midgut boundary (FG/MG; Fig. 2.1A-C). After delaminating from a neurogenic
placode in the foregut epithelium (Copenhaver and Taghert, 1990), the EP cells first
spread bilaterally around the foregut (from 40-55 hpf). During this phase of migration
(Fig. 2.1A; 52 hpf) approximately equal subsets of neurons align with one of the eight
longitudinal muscle bands that have recently differentiated on the midgut surface (‘b’ in
Fig. 2.1A; only the four dorsal bands are shown). From 55-65 hpf (Fig. 2.1B; 58 hpf), the
neurons migrate in a chain-like manner along each of the muscle bands while avoiding
adjacent interband regions (‘ib’). From 65-75 hpf (Fig. 2.1C; 65 hpf), the neurons
continue to elaborate long axons posteriorly along the midgut (Copenhaver and Taghert,
1989a, b). During this process, EP cells actively extend and retract filopodia onto the
band and interband muscles but remain aligned with their selected band pathways. Only
once migration and axon outgrowth are complete do the neurons eventually sprout
lateral branches that innervate the adjacent interband musculature (from 80-100 hpf).
However, only a small number of EP cells normally extend processes onto the interband
regions near the foregut-midgut boundary (asterisks in Fig. 2.1F; Copenhaver and
Taghert,1989b).

In previous work, we showed that a combination of permissive and repulsive
guidance factors regulate the guidance of the EP cells along the muscle bands. The Ig-
CAM Fasciclin 1l (Fas IlI; the insect ortholog of NCAM and OCAM) is expressed by both

the EP cells and the muscle band cells, and homophilic signaling interactions mediated
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by Fas Il play an essential role in promoting migration along these pathways
(Copenhaver et al., 1996, Wright et al., 1999). (For clarity, the montages in Fig. 2.1D-F
include Fas Il immunostaining only in the muscle bands; see methods). In addition, we
recently showed that the migratory EP cells express APPL (Fig. 2.1D-F; green),
coincident with their expression of Goa (Horgan et al., 1995, Swanson et al., 2005).
Given the in vitro evidence that APP can interact with Goa (Nishimoto et al., 1993) and
our previous data showing that Goa-dependent signaling restricts the extent of EP cell
migration (Horgan and Copenhaver, 1998), we investigated whether APPL might
function as a transmembrane receptor that functionally interacts with Goa in these

migratory neurons.
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Figure 2.1. APPL is expressed by migrating EP cells and their motile processes. A-C)
Schematic representation of the developmental sequence of EP cell migration (green)
along the eight muscle band pathways (magenta) to form the enteric plexus of the ENS in
Manduca (only the dorsal four muscle bands are shown). D-F) Montages of whole-mount
preparations of filleted embryos that show the developing ENS from corresponding
embryonic stages, immunostained for APPL (green) and TM-Fas Il (magenta; Fas ).
(For these montaged images, Fas Il staining was omitted from the EP cells to clearly
show their alignment with the muscle bands; see methods). A, D) By 55 hpf, the EP cells
have spread bilaterally around the surface of the foregut, adjacent to the foregut-midgut
boundary (FG/MG); all of the neurons express APPL as they extend filopodia (arrows)
preferentially onto the Fas Il-positive muscle band pathways (“b”). B, E) By 58 hpf,
subsets of EP cells have begun migrating along each muscle band pathway, while
avoiding the adjacent interband regions (“ib”). APPL is strongly expressed throughout the
motile cell bodies and within their leading processes that have extended along the bands
(arrows). C, F) By 65 hpf, the EP cells have completed their migration but will continue to
grow axonal processes posteriorly along the band pathways for another 15 hr, before
eventually innervating the lateral visceral musculature. Throughout this developmental
sequence, the EP cells maintain robust levels of APPL expression (particularly in their
most motile regions) and remain confined to the muscle band pathways, although a small
number occasionally extend processes from the foregut-midgut boundary onto the
interband regions (asterisks). Abbreviations: hpf= hours post fertilization; FG/MG =
foregut-midgut boundary; EN = esophageal nerve of the foregut; EP cells = Enteric
Plexus neurons; b = muscle bands; ib = interband musculature of the midgut. White scale
bar: 50 um.

41



Past studies have shown that insect APPL contains all of the key structural
features that typify APP family proteins in other species (Fig. 2.2A), including conserved
E1 and E2 extracellular domains that may interact with potential ligands (Luo et al., 1990,
Swanson et al., 2005) and an Ap domain that has neurotoxic effects when
overexpressed as a cleavage fragment (Carmine-Simmen et al., 2009). In addition, the
cytoplasmic domain of Manduca APPL shares strong similarity with equivalent domains
in other APP-related proteins (Fig. 2.2B), including 88% sequence identity with
Drosophila APPL and 77% identity with human APPggs (Swanson et al., 2005). Of
particular note is the TPEER region within the putative Go-binding domain (“Go”;
Nishimoto et al., 1993) and the NPXY phosphotyrosine binding domain (“Y”) (Chen et al.,
1990, Hoe and Rebeck, 2008) that are 100% identical between Manduca and
mammalian APP family proteins, suggesting that these domains regulate conserved
signaling functions. As with human APPggs, APPL undergoes a dynamic sequence of
secretase-dependent cleavage to produce soluble ectodomain fragments, C-terminal
fragments (CTFs), and APP intracellular domains (AICDs) (Carmine-Simmen et al., 2009,
Bolkan et al., 2012), each of which might affect different aspects of cell motility (Turner
et al., 2003, Gralle and Ferreira, 2007). To investigate whether APPL can act as a Goao-
associated receptor in migratory neurons, we first examined whether APPL colocalized
with Goa at the plasma membrane of the EP cells, consistent with a potential role in
signal transduction.

For the current analysis, we used a panel of well-characterized antibodies
against the extracellular and intracellular domains of APP and APPL (shown
schematically in Fig. 2.2A), including antibodies targeting conserved residues within the
putative Go-binding domain. Double immunostaining the developing ENS with anti-

nAPPL (against the N-terminal extracellular domain; green) and anti-cAPPL (against the
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C-terminal intracellular domain; magenta) verified the presence of the full-length
holoprotein at the plasma membrane of migrating neurons (Fig. 2.2C-F, arrowheads)
and their leading processes (Fig. 2.2G-J, arrowheads). Also notable in these
preparations was the abundance of additional APPL within large perinuclear vesicles, as
well as smaller vesicle populations containing either N-terminal (green) or C-terminal
fragments (magenta) of the holoprotein (Fig. 2.2C-F). We also found that the subcellular
distributions of APPL and its fragments were markedly altered during periods of active
migration and outgrowth, during which transmembrane APPL accumulated in regions of
active growth (as manifested by the colocalization of N- and C-terminal epitopes at the
membrane). These observations support our previous evidence that APPL undergoes a
dynamic sequence of trafficking, processing, and post-translational modifications that
correlate with specific phases of EP cell differentiation (Swanson et al., 2005). They also
are consistent with recent studies on APP trafficking in neuroblastoma cells (Muresan et
al., 2009), suggesting that much of the newly synthesized holoprotein may be
proteolytically cleaved and sorted to distinct compartments prior to their transport out of
the cell body. This process may therefore help regulate the bioavailability of APPL as a
transmembrane receptor during phases of active motility (unpublished observations). To
determine whether membrane-associated APPL colocalized with Goa. in the EP cells,
embryos were coimmunostained with antibodies against anti-nAPPL (green) and anti-
Goa (magenta). As shown in Fig. 2.2K-N, robust colocalization was detected at the
plasma membrane of the migratory neurons (arrowheads) and within their leading
processes (Fig. 2.20-Q, arrowheads). Surface labeling of unpermeabilized embryos with
anti-nAPPL and subsequent permeabilization and staining for Goa verified that Goa
colocalizes with cell-surface APPL in the EP cells (data not shown). To examine the

relationship between APP and Goa expression in developing mammalian neurons,
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embryonic rat hippocampal neurons were isolated and fixed after 5 days in primary
culture. The neurons were then triple-immunostained with antibodies specific to the
extracellular domain (green) and cytoplasmic domain of APP (red/magenta), as well as
for Goa (blue/gray scale; Fig. 2.2R-T). As seen for APPL in the EP cells, full-length APP
was found to be abundantly expressed within the growth cones of rat hippocampal
neurons, where it colocalized with Goa (yellow/white regions, Fig. 2.2R-T). These results
indicate that transmembrane forms of APP family proteins are closely associated with
endogenously expressed Goa. in developing neurons, particularly within regions of active
growth and motility, and that this association is conserved in both invertebrate and

vertebrate preparations.

44



DAPPL___EX
A. 952 tm CAPPL
|

| E2 [ [@IGoL2

| Ed [ E2 [ A
8717
pA_P P

B. APPess

BlcE vl vES
Ol F IR N - T - - - - B

A

-
o
o
<
9
L
-
o
o
<<
0

o-nAPPL/o-Goo

o-NAPPL/o-cAPPL

o-nAPPL  o-cAPPL

22C11/pAPP/Goo

Figure 2.2

45



Figure 2.2. Goa colocalizes with APP family proteins in the motile regions of developing
insect and mammalian neurons. A) Schematic diagram of APPL and APP, indicating the
conserved extracellular domains (E1 and E2), A domains, and the cytoplasmic Go-binding
domain (Go) and internalization domain (Y). Transmembrane domains are shown in gray
(“tm”). Epitopes targeted by the different anti-APPL and APP antibodies used in this study are
indicated by the labeled black lines. Antibodies targeting APP and APPL extracellular domains
are labeled in green and antibodies targeting cytoplasmic domains are labeled in magenta. B)
Amino acid alignment of the conserved cytoplasmic domains in human (h) APP, mouse (m)
APP, Manduca (ms) APPL, and Drosophila (dm) APPL. Both the putative Go-binding domain
(Go) and the internalization domain (Y) within the cytoplasmic (C-terminal) region of APP
family proteins are highly conserved across species. Residues that are identical in at least 3
species are shaded in black; residues shared by 2 species are shaded in gray. The dotted
black line indicates the putative Go-binding domain identified in APPggs (Nishimoto et al.,
1993; Okamoto et al., 1995). C) EP cells at 65 hpf immunostained with anti-nAPPL (green)
and anti-cAPPL (magenta); the white box indicates the region highlighted in D-F. Individual
channels in E (anti-nAPPL) and F (anti-cAPPL) are shown as monochrome images.
Arrowheads indicate colocalized N- and C-terminal immunostaining (which appears white in
D) at the plasma membrane, consistent with the presence of full-length transmembrane APPL.
Images in C-F show compressed images of three optical sections acquired by confocal
imaging. G) Leading processes of EP cells on the dorsal muscle band pathways,
immunostained with anti-nAPPL and anti-cAPPL antibodies; the white box indicates the region
highlighted in H-J, which includes 3-4 fasciculated growth cones. Arrowheads indicate
colocalized N- and C-terminal immunostaining in the motile growth cones (white regions in H);
individual channels in I (anti-nAPPL) and J (anti-cAPPL) are shown as monochrome images.
Images in G-J show compressed images of 10 optical sections. K) EP cells coimmunostained
with anti-nAPPL (green) and anti-Goa (magenta); white boxes indicate regions highlighted in
L-N and O-Q. Arrowheads in L-N indicate the colocalization of APPL and Goa at the plasma
membrane of a migrating neuron; arrowheads in O-Q indicate colocalization in the EP cell
growth cone. Individual channels in M and P (anti-nAPPL) and N and Q (anti-Goa.) are shown
as monochrome images. The images in K-Q show single optical sections. R) Rat hippocampal
neurons immunostained with antibodies against N-terminal APP (green, 22C11), C-terminal
APP (red, pAPP), and Goa (blue); the white box indicates the highlighted region shown in S-T.
S) Enlarged view of colocalized nAPP (green) and cAPP (magenta) immunostaining in the
neuronal growth cones, indicating the presence of transmembrane APP. T) Corresponding
image of anti-Goa immunostaining (shown in monochrome), consistent with the colocalization
of Goa with full-length APP in mammalian growth cones. Images R-T show a compressed
image of 10 optical sections. Scale bars: C,G,K, 7 um; D-F, H-J, L-Q, 3 um; R, 50 um; S-T, 25
um.
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Both APPL and APP endogenously interact with Goa

In previous investigations, coimmunoprecipitation assays were used to show that
both human APP and insect APPL can interact with Goa. (Brouillet et al., 1999, Shaked
et al., 2009), but these studies did not determine whether Goa interacts specifically with
full-length APP family proteins or with their C-terminal cleavage products (CTFs and
AICDs). Another recent study showed that epitope-tagged C-terminal fragments of APP
could interact with a different heterotrimeric G protein (Gsa) when overexpressed in cell
culture (Deyts et al., 2012). Given that APP contains a conserved BBXXB domain, which
in other receptor classes can promote binding to the alpha subunits of several different
G proteins (Okamoto et al., 1990, Wu et al., 1995, Timossi et al., 2004), these results
suggest that APP might function as a promiscuous G protein-associated receptor (Deyts
et al., 2012).

To address this issue, we immunoprecipitated APPL from Manduca embryonic
lysates with antibodies specific to both the N- and C-terminal domains of the holoprotein,
and probed the resultant immunoblots with antibodies against different G protein
subunits (shown schematically in Fig. 2.3A). As shown in Figure 2.3B-C, endogenously
expressed Goa could be readily coimmunoprecipitated with both N-terminal and C-
terminal-specific APPL antibodies, but not with matched control immunoglobulins (IgG
and I1gY, respectively). In contrast, APPL did not coimmunoprecipitate with either Gia or
Gsa (Fig. 2.3D-E), despite the robust expression of these G proteins in the embryonic
nervous system (Copenhaver et al., 1995). Since APPL expression in insects is
restricted to neurons (Martin-Morris and White, 1990), these results indicate that full-
length APPL selectively interacts with endogenously expressed Goa but not other G

proteins within the developing insect nervous system.
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Previous experiments in Drosophila have shown that flies lacking APPL (App/®)
exhibit defects in synaptic differentiation and aberrant adult behavior (Luo et al., 1992,
Torroja et al., 1999b), supporting a role for APPL in regulating neuronal growth and
target innervation. To complement our studies of APPL-Goa interactions in Manduca, we
used fly head lysates to show that Drosophila Goo could be coimmunoprecipitated with
anti-cAPPL antibodies from wild type controls but not App/® flies (Fig. 2.3F), although
both fly strains express equivalent levels of Goa (Fig. 2.3F, input). As noted above,
Nishimoto et al. identified a candidate Go-binding domain within the cytoplasmic domain
of human APPggs (Hisgs7-Lye7s) that was required for APP-Goa interactions in
reconstituted liposomes (Nishimoto et al., 1993, Okamoto et al., 1995). To determine
whether the conserved Go-binding domain is required for APPL-Goa interactions in the
insect nervous system, we used transgenic fly lines expressing modified forms of APPL
in the absence of wild type protein. APPL®® acks the proteolytic cleavage site in APPL
(AA 758-791) and consequently is expressed only as a transmembrane protein;
APPL*®ACg also lacks a portion of the putative Go-protein binding site (AA 845-855;
Torroja et al., 1999b). Using the GMR promoter, UAS constructs of each isoform were
expressed in the eyes of Appl® flies, and head lysates were immunoprecipitated with
anti-Goa. Blotting for anti-cAPPL revealed that Goo. interacts with APPL® but not
APPL*ACg (Fig. 2.3G), although both constructs were expressed at similar levels (Fig.
2.3G, input). Appl® fly head lysates were used as a negative control. Probing the
immunoprecipitates for Goa and Gp verified the abundance of heterotrimeric G proteins
immunoprecipitated from all of the fly lines used for this analysis (Fig. 2.3G, IP). These
results demonstrate that Goa interacts with transmembrane forms of APPL, consistent
with its role as a Goa-associated receptor, and that the conserved Go-binding domain

within APPL is necessary for its interactions with Goa in vivo.
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We also investigated whether endogenously expressed Goa interacts with full-
length APP in the mammalian nervous system. Using similar methods, we found that
Goa could be readily coimmunoprecipitated with both nAPP- and cAPP-specific
antibodies from lysates prepared from cortical and hippocampal regions of adult mouse
brain, compared to control IgG and normal rabbit serum (Fig. 2.3H), supporting the
model that Goa interacts with full-length APP in neurons. In contrast, none of the APP-
specific antibodies that we tested were found to coimmunoprecipitate Gsa (Fig. 2.31),
suggesting that Gsa does not normally interact with full-length APP or its C-terminal
cleavage products in the brain. Whether elevated expression of APP or its fragments
can promote this interaction under pathological conditions remains to be determined.

If APP and its orthologs function as authentic Goa-coupled receptors, they
would be expected to interact with heterotrimeric Go(afy) complexes in their inactive
state (Bourne et al., 1991, Gales et al., 2006), whereas activation of APP signaling
should induce their dissociation. Conversely, if APP and APPL function as downstream
targets for activated Goa, we would not expect them to associate with the afy trimer. As
shown in Figure 2.3J, antibodies against both the N- and C-terminal domains of APP
coimmunoprecipitated Gf subunits as well as Goa, similar to previous reports using
extracted membrane preparations (Nishimoto et al., 1993). Lastly, based on recent
studies suggesting that APP-Goa interactions might be perturbed in AD patients
(Shaked et al., 2009), we also used human brain lysates prepared from the cortical
regions of healthy control subjects (provided by the Oregon Brain Bank) to show that
anti-nAPP antibodies also coimmunoprecipitated human Goa, compared with the low
background levels of Goo. immunoprecipitated by control IgG (Fig. 2.3K). In combination,
these results indicate that both insect APPL and mammalian APP selectively interact

with heterotrimeric Go (but not other Ga proteins) under physiological conditions,
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consistent with an evolutionarily conserved role for APP-Goa signaling in the developing

and mature nervous system.
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Figure 2.3. Goa interacts with transmembrane APPL and APP in the nervous system. A)
Schematic of the experimental protocol used in Figure 2.3: tissue lysates were
immunoprecipitated with antibodies specific for either the N- or C-terminal domains of APPL
and APP, then immunoblotted with antibodies specific for different G protein subunits. B-E)
Western blots of Manduca embryonic lysates immunoprecipitated with anti-nAPPL or anti-
cAPPL and immunoblotted with antibodies against different Ga-subunits. B) Embryonic lysate
immunoprecipitated with anti-nAPPL and immunoblotted with anti-Goa. Input lane shows
endogenous Goa levels in the lysates before immunoprecipitation; IgG IP shows a matched
negative control immunoprecipitation. C) Embryonic lysate immunoprecipitated with anti-
cAPPL and immunoblotted with anti-Goa. Input lane shows endogenous Goa levels in the
lysates; IgY IP shows a matched negative control immunoprecipitation. The size of Manduca
Goa is 41 kDa. D-E) Western blots of Manduca embryonic lysates immunoprecipitated with
anti-cAPPL and immunoblotted for either Gia (D) or Gsa (E). Input lanes show endogenous
Gia and Gsa levels in the lysates before immunoprecipitation. Neither Gia nor Gsa
coimmunoprecipitate with anti-cAPPL or with control IgY. The size of Gia is ~41 kDa; Gsa is
detected as a doublet at 48 and 52 kDa (Copenhaver et al., 1995). F-G) Western blots of
immunoprecipitated Drosophila head lysates. F) Drosophila head lysates from wild type and
Appld flies (which lack APPL expression) immunoprecipitated with anti-cAPPL and
immunoblotted with anti-Goa.. Inputs show equivalent levels of endogenous Goa in both fly
lines. Goa was coimmunoprecipitated with anti-cAPPL antibodies from wild type lysates but
not with control IgY, nor from Appl’ lysates. G) Western blot of lysates from Appl flies
overexpressing mutant forms of APPL under the control of the GMR promoter. AppISd flies
(“secretion-deficient) express a transmembrane form of APPL lacking the juxtamembrane

domain that is normally cleaved by secretases; App/s%Cd flies express secretion-deficient
transmembrane APPL that also lacks the putative Go-binding domain. Fly head lysates were
immunoprecipitated with anti-Gi/oa. and immunoblotted with anti-cAPPL (135 kDa). Input lanes
show abundant expression levels of APPL* and APPLSdACg; no APPL-related proteins were
detected in APPL® flies. APPL*? but not APPL**ACg coimmunoprecipitated with Goa,
indicating that the Go domain is necessary for APPL-Goa. interactions in vivo. Appf flies
served as the negative control. Probing with anti-Goa verified that abundant levels of Goa
were immunoprecipitated from each of the fly lines. Similar levels of Gf also
coimmunoprecipitated with Gi/o in all three fly lines, indicating equivalent expression of the
heterotrimeric G protein complexes. The size of fly Gf is ~37 kDa. H-J) Western blots of
mouse brain lysates immunoprecipitated with N- or C-terminal-specific APP antibodies and
immunoblotted with antibodies targeting different G protein subunits. H) Immunoprecipitated
mouse brain lysates labeled with anti-Goa. Input shows endogenous Goa levels in the lysate
before immunoprecipitation. Lane 2: Goa coimmunoprecipitated with anti-nAPP. Lane 3: 1gG
= matched negative control immunoprecipitation. Lane 4: Goa also coimmunoprecipitated
with anti-cAPP (8717; see Figure 2). Lane 5: matched negative control immunoprecipitation
with normal rabbit serum (NRS). I) Immunoprecipitated mouse brain lysates immunoblotted for
Gsa. Input shows endogenous Gsa. levels in the lysate before immunoprecipitation. Lanes 2-
4 show that Gsa did not coimmunoprecipitate with anti-nAPP, control IgG, nor anti-cAPP. J)
Mouse brain lysates immunoprecipitated with N- or C-terminal-specific APP antibodies and
immunoblotted with a-Gp. Input shows Gf levels in the lysates before immunoprecipitation.
Lanes 2-4: Gp coimmunoprecipitated with both anti-nAPP and anti-cAPP antibodies (8717
and cAPP4gss). Lane 5: IgG negative control immunoprecipitation. K) Immunoprecipitated
human brain lysates immunoblotted for Goa. Input shows endogenous Goa levels in the
lysate before immunoprecipitation. Goa was coimmunoprecipitated with anti-nAPP but not
with control IgG.
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APPL directly binds Goa both in vitro and in vivo

The model that APPL functions as a Goa-associated receptor requires direct
contact between the two proteins at the plasma membrane. To address this issue, we
used Bimolecular Fluorescence Complementation (BiFC), a modified “split-GFP”
approach whereby complementary fragments of Venus Fluorescent Protein (Vn) are
fused to proteins of interest, but they remain non-fluorescent unless brought together by
direct interactions between the tagged proteins (Kerppola, 2008, Robida and Kerppola,
2009). For these assays, we fused the N-terminal fragment of Venus Fluorescent Protein
(Vn1) to the cytoplasmic domain of Manduca APPL (APPL-Vn1) and the complementary
C-terminal fragment (Vn2) to Goa (Vn2-Goa). As an initial test of these constructs, we
transfected them either singly or in combination into COS7 cells, which do not express
detectable levels of mammalian Goa or APP (unpublished observations). After 18-24 hr,
we then fixed and immunostained the cells with antibodies specific for APPL and Goa to
monitor their expression levels (using Alexa 568 and Alexa 647-coupled secondary
antibodies), independent of BiFC-induced fluorescence (visualized in the green channel).
As shown in Figure 2.4, COS7 cells expressing either APPL-Vn1 (Fig. 2.4A) or Vn2-Goa
alone (Fig. 2.4B) showed strong immunoreactivity for the individual fusion constructs but
produced no detectable BiFC signal (Fig. 2.4As, B3). In contrast, cells that coexpressed
both APPL-Vn1 and Vn2-Goa exhibited robust BiFC signals throughout their somata and
growing processes (Fig 2.4C;). These results demonstrate that APPL can directly bind
Goa in exogenous cells.

Based on our evidence that the Go-binding domain of APPL is necessary for its
association with APPL in vivo (Fig. 2.3G), we also tested whether this domain was
necessary for direct APPL-Goa interactions in our BiFC assays by cotransfecting COS7

cells with Vn2-Goa and APPLAGo-Vn1 (a form of Manduca APPL lacking the Go-binding

53



domain, AA 762-791; dotted line in Fig. 2.2B). In contrast to the membrane-associated
BiFC signals seen in cells that expressed full-length APPL-Vn1 plus Vn2-Goa (Fig. 2.4Cs,
arrowheads), cells that coexpressed APPLAGo-Vn1 plus Vn2-Goa exhibited only
minimal BiFC signals that were confined to the Golgi/endoplasmic reticulum (ER)
regions (Fig. 2.4D), despite the presence of both Vn-tagged constructs in more
peripheral regions of the cells (arrowheads). To directly compare BiFC fluorescence in
multiple cells transfected with APPL or APPLAGo, we identified cells with relatively low
levels of each construct (to avoid saturation in the BiFC channel) and quantified the
BiFC signal as a ratio to the levels of each construct. Quantification of the relative
fluorescent intensities in each channel verified that coexpression of Vn2-Goa with full-
length APPL-Vn1 produced significantly stronger BiFC signals than coexpression with
APPLAGo-Vn1 (Table 2.1). These results show that the Go-binding domain previously
identified in human APPggs is also required for direct interactions between APPL and
Goo.

To test whether APPL selectively interacts with Goa but not other related G
proteins, we also cotransfected COS7 cells with APPL-Vn1 and Vn2-tagged constructs
of Gia or Gsa. For these assays, we fixed the transfected cells after 48 hrs in culture,
and then immunostained them with anti-APPL and an anti-GFP antibody that only
recognizes the Vn2 domain; this approach allowed us to confirm that all of the Vn2-
tagged Ga constructs were expressed at comparable levels. As in the previous
experiment, cotransfection of APPL-Vn1 with Vn2-Goa produced strong BiFC signals
throughout the cells and their growing processes (Fig. 2.4E3, arrowheads). In contrast,
cotransfection of APPL-Vn1 with Vn2-Gia produced only faint BiFC signals that were
predominantly restricted to Golgi/ER regions (Fig. 2.4F;, arrowheads), despite the

presence of both proteins at the plasma membrane and in growing processes (similar to
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APPL-Vn1 and Vn2-Goa Fig. 2.4E,,). Similarly, cells that coexpressed APPL-Vn1 with
Vn2-Gsa exhibited no detectable BiFC signals (Fig. 2.4G3). These results indicate that
APPL directly binds Goa but not other related G proteins in cell culture, consistent with

the model that APPL selectively interacts with Goa at the plasma membrane.
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Figure 2.4. APPL and Goa directly interact in cell culture. A-D) Representative images of
COSY7 cells at 18-24 hours post transfection, immunostained with a-Goa (left columns) and a-
APPL (middle columns) to detect constructs of interest. Right-hand columns show green
fluorescent BiFC signals that were produced by direct interactions between Vn1- and Vn2-
tagged fusion proteins. A-B) Cell transfected with either APPL-Vn1 alone (panel A;) or Vn2-
Goa alone (panel B3) did not emit detectable BiFC signals. C) Cell co-transfected with both
APPL-Vn1 and Vn2-Goa exhibited BiFC signals at the plasma membrane and throughout
growing processes (panel C3, arrowheads). D) Cell cotransfected with Vn2-Goa and
APPLAGo-Vn1 (APPL lacking the putative Go-binding domain; AA 762-791) produced only
minimal BiFC signals that were restricted to the Golgi/ER regions. No detectable BiFC signals
were present at the plasma membrane or growing processes of the cell (panel D3,
arrowheads), despite the expression of both constructs in these regions (D4- D,). E-G) Lower
magnification images of COS7 cells co-transfected with APPL-Vn1 plus equivalent levels of
different Vn2-tagged Ga. subunits. 48 hr post transfection, cells were coimmunostained with a
Vn2-specific anti-GFP antibody and with a-APPL (to detect APPL-Vn1). E) Cotransfection of
APPL-Vn1 plus Vn2-Goa produced robust BiFC signals (as in panel C3), indicating direct
APPL-Goa binding (arrowheads). F) Cotransfection of APPL-Vn1 with Vn2-Gia produced only
minimal BiFC signals that were primarily localized within the ER/Golgi regions (panel F3). BiFC
signals were not apparent in the plasma membrane or growing processes of the cells, despite
the presence of both Vn-tagged constructs in these regions (panels F;-F;). G) Coexpression
of APPL-Vn1 and Vn2-Gsa did not result in any detectable BiFC signals (panel G3), although
both proteins were expressed throughout the cells (panels G41-G;). Scale bars: 10 um.

Table 2.1. Coexpression of APPL plus Goa in COS7 cells produces significantly
greater BiFC signals than APPLAGo plus Goa.

Expressed Proteins APPL levels Goa levels BiFC levels
APPL + Goa 107 * 9 (ns) 72 * 5 (ns) 116 + 13%*:x*
APPLAGo + Goa 119 *10 92 +10 9+ 2

Table 2.1. Quantification of expression levels for APPL, APPLAGo, Goa, and BiFC signals in
transfected COS7 cells (expressed in relative units per unit area). Fluorescence intensities
were calculated from identical regions of the cell membrane and associated filopodia for each
channel (as shown in Fig. 2.4). APPL-Goa interactions produced significantly stronger BiFC
signals than APPLAGo-Goa. interactions when expressed at similar levels. Each data set
shows mean * SEM; N = 20 for each sample; ns, no significant difference; ***p < 0.001,
Student’s two-tailed ¢ test.
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To complement our analysis of APPL-Goa interactions in vitro, we also used the
UAS-GAL4 system to express APPL-Vn1 and Vn2-Goa within the fly nervous system.
For these experiments, we induced expression of UAS-APPL-Vn1 and UAS-Vn2-Goa
using the eye-specific GMR-GAL4 promoter construct. Developing eye discs were then
collected at progressive stages of development, fixed, and immunostained with a
polyclonal anti-GFP antibody that recognized both Vn1 and Vn2 (visualized with Alexa
568-conjugated secondary antibodies), allowing us to monitor their expression levels in
addition to the BiFC signals that they produced. When we expressed either APPL-Vn1
(Fig. 2.5A1) or Vn2-Goa alone (Fig. 2.5B+), we could readily detect the constructs in
developing adult photoreceptors within the eye discs, but (as expected) no BiFC signals
were produced (Fig. 2.5A,, 2.5B;). In contrast, coexpression of APPL-Vn1 with Vn2-Goa
resulted in robust BiFC signals within the photoreceptor membranes and their axonal
projections extending into the developing adult brain (Fig. 2.5C). These results
demonstrate that APPL and Goa directly bind when coexpressed in vivo, similar to our
results in COS7 cells.

To explore whether APPL-Goa interactions could be visualized in synaptic
regions within the brain, we also examined younger third instar larvae, when GMR-
induced expression can also be detected in 12 bilaterally paired larval photoreceptors
that project to the brain (Steller H, 1987, Hartenstein, 1988). As shown in Figure 2.5D,
BiFC signals produced by coexpression of APPL-Vn1 with Vn2-Goa could be readily
detected in larval photoreceptor axons extending through the developing eye disc via
Bolwig’s nerve and into the larval optic neuropil (lon; Fig. 2.5D,), where they make
synaptic contacts with several classes of interneurons (Tix et al., 1989, Sprecher et al.,
2011). In contrast, when we coexpressed UAS-Vn2-Goa with UAS-APPLAGo-Vn1

(lacking the Go binding domain of APPL) at similar levels, no detectable BiFC signals
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were produced (Fig. 2.5E;); again demonstrating that this domain is required for APPL-
Goa interactions in vivo. At slightly later stages (white pupae), BiFC signals also became
apparent within the developing synaptic terminals of adult photoreceptors coexpressing
APPL-Vn1 and Vn2-Goa in the lamina cortex (Fig. 2.5F). These results confirm our
immunohistochemical evidence that endogenously expressed Goa colocalizes with APP
family proteins in developing neurons, providing additional support for the model that
APP-Goa signaling may play a functional role in regulating key aspects of neuronal

motility.
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Figure 2.5. APPL and Goa directly interact in Drosophila photoreceptors and developing
synapses. Isolated eye discs from third instar larvae expressing UAS-APPL-Vn1, UAS-Vn2-
Goa, or both constructs (controlled by GMR-GAL4). Discs were fixed and immunostained with
a-GFP (Aves #GFP1020) to label both Vn1 and Vn2 epitopes (visualized with Alexa-568
secondary antibodies); BiFC signals produced by APPL-Goa interactions were imaged in the
green channel. A4, B4) Eye discs expressing either APPL-Vn1 or Vn2-Goa alone did not
exhibit detectable BiFC signals (A2, B;). C1) Coexpression of APPL-Vn1 and Vn2-Goa
resulted in robust BiFC signals throughout the fly photoreceptors (C) and their axonal
projections extending into the optic stalk (arrowheads). Small white boxes in the low-
magnification images indicate highlighted regions shown in the insets of each panel. D-E)
Isolated eye disc-brain complexes from mid-third instar Drosophila larvae that expressed Vn2-
Goa plus either wild type APPL-Vn1 or APPLAGo-Vn1. Magenta outlines demarcate the
proximal brain lobe (br) in each preparation. D4,E4) Eye disc-brain complexes from mid-third
instar larvae coexpressing Vn2-Goa plus mutated or wild type forms of APPL-Vn1.
Immunostaining for anti-GFP showed that the Venus-tagged constructs were expressed in the
developing adult photoreceptors (adjacent to the morphogenetic furrow; arrowheads) and
throughout Bolwig’s nerve (bn), which carries the axons of 12 larval photoreceptors through
the eye disc into the larval optic neuropil of the brain (lon; arrows). Larval photoreceptors are
out of the field of view. D;) The combined expression of APPL-Vn1 and Vn2-Goo. produced
robust BiFC signals in regions where both proteins were coexpressed (indicative of direct
APPL-Goa interactions), including the synaptic projections of the larval photoreceptors in the
larval optic neuropil. E;) Coexpression of APPLAGo-Vn1 plus Vn2-Goa produced no
detectable BiFC signals, despite comparable expression levels for both APPL constructs in D
and E (data not shown). D3) Schematic representation of the mid-third instar larval eye disc-
brain complex (equivalent to dissected preparations in D-E), illustrating the orientation of
Bolwig’s nerve (bn) and the lon. Arrowheads indicate the morphogenetic furrow; dotted outline
in the brain (br) indicates the adult optic anlage (Swanson et al.), forming adjacent to the lon.
F) Eye disc-brain complex from a white pupa expressing APPL-Vn1 plus Vn2-Goa. F4)
Immunostaining with anti-GFP revealed the expression of the Venus-tagged constructs in
developing adult photoreceptors, their projecting axons in the optic stalk (os), and their
differentiating synaptic terminals within the lamina cortex (la) of the brain. F3) Magnified image
of the boxed region in F; (compressed image of 16 optical sections) to highlight the presence
of BiFC signals in the photoreceptor axons within the os and their synaptic terminals in the la.
F3) Schematic representation of the eye disc-brain complex at the white pupal stage
(equivalent to preparation in F4) illustrating the orientation of the os and la regions; small
oblong circle (gray) indicates the position of the residual lon (not visible in F4-F;). Scale bars:
A-C, 25 um in panels; 15 um in inset boxes; D-F4, 30 um ;10 um in F..
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APPL-Goa interactions are regulated by Goa activity

A prediction from the model that APPL functions as an authentic G protein-
coupled receptor (GPCR) is that APPL should preferentially bind inactive Goa as part of
a heterotrimeric complex, whereas activation of Goa should promote its dissociation
from APPL (Fig. 2.6A). To address this issue, we use our coimmunoprecipitation assays
to determine whether stimulating G protein activity affected basal APPL-Goa interactions.
As an initial test, we prepared lysates from Manduca GV1 cells (which endogenously
express both proteins) and verified that APPL and Goa could be readily
coimmunoprecipitated with anti-cAPPL antibodies (Fig. 2.6B, Lane 1; histogram values
in Fig. 2.6B were calculated by normalizing coimmunoprecipitated Goa levels relative to
untreated controls). In contrast, treating replicate samples with GTPyS, a non-
hydrolyzable GTP analog that activates all G proteins (Stryer and Bourne, 1986),
reduced APPL-Goa interactions in a concentration-dependent manner (Fig. 2.6B, Lanes
2-4). Treating lysates with GDP@S, which inhibits G protein activation, slightly increased
Gooa-APPL interactions (Fig. 2.6B, Lane 6). These results indicate that APPL
preferentially binds inactive but not active Goa, consistent with the hypothesis that APPL
may function as a Goa-associated receptor rather than a downstream target of Goa
signaling.

A potential caveat to the foregoing experiments is that GDP/GTP analogs can
modulate the activity of both heterotrimeric and monomeric G proteins (Stryer and
Bourne, 1986) and therefore might affect APPL-Goa interactions both directly and
indirectly. We therefore performed a similar analysis with reagents that selectively target
Goa, using lysates prepared from Manduca embryos at 60-70 hpf (during the active
period of EP cell migration and outgrowth). Lysates were immunoprecipitated with anti-

cAPPL, and the immunoblots labeled with both anti-Goa (Fig. 2.6C, upper gel) and anti-
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nAPPL (Fig. 2.6C, lower gel); the doublet labeled by the double arrows in Fig. 2.6C
indicates the immature and mature forms of full-length APPL (Swanson et al., 2005). For
these experiments, relative levels of coimmunoprecipitated Goa were normalized to
APPL levels in each sample, and then quantified as a ratio compared to untreated
controls. Because insect APPL is exclusively expressed by neurons (Luo et al., 1990;
Swanson et al., 2005), this approach provided a means of testing how Goa activity
affects its association with endogenous APPL in the developing nervous system. As
shown in Figure 2.6C (Lanes 1-2), treatment with GTPyS dramatically reduced the
amount of Goa that could be coimmunoprecipitated with APPL, compared to untreated
controls. Likewise, treatment with the Goa activator Mas 7 (a potent analog of
Mastoparan) caused a substantial reduction in APPL-Goa interactions at all
concentrations (Fig. 2.6C, Lanes 3-4; and data not shown). Although Mas 7 will also
activate Gia (Higashijima et al., 1990), our evidence that APP family proteins associate
with Goa but not other G proteins (Fig. 2.3) suggest that the effects of Mas 7 were
specific to Goa in this assay. In contrast, treatment with PTX caused a dramatic increase
in the amount of Goa that coimmunoprecipitated with APPL (Fig. 2.6C, Lanes 5-6).
Since PTX inhibits insect Goa but not Gia (which lacks the C-terminal cysteine targeted
for ADP-ribosylation; Thambi et al., 1989), these results indicate that the inactivation of
Goa specifically inhibits its dissociation from APPL. None of these treatments
significantly altered APPL levels (Fig. 2.6C. double arrowheads), indicating that the
observed changes in APPL-Goa interactions were not caused by accelerated cleavage
or degradation of the holoprotein. Figure 2.6D summarizes the combined results of
multiple experiments using these methods, showing that both GTPyS and Mas 7 caused
significant decreases in coimmunoprecipitated Goa.. In contrast, treatment with PTX

caused a concentration-dependent increase in APPL-Goa interactions, ranging from a
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slight enhancement at 1 ug/ml to highly significant increases at 2-4 ug/ml (Fig. 2.6D, and
data not shown). In some preparations, GDPfS also caused an increase in the level of
coimmunoprecipitated Goa, although this response was more variable and did not reach
statistical significance at the concentrations used for this assay. In combination, these
experiments support the model that stimulation of APPL signaling within neurons will
induce the activation and release of Goa, similar to conventional GPCRs. They also
suggest that under normal conditions, a low level of APPL activation coincides with EP
cell migration and outgrowth, consistent with a role for APP family proteins in regulating

motile responses to endogenous guidance cues.
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Figure 2.6. APPL-Goa interactions are regulated by Goa activity. A) Schematic of the model
that inactive Goa binds APPL as part of a heterotrimeric complex with GBy. Activation of Goa
(normally due to the exchange of bound GDP for GTP) promotes its dissociation from APPL,
whereas inhibiting Goa prevents this dissociation, resulting in an increase in basal APPL-Goa
interactions. B) Replicate cultures of Manduca GV1 cells (which endogenously express APPL
and Goa) were treated as indicated, then lysed, immunoprecipitated with anti-APPL, and
immunoblotted with anti-Goa.. Relative levels of coimmunoprecipitated Goa. were normalized
to “no treatment” control run in parallel (Lane 1). Stimulating G protein activity with GTPyS (a
non-hydrolyzable activator of G proteins) led to a concentration-dependent reduction in the
amount of Goa that coimmunoprecipitated with APPL (Lanes 2-4). IgY = matched negative
control immunoprecipitation (Lane 5). Treatment with GDPBS (a nonhydrolyzable G protein
inhibitor) caused a modest increase in APPL-Goa interactions (Lane 6). C) Lysates from
staged groups of embryos (60-65 hpf) were treated as indicated, immunoprecipitated with anti-
APPL, and immunoblotted with anti-Goa. Gel shows a representative western blot of
coimmunoprecipitated Goa (upper blot) and APPL (lower blot; labeled with anti-nAPPL).
Double arrow indicates the immature (smaller) and mature (larger) forms of full-length APPL.
Goa levels were calculated as a ratio of immunoprecipitated full-length APPL in the same
sample, and ratios were normalized to untreated controls (Lane 1). Treatment with 1.0 uM
GTPyS decreased APPL-Goa interactions (Lane 2). Treatment with Mas 7 (to activate
Gia/Goa) decreased APPL-Goa interactions in a concentration-dependent manner (Lanes 3-
4). In contrast, inhibiting Goo with PTX enhanced APPL-Goa interactions (Lanes 5-6).
Treatment with 20 uM GDPS caused only a minor increase in coimmunoprecipitated Goa
levels (Lane 7). IgY = negative control immunoprecipitation (Lane 8). D) Combined analysis of
multiple experiments in which Manduca embryonic lysates were treated with G protein-specific
reagents, then immunoprecipitated with anti-cAPPL and immunoblotted with anti-Goa. Each
manipulation was repeated in at least three independent experiments and normalized to their
respective untreated controls in the same assay. Treatment with both GTPyS and Mas 7
significantly reduced APPL-Goa interactions. Mas 17, an inactive mastoparan analog, had no
significant effect, compared to controls. PTX induced a concentration-dependent increase in
APPL-Goa interactions. Although treatment with GDP(S caused a slight increase in APPL-
Goa interactions in some experiments, overall this effect was not significant at the
concentrations tested. IgY represents the species-matched negative control
immunoprecipitations performed in each assay. Pairwise statistical analyses were performed
between the control and each experimental group using Student’s two-tailed f tests, *p < 0.05;
**p < 0.01. Error bars indicate SEM.
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APPL and Goa signaling regulate common aspects of neuronal migration

To test whether APPL-Goa signaling regulates specific aspects of neuronal
motility in vivo, we used our well-characterized embryo culture assay for neuronal
migration in Manduca (Horgan et al., 1995; Coate et al., 2008). Developmentally
synchronous embryos were opened in culture to expose the ENS before the onset of the
migration (at 52-53 hpf; Fig. 2.7A), and the EP cells were directly challenged with
experimental reagents targeting either Goo. or APPL. The embryos were allowed to
develop in culture for an additional 24 hr, and then fixed and immunostained with anti-
Fas Il to quantify the full extent of EP cell migration and axon outgrowth. As shown in
Figure 2.7B, embryos treated with control medium during this period exhibited a normal
pattern of migration and outgrowth that was predominantly restricted to the midgut
muscle bands (“b”), with relatively few neurons and processes extending onto the
interband regions (“ib”). Treating the EP cells with AlF,- to selectively stimulate
heterotrimeric G protein activity (Sternweis and Gilman, 1982) curtailed their subsequent
migration and outgrowth (Fig. 2.7C, E), similar to the effects of both GTPyS (which
stimulates all G proteins) and mastoparan (specific for Goa and Gia; Horgan et al., 1994,
1995). In contrast, inhibiting Goa with PTX resulted in a distinctive pattern of ectopic
migration and outgrowth by the EP cells onto the interband regions (Fig. 2.7D, F-G), as
well as a moderate increase in their average distance traveled along the normal band
pathways (Fig. 2.7E). To confirm the specificity of this effect, we also treated
premigratory neurons with the A-Protomer of PTX (which lacks the lectin-like activity of
the B-oligomer; Mangmool and Kurose, 2011), using alpha toxin to enhance cell
penetration (as previously described; Horgan et al., 1995). As shown in Figure 2.7F-G,
this treatment induced a more dramatic increase in the number of ectopic neurons and

neurites that extended into the interband regions, as well as a moderate but significant
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increases in migration and growth along the band pathways (Fig. 2.7E). Treatment with

alpha toxin alone caused no significant effects (not shown). These results are consistent
with our previous evidence that Goa activity normally restricts the extent of EP cell

migration in a Ca®*-dependent manner (Horgan and Copenhaver, 1998).
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Figure 2.7. Inhibiting Goa activity in the EP cells induces ectopic migration and outgrowth. A-
D) Representative camera lucida drawings of Manduca embryos in which the EP cells were
treated prior to migration onset with reagents targeting Goa, grown in culture for another 24
hr, then fixed and immunostained with anti-Fas Il to reveal the full extent of migration and
outgrowth in the developing ENS. A) Control embryo immunostained at the onset of an
experiment (52 hpf) to show the initial positions of the premigratory EP cells adjacent to the
foregut-midgut boundary (FG/MG). By this stage, subsets of neurons had begun to extend
exploratory filopodia onto their future muscle band pathways (b) but had not commenced their
migratory dispersal. B) Embryo opened at 52 hpf and treated with control culture medium
throughout 24 hr of development showed the normal pattern of migration and outgrowth along
the muscle bands, with only a few processes growing onto the interband musculature (ib). C)
Treatment with 12.5 uM AlF4- (an activator of heterotrimeric G proteins) caused almost
complete inhibition of migration and outgrowth, stalling the neurons at the foregut-midgut
boundary. D) Treatment with 100 ng/ml PTX (a specific inhibitor of Goa in insects) induced a
distinctive pattern of ectopic migration (open arrows) and outgrowth onto the interband regions
(black arrowheads). E) Average distances of neuronal migration and axon outgrowth along
band pathways for each treatment group (normalized to matched sets of control embryos in
each experiment). F) Quantification of the average number of neurons per embryo that
exhibited ectopic migration into each interband region for each treatment condition. G)
Quantification of the average extent of ectopic axon outgrowth in the interband regions of
embryos treated with various reagents. In E-G pairwise statistical analyses were performed
between each experimental group and their corresponding controls, using Student’s two-tailed
t tests, *p < 0.05; #p <0.02; **p < 0.01; ***p < 0.001. N= at least 10 per condition. Error bars
indicate SEM.

70



Based on reports that APP family proteins can regulate neuronal migration in
other systems (Herms et al., 2004; Young-Pearse et al., 2007) and our evidence that
APPL endogenously interacts with Goa in the developing ENS, we tested whether
altering APPL expression in the EP cells induced similar defects in their migratory
behavior. We first evaluated a panel of morpholinos targeting the coding domain of
Manduca APPL mRNA for their effectiveness in knocking down APPL expression in GV1
cells. As shown in Figure 2.8A, one of these morpholinos (MO-APPL2) caused
significant reductions in APPL levels that were both concentration-dependent and
specific, almost completely eliminating APPL protein levels (Fig. 2.8B) without affecting
Goa or tubulin expression (used as off-target controls; Fig. 2.8A, B). Staged embryos
were then opened in culture at 48 hpf (7 hr before migration onset) and treated with
either MO-APPL2 or control morpholinos for 24 hr, using Endo-Porter to facilitate their
transport into developing neurons (Coate et al., 2008). Compared to the infrequent
ectopic events seen in embryos treated with control morpholinos (Fig. 2.8C), knocking
down APPL expression in the EP cells resulted in a pattern of excessive migration and
outgrowth onto the interband regions (Fig. 2.8D, G-H), a phenotype strikingly similar to
the ectopic growth induced by PTX treatment (Fig. 2.7D). Because our methods for
visualizing the EP cells (with anti-Fas |l immunostaining) precluded a simultaneous
analysis of APPL expression, it was not possible to directly correlate the extent of
ectopic growth by individual neurons and their residual APPL levels. Nevertheless,
quantifying these effects for the entire population of EP cells indicated that inhibiting
APPL expression resulted in the same distinctive pattern of ectopic growth and migration
caused by inhibiting Goa activity.

Although several candidate proteins have now been shown to interact with APP

family proteins in different contexts (Ho and Sudhof, 2004, Osterfield et al., 2008, Rice et
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al., 2012) authentic ligands that regulate their intrinsic signaling activity have yet to be
identified. As an alternative strategy, we used our anti-nAPPL antibody (targeting the
extracellular domain of APPL) to block endogenous interactions between APPL and its
putative binding partners to test whether APPL-dependent signaling is required for their
normal pattern of migration and outgrowth. Accordingly, staged embryos were opened in
culture shortly before the onset of migration (52-23 hpf), and the EP cells were directly
treated with medium containing either anti-nAPPL or control IgG. Imaging these
preparations after 24 hr revealed the same pattern of ectopic growth and migration (Fig.
2.8E) caused by PTX treatment and APPL-specific morpholinos (Fig. 2.8G-H), whereas
neither of these treatments had a significant effect on the extent of migration and axon
growth along the band pathways (Fig. 2.8F). Thus, inhibition of either Goa or APPL
activity produced an identical phenotype within the developing ENS, in which the
migratory neurons and their processes traveled inappropriately into regions that were
normally inhibitory to neuronal growth.

The dramatic effects caused by perturbing APPL signaling in our embryonic
culture assays were particularly striking, compared to the relatively subtle phenotypes
induced by the genetic deletion of APPL. In flies lacking APPL, the initial formation of the
nervous system was surprisingly normal (Luo et al., 1992), although these animals
displayed more subtle defects in axonal targeting and postsynaptic synaptic growth
(Ashley et al., 2005, Mora et al., 2013), and they exhibited aberrant responses to both
neurodegenerative insults and traumatic brain injury (Leyssen et al., 2005, Wentzell et
al., 2012). Flies lacking APPL also exhibited behavioral and learning deficits that could
be rescued by re-expression of APPL or human APP (Luo et al., 1992). These results
are consistent with the model that APPL-dependent interactions modulate multiple

aspects of neuronal motility throughout life. By comparison, genetic deletion of Goa. in
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Drosophila caused more extensive abnormalities in neuronal growth and guidance,
including errors in axonal guidance, fasciculation, and target innervation (Fremion et al.,
1999), suggesting that additional guidance factors besides APPL normally contribute to
the homeostatic control of Goa in the nervous system. In this manner, the local control of
Goa activity in motile neurons may provide a convergent mechanism for integrating their
responses to a range of attractive and repulsive stimuli (He et al., 2006, Bromberg et al.,
2008). The dramatic patterns of ectopic growth caused by our acute manipulations of
APPL signaling in the ENS may therefore reflect a lack of compensatory modulation of

Goa over the relatively short time course of our embryonic culture assays.
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Figure 2.8. Disrupting APPL signaling in the EP cells induces ectopic migration and
outgrowth. A) Western blot of Manduca GV1 cells treated with APPL-specific morpholinos
(MOs) for 48 hrs, then lysed and immunoblotted with anti-APPL to demonstrate the selective
knock down of APPL expression. Immunoblotting the same gel with anti-tubulin served as a
control for non-specific effects of the MOs. Lanes 1-2: replicate GV1 cell lysates treated with
20 uM standard control MOs (plus 0.6% Endo-Porter). Lanes 3-8: replicate lysates treated
with 0.6% Endo-Porter plus increasing concentrations of APPL MOs. B) Quantification of
replicate experiments demonstrating the effectiveness of the APPL MOs at different
concentrations (normalized to tubulin levels); treatment with 5 and 20 uM APPL significantly
inhibited APPL protein levels. Quantification of Goa levels in the same samples (also
normalized to tubulin) showed that Goa was unaffected by the morpholino treatments. C-H)
Inhibiting APPL signaling in the EP cells phenocopies the effect of inhibiting Goa activity on
ectopic migration and outgrowth. C-E) Camera lucida drawings of Manduca embryos in which
the EP cells were treated prior to migration onset with reagents targeting APPL signaling,
allowed to develop in culture for another 24-48 hr, then fixed and immunostained with anti-Fas
Il to reveal the full extent of migration and outgrowth. C) Control embryo treated with culture
medium exhibited a normal pattern of migration and outgrowth (same preparation shown in
Fig. 7B). D) Treatment with APPL-specific morpholinos (50 uM) induced the same overall
pattern of ectopic migration and outgrowth caused by inhibiting Goa activity. E) Treatment
with anti-nAPPL (1 ug/ml) also induced a similar phenotype. Open arrows in D-E indicate
ectopic neurons in the interband regions; black arrowheads indicate ectopic processes. F)
Average distances of neuronal migration and axon outgrowth along the band pathways for
each treatment group (normalized to matched sets of control embryos in each experiment). G)
Quantification of the average number of neurons that exhibited ectopic migration onto the
interband regions for each treatment condition. H) Quantification of the average extent of
ectopic axon outgrowth per interband region for each treatment condition. *p < 0.05; #p < 0.02;
**p < 0.01; ***p < 0.001; Student’s two-tailed f tests. N= at least 10 per condition. Error bars
indicate SEM.
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In combination with previous evidence that local activation of Goa in the EP cells
induces Ca?*-dependent filopodial retraction (Horgan and Copenhaver, 1998), we
propose that APPL (and its vertebrate orthologs) can function as unconventional Goa-
associated receptors that regulate the motile behavior of developing neurons (Fig. 2.9).
By this model, transmembrane APPL normally traffics to the leading processes of
developing neurons, where it assembles into a signaling complex with Goa. Interactions
between APPL on exploratory filopodia and unidentified ligands on adjacent cells induce
the local activation and release of Goa, which in turn promotes Ca®-dependent filopodial
retraction. Global stimulation of this pathway should therefore induce a collapse/stall
response in migration (as caused by activators of Goa), whereas inhibition of either
APPL or Goa should permit ectopic, inappropriate migration and outgrowth (as
illustrated by the foregoing manipulations). In this manner, APPL and its vertebrate
orthologs might contribute to the dynamic positioning of neurons and their processes
within the developing nervous system, and in regions of synaptic plasticity in the adult

brain.
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Figure 2.9. A model for the role of APPL-Goa signaling in the control of neuronal migration
within the developing ENS. Transmembrane APPL is expressed in the motile processes of
migrating EP cells, where it colocalizes with Goa. When exploratory filopodia extend off the
band pathway (b) onto the adjacent interband regions (ib), they encounter ligands (as yet
unidentified; black octagons) that induce APPL-dependent activation of Goa. In turn, local
activation of Goa within the leading process induces Ca”" influx via voltage-independent
channels (Horgan and Copenhaver, 1998), resulting in filopodial retraction, thereby restricting
inappropriate outgrowth and migration into these regions.
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DISCUSSION

APP family proteins as unconventional Goa-coupled receptors

Evidence that APP can function as a G protein-associated receptor originated
from studies by Nishimoto and colleagues (Nishimoto et al., 1993; Okamoto et al., 1995),
who used reconstituted phospholipid vesicles to show that clustered APP can activate
Goa via a 20 AA sequence within its cytoplasmic domain. However, the physiological
role of APP as an authentic regulator of Goa activity has remained unclear. We have
now used several different approaches to show that endogenously expressed APPL (in
insects) and APP (in mammals) interact with Goa in the nervous system. Simultaneous
immunolabeling with antibodies against both the N- and C-terminal domains of APP and
APPL indicated that the full-length forms of these proteins colocalize with Goa in regions
of active maotility, including the leading processes of migrating neurons and the growth
cones of elongating neurites (Fig. 2.1-2.2). Likewise, our coimmunoprecipitation analysis
showed that endogenously expressed full-length APPL and APP both interact with Goa,
in contrast to other related Ga-subunits (including Gia and Gsa,; Fig. 2.3). Using
genetically modified Drosophila lines, we demonstrated that the conserved Go-binding
domain within APPL is required for this interaction (Fig. 2.3G), providing new support for
the model proposed by Nishimoto and colleagues. A pharmacological analysis of APPL-
Goa interactions in lysates from Manduca cells and embryos demonstrated that
activation of Goa induced its dissociation from APPL, whereas inhibiting Goa enhanced
APPL-Goa interactions (Fig. 2.6), consistent with the effects of similar manipulations
targeting conventional GPCRs (Mangmool and Kurose, 2011).

Lastly, we adapted BiFC protocols to show that APPL directly interacts with Goa
(but not other Ga subunits) in transfected COS7 cells (Fig. 2.4) and within the fly

nervous system (Fig. 2.5). Consistent with our coimmunoprecipitation assays, we found
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that the production of BiFC signals by APPL-Goa interactions required the conserved
Go-binding domain in APPL (Figs. 2.4-2.5). These results provide the first demonstration
that APPL and Goa can directly bind in vivo, and they support the model that APP family
proteins represent a distinct class of unconventional (single-transmembrane) Goa-

coupled receptors (Patel, 2004).

APP family proteins and the control of neuronal migration

Although the normal functions of APP and its orthologs remain controversial,
considerable evidence indicates that they can regulate multiple aspects of neuronal
motility. Developmentally expressed APP (in mammals) and APPL (in insects) are
upregulated in regions of active growth and migration (Luo et al., 1990, Clarris et al.,
1995, Torroja et al., 1999a, Sabo et al., 2003, Swanson et al., 2005, Young-Pearse et al.,
2007), while both the transmembrane holoproteins and their cleaved ectodomain
fragments are capable of modulating cell adhesion responses, neurite arborization, and
synaptogenesis (Qiu et al., 1995, Torroja et al., 1999a, Leyssen et al., 2005, Soba et al.,
2005). In particular, several recent reports have indicated that APP may play an
important role in controlling neuronal migration within the mammalian brain. However,
different experimental strategies have produced conflicting results, possibly due in part
to the overlapping activities of the related proteins APLP1 and APLP2 (Heber et al.,
2000). Analogous to the rather subtle defects seen in flies lacking APPL, genetic
deletion of APP alone produced no major abnormalities in mouse brain development,
although these animals subsequently exhibited a variety of postnatal defects in dendritic
growth, synaptic plasticity, and spatial learning (Sugaya et al., 1996, Dawson et al., 1999,
Phinney et al., 1999). Even in mice lacking all three APP family proteins, many aspects

of brain development were found to be essentially normal, except for a striking pattern of
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heterotopias resembling cobblestone lissencephaly (Herms et al., 2004), caused by
excessive, inappropriate neuronal migration in the developing cortex (Devisme et al.,
2012). Similar defects were also reported in mice lacking both Fe65 and Fe65L1
(Guenette et al., 2006), cytoplasmic adapter proteins that regulate APP trafficking and
processing and may control the bioavailability of the holoprotein (McLoughlin and Miller,
2008, Dumanis et al., 2012). These results support the model that signaling by APP and
its orthologs normally restricts the extent of neuronal migration in the mouse brain,
analogous to our results in Manduca. As with APPL in the insect nervous system, we
postulate that other guidance cues besides the APP family regulate Goa activity within
motile neurons in the developing mammalian brain, providing a mechanism for
integrating local growth responses to a variety of environmental stimuli. Given our
evidence that endogenously expressed APP and Goa both colocalize and interact in
mammalian neurons, it will be interesting to test whether the synaptic defects caused by
the loss of APP family proteins can be linked to alterations in Goa-dependent signaling
pathways.

In contrast to the heterotopias induced by genetic deletion of APP and its
orthologs, interfering with APP expression in neuronal precursors by RNA interference
resulted in the premature arrest of migration by their progeny (Young-Pearse et al.,
2007), suggesting that APP normally promotes migration in response to permissive
guidance cues in the developing cortical plate (Young-Pearse et al., 2008; Rice et al.,
2012). Recent evidence demonstrating that members of the APP family also regulate the
mitotic behavior of cortical progenitors (independent of their role in migration) may
provide an explanation for these disparate results (Shariati et al., 2013). Since insect

APPL is not expressed by developing neurons until after their terminal mitosis (Luo et al.,
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1990; Swanson et al., 2005), our manipulations in the embryonic ENS have specifically
addressed its function during the migratory period of development.

By exploiting the comparative simplicity of Manduca as a model system, we have
shown that APPL plays an important role in regulating the directionality of motile neurons
within the nervous system. Knocking down APPL expression in the EP cells with
morpholinos eliminated their normal inhibitory response to the interband regions of the
ENS, resulting in a distinctive pattern of inappropriate migration and outgrowth (Fig. 2.8D,
G-H). Similarly, treating the migratory neurons with antibodies against the extracellular
domain of APPL induced the same ectopic phenotype (Fig. 2.8E), presumably by
interfering with endogenous interactions between APPL and its functional ligands (as yet
unidentified). An alternative explanation is that treatment with anti-APPL antibodies
might have accelerated the internalization or clearance of APPL from the surface of the
migrating neurons, which would produce the same effect. By comparison, EP cells that
remained on the muscle bands in these preparations migrated correctly (Fig. 2.8D-F),
indicating that APPL is not required for their response to permissive cues associated
with their normal pathways (including Fas II: Wright et al., 1999). Intriguingly, APPL has
also been postulated to restrict inappropriate nuclear migration by developing
photoreceptor neurons in Drosophila, albeit via a more indirect signaling mechanism
(Pramatarova et al., 2008). Whether overstimulation of APPL signaling in the EP cells
will induce premature termination of migration (similar to Goa. hyperactivation) remains
to be determined. Nevertheless, these results support the model that APPL functions as
a guidance receptor that transduces neuronal responses to local inhibitory cues,
preventing developing neurons from growing into inappropriate regions of the nervous

system.
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The role of APP-Goa. interactions in neural development and disease

Work on a number of model systems has demonstrated an important role for
Goa in the control of neuronal growth and motility. Goa is the most abundant
heterotrimeric G protein in the brain (Strathmann and Simon, 1990, Chen et al., 1999); it
is enriched in growth cone membranes and migrating neurons (Chang et al., 1988,
Strittmatter, 1992, Horgan et al., 1994, Bates and Meyer, 1996), and it regulates neurite
outgrowth (He et al., 2006, Bromberg et al., 2008). In cultured chick neurons, PTX-
sensitive Gol/i proteins have been shown to transduce “collapse” responses in growth
cones that encounter certain inhibitory cues, in part by promoting Ca?*-dependent
filopodial retraction (Igarashi et al., 1993, Nakayama et al., 1999). The misregulation of
this pathway may also affect regeneration responses within the mammalian CNS (Bates
and Meyer, 1996). Previously, we showed that Goa stimulation in the EP cells inhibits
their motility and causes premature stalling within the developing ENS (recapitulated in
Fig. 2.7C), a response that is transduced via activation of voltage-independent Ca**
currents (Horgan and Copenhaver, 1998). In contrast, inhibiting Goa resulted in the
same characteristic pattern of inappropriate migration and outgrowth caused by
interference with APPL-dependent responses (Fig. 2.8D-E).

Based on our evidence that Goa and APPL colocalize within the leading
processes of the EP cells; that they are functionally coupled and directly interact via the
Go-binding domain in APPL; and that inhibiting either Goa. or APPL signaling produces
the same distinctive phenotype of ectopic migration and outgrowth, we hypothesize that
APPL functions as a Goa-coupled receptor that regulates neuronal motility in a variety of
contexts. Moreover, our evidence that transmembrane APP selectively associates with
Goa in mammalian neurons (Fig. 2.2R-T, 2.3H-K) suggests that this interaction is

evolutionarily conserved. In the developing nervous system, this signaling pathway
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would provide a previously unrecognized mechanism for restricting inappropriate
migration and outgrowth, a response that might also play a role in synaptic remodeling
(complementing the model proposed by Ashley et al., 2005). In the context of AD,
several intriguing studies have suggested that the misregulation of APP-Goa signaling
may also play a role in progressive neurodegeneration. The neurotoxic effects of FAD-
associated mutations in APP were previously shown to hyperactivate Goa in cell culture,
whereas blocking Goa signaling could prevent the apoptotic effects of disease-
associated APP isoforms (Okamoto et al., 1996; Yamatsuiji et al., 1996). More recently,
studies using human brain samples revealed that both elevated G protein activity and
decreased APP-Goa interactions correlated with the severity of AD symptoms (Reis et
al., 2007; Shaked et al., 2009; Sola Vigo et al., 2009), while in vitro assays showed that
AP peptides could disrupt APP-Goa interactions, resulting in the hyperactivation of Goa
and aberrant Ca®" influx (Reis et al., 2007, Shaked et al., 2009). These results are also
consistent with evidence that the dysregulation of neuronal Ca®" may be an important
factor in initiating the neurodegenerative responses that typify AD (Khachaturian, 1987,
LaFerla, 2002). Further investigation of the normal processes controlled by APP-Goa.
signaling (including Ca**-dependent synaptic growth and remodeling) may therefore
provide the framework for testing whether the misregulation of this pathway contributes

to a variety of age-related neurological conditions.
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CHAPTER 3

Ligand-induced stimulation of APP regulates Go-dependent aspects of neuronal

development

Modified from an in-progress manuscript
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ABSTRACT

Amyloid precursor protein (APP) is a transmembrane protein that has been
postulated to regulate multiple aspects of neuronal motility by functioning as a receptor.
However, the identity of its upstream ligands and the mechanisms by which APP
signaling is induced in vivo remain elusive. Using established protocols for activating
APP in mammalian neurons with antibodies, | have demonstrated that APP signaling
causes Go-dependent growth cone retraction and collapse in cultured neurons. As a
complementary strategy, | also investigated whether contactins (a group of candidate
APP ligands) could regulate neuronal migration in a manner consistent with APP
signaling. Using an established assay for neuronal migration in the hawkmoth, Manduca,
| provide evidence that Manduca contactin (Mscontactin) may play a role in regulating
the positioning of migrating neurons, consistent with Mscontactin functioning as an APPL
ligand. Based on preliminary evidence that APP regulates key aspects of neuronal
migration and axon outgrowth, | hypothesize that contactins function as upstream
activators for APP family proteins, inducing Goa-dependent growth cone collapse that

ultimately restricts neuronal migration and axon outgrowth.
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INTRODUCTION

Amyloid precursor protein (APP) has been postulated to function as a receptor
(Kang et al., 1987) that may regulate distinct aspects of neuronal migration, such as
neurite outgrowth (Perez et al., 1997, Small et al., 1999), cell adhesion (Breen et al.,
1991, Soba et al., 2005), synapse formation (Wang et al., 2005, Priller et al., 2006), and
neuronal positioning (Herms et al., 2004, Young-Pearse et al., 2007, Pramatarova et al.,
2008). Numerous candidate ligands for APP have been identified based on their ability
to bind the extracellular domain of APP, regulate aspects of APP-associated cellular
responses, and/or alter APP bioavailability. These candidates include pancortin (Rice et
al., 2012, Rice et al., 2013), F-spondin (Ho and Sudhof, 2004), Reelin (Hoe et al., 2006,
Hoe et al., 2009b), and members of the contactin family (Ma et al., 2008, Osterfield et
al., 2008). Screens for APP-binding partners conducted by the Flanagan (Osterfield et
al., 2008) and Copenhaver laboratories (unpublished data) revealed that contactins
could bind the extracellular domain of amyloid precursor family proteins. Based on
evidence that APP and contactins can regulate similar aspects of neurite outgrowth in
vitro, specific contactins have been postulated to function as upstream ligands for APP
(Osterfield et al., 2008).

Although the identity of endogenous ligands for APP within the brain is still
controversial (Zheng and Koo, 2011), numerous studies have demonstrated that anti-
APP antibodies can bind the extracellular domain of APP and stimulate APP-dependent
pathways in vitro. In phospholipid vesicles, application of the APP antibody 22C11
enhanced Goa-GTPyS binding when the heterotrimeric G protein was expressed in
combination with APP, but not when it was coexpressed with mutant forms of APP
lacking their cytoplasmic Go-binding domain (APPAGo) (Okamoto et al., 1995, Okamoto

et al., 1996). These data suggest that 22C11-induced clustering of APP mimics the
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effects of an agonist, thereby activating APP-Goa signaling. In culture, applying APP
antibodies to rat neuroblastoma cells that were transfected to stably overexpress APP
caused cytotoxicity that could be prevented by the Goa/Gia inhibitor PTX. Combined
with evidence that APP interacts with Goa but not Gia,, these results suggest that
overstimulation of APP signaling can trigger cell death via unregulated Goa activation
(Sudo et al., 2000).

Although prolonged hyperactivation of APP-Goa signaling may induce
neurotoxicity in vitro, whether this transduction pathway mediates physiological functions
in neurons is not known. When 22C11 antibodies were applied to rat cortical neurons at
14-21 days in vitro (DIV) and analyzed 24 hours post-treatment (prior to the onset of
widespread cell death), both neurite degeneration and somal shrinkage were observed
(Rohn et al., 2000). These results suggest that APP-Goa signaling may initially regulate
neurite retraction responses but can subsequently harm neurons if left unchecked. In
support of this model, when cultured hippocampal rat neurons were treated with sub-
lethal levels of 22C11 (100 ng/mL), they exhibited reduced numbers of dendritic spines,
decreased post-synaptic density markers, and increased Ap (Lefort et al., 2012). These
data suggest that hyperstimulation of APP causes synaptic dysfunction, neurite
degeneration, and eventually cell death (Lefort et al., 2012). Whether APP regulates
neurite outgrowth or synaptic formation during neuronal development, and whether it
does so in a Goa-dependent manner, remains unknown.

To determine the role of APP in developing neurons, we applied extracellular
APP antibodies to rat and mouse primary cultured hippocampal neurons during the initial
establishment of their axon polarity (stage 3 neurons; Kaech and Banker, 2006). Our
results identify a function for APP in mediating growth cone collapse, a response that

requires downstream activation of Go (or Gi). To investigate whether this same signaling

87



pathway might mediate neuronal migration or axon outgrowth in vivo, we made fusion
constructs of a candidate APP ligand, Manduca contactin (Mscontactin; the sole ortholog
of mammalian contactins in Manduca), in-frame with the Fc dimerization domain of
human IgG. When we applied Mscontactin-Fc fusion proteins to the developing enteric
nervous system (ENS) in Manduca embryos, we observed stalling behavior in migrating
neurons. Based on our previous study suggesting that APP regulates neuronal migration
and outgrowth in the nervous system by functioning as a Goa-associated receptor
(Ramaker et al., 2013), we hypothesize that Mscontactin-induced stimulation of APP-
Goa signaling regulates the guidance of neuronal migration and axon outgrowth in

developing neurons.
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METHODS

Hippocampal cultures

Hippocampal neuron cultures were kindly prepared by the Banker laboratory,
according to previously published protocols (Kaech and Banker, 2006, Kaech et al.,
2012). Briefly, hippocampi were dissected from E20 male and female rat pups, digested
with Trypsin (Invitrogen), and triturated into a single-cell suspension. Neurons were
plated on 18 mm glass coverslips coated with poly-L-lysine at a density of 20,000-25,000
cells per coverslip and grown above astroglial feeder layers in neurobasal medium
(Gibco, Life Technologies), supplemented with B27 and glutaMAX (Gibco, Life
Technologies) for 24 hours. For experiments using mouse neuronal cultures, single-cell
suspensions from PO mouse hippocampi were kindly provided by Dr. Joseph Quinn and

Mr. Christopher Harris and cultured, as described above.

APP antibody treatment

12-well culture dishes were pre-filled with 500 uL of each treatment reagent
diluted in culture media, and equilibrated to 37°C for 10 min, prior to adding coverslips
containing cultured neurons. The following reagents were used for specific experiments:
1-2 ug/mL 22C11 (mouse anti-APP), targeting the extracellular domain AA 66-81 of
human APPggys (Millipore #MAB348); 1-2 ug/mL IgG control (Jackson Laboratories #1-
000-003); 50 um Mas 7 (a mastoparan analog with enhanced activity, Enzo Life
Sciences #BML-G420-0001); 50 um Mas 17 (an inactive mastoparan analog, Enzo Life
Sciences #BML-G421-0001); 100-1000 ng/mL pertussis toxin, “PTX” (List Biological
Laboratories #179A); 20-100 ug/mL chick anti-ext APP, “nAPP #3”, (targeting the
extracellular domain AA 433-452 of human APP7;o, Aves laboratories); and as a

matched control, 20-100 ug/mL chick anti-cyt APP, “cAPP” (targeting the intracellular
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domain AA 753-770 of human APP77o, Aves laboratories). At 1 DIV, coverslips
containing cultured neurons were transferred neuron-side-up into the pre-filled wells and
incubated for 5 hours at 37°C. For pretreatment with pertussis toxin (PTX), coverslips
were initially placed in wells containing PTX for 90 min, then were transferred to a new
well with experimental reagents plus PTX, and inhibited for an additional 5 hours.

To fix cultured neurons, equal volumes of 8% Paraformaldehyde (PFA) in ddH,O
and 2x PHEM buffer (120 mM PIPES, 50 mM HEPES, 10 mM EGTA, 2 mM MgCI2, 6%
sucrose (wt/vol), pH 7.4) were combined and preheated to 37°C. PFA:PHEM was
gradually added drop-wise onto the coverslips while the growth medium was removed.

Neurons were fixed for 45 min, then rinsed with PBS and stored at 4°C until use.

Immunohistochemistry of primary neurons

For immunostaining, neurons were permeabilized for 10 min with PBS-0.1%
triton (PBST), and then blocked with 5% fish skin gelatin (Sigma #G7754) in PBST
(blocking solution) for 30 minutes. All incubations were performed at room temperature
(RT), and neurons were gently rinsed three times with PBS after each step. To visualize
polymerized actin filaments, phalloidin-tetramethylrhodamine B (phalloidin-TRITC,
Sigma #P1951) was diluted 1:100 in block and applied to coverslips for 20 min to
stabilize actin filaments, prior to immunohistochemical staining. Primary antibodies
targeting beta-Ill tubulin “Tuj-1” (R&D Systems #MAB1195) were diluted 1:100 in
blocking solution and applied for one hour, followed by a 30 minute application of FITC-
conjugated IgG2A secondary antibodies (Jackson ImmunoResearch #115-095-206)
diluted in blocking solution. Neurons were post-fixed with PFA:PHEM for 45 minutes at
RT. Additional primary and secondary antibodies, if used, were applied sequentially,
followed by postfixation after each secondary antibody. For protocols using phalloidin,

phalloidin-TRITC was reapplied to coverslips for 20 minutes at the end of the antibody
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incubation period. DAPI (Sigma #D9564) was diluted in PBST to a final concentration of
36 uM and applied for 10 min. Coverslips were rinsed with PBS and then briefly rinsed
with double-distilled water (ddH20O) before mounting on glass microscope slides using
Elvanol (Banker G, 1998). Neurons were imaged on a Nikon compound microscope
(Optiphot2-UD), using a DXM1200F digital camera and Nikon ACT-1 software;
subsequent cropping and adjustments of brightness and contrast were performed with

Adobe Photoshop software.

Quantification of growth cone morphology

To quantify growth cone morphology, the coverslips were scored blind to the
treatment conditions. Using a Zeiss Apotome microscope, 55 neurons from each
treatment group were imaged in the 555 channel (to visualize rhodamine phalloidin-
labeled actin). Only stage 3 neurons that could be clearly distinguished from other
neurons and whose axons did not contact other cells were chosen for this analysis.
Images were compiled with Zeiss Zen software. Axonal growth cones were classified as
“‘extended” if they widened at the tip and had veils between filopodial protrusions.
Growth cones were classified as “collapsed” when they had little to no lamellipodial veils
between filopodia, and classified as “retracted” when they exhibited a thinning of the
axonal process and retraction debris.

For statistical analysis, the frequency of growth cones with extended, collapsed,
or retracted morphologies within each experiment were compared across all treatment
groups, using row-by-column contingency tables. If significant differences between
groups were identified, pairwise chi-squared tests were subsequently performed to
compare each treatment group with media controls. Additionally, for experiments
employing PTX pretreatment, pairwise chi-squared tests were conducted to compare

neurons treated with each concentration of NAPP antibody with the matched sets of
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neurons that were pretreated with PTX. For experiments using multiple pairwise
comparisons, the Bonferroni correction was applied to establish the p-value associated

with significance.

Contactin Fusion Protein

A fragment of Manduca sexta contactin (Mscontactin) containing four fibronectin
[lI-like (FN-III) domains was obtained from embryonic cDNA, using primers 5 CTT CTC
ACA CAC AAC TGC GGA TTG 3’ and 5 ATT GTA ATG CGA TAA GTG ACC 3'. This
transcript was used as a template for PCR using primers engineered with Pme | (+
contactin signal sequence) and Sbf | sites and subcloned in-frame with a C-terminal Fc
tag into the Pme 1/Sbf | sites of our previously engineered pcDNA3-MCS-Fc expression
vector. The resulting plasmid was transiently transfected into 293T cells using Trans-IT
LT1 Transfection Reagent (Mirius). The media from the cells containing the secreted
Mscontactin-Fc protein was collected after 1 week, purified on a Protein A column, and

subsequently dialyzed into defined saline + 4 mM CaCl,.

Embryo culture

Manduca sexta embryos were collected from a laboratory colony and raised at
25°C. At 50 hours post fertilization (hpf; equivalent to 50% of embryogenesis), embryos
were dissected from their eggshells and positioned dorsal-side up in sterile Sylgard
chambers (Coate et al., 2008) filled with warmed culture medium (50% Schneider’s
Drosophila medium, 40% MEM with Hank’s salts, 9.7% heat-inactivated normal horse
serum, 0.2% 20-hydroxyecdysone, 0.1% insulin, and 0.01% penicillin-streptomycin (pen-
strep), pH 7.4). Glass electrodes were used to make a small incision in the dorsal
epithelium, exposing the premigratory EP cells. Experimental reagents were bath

applied, the incision closed, and embryos incubated at 31°C for 24 hours. At the

92



completion of each experiment, media containing the experimental reagents was
replaced with normal culture medium and the embryos were dissected along the midline
to completely expose the developing ENS. Embryos were fixed in 4% PFA in PBS for 1
hour and rinsed with PBS.

For immunostaining to visualize the EP cells, fixed embryos were permeabilized
with PBS-0.1% Triton-X 100 (PBST), and blocked with 10% normal horse serum (NHS)
in PBST+0.01% sodium azide (insect blocking solution). Embryos were incubated for 1
hour at room temperature (RT) with mouse anti-Fasciclin Il (Fas Il, C3 monoclonal) and
diluted 1:20,000 in blocking solution (Wright et al., 1999). To detect anti-Fas Il, embryos
were incubated in biotinylated anti-mouse secondary antibodies (Jackson), diluted 1:200
in blocking solution, followed by an avidin-biotin reaction to amplify the signal (Vector
Laboratories). Preparations were reacted with 1.4 mM diaminobenzine (DAB) in 0.001%
H,O, and then mounted in a glycerol-based media on microscope slides. To quantify
changes in cell migration, camera lucida and photomicrographic techniques were used
to measure the distance that each EP cell migrated from the FG/MG boundary. The
average distance of migration was calculated for each band pathway, and Student’s two-
tailed t test was performed to compare means between the control and treatment group.

For immunofluorescence histochemistry, anti-Fas Il primary antibodies were
detected with goat-anti-mouse secondary antibodies conjugated to the fluorochrome
Alexa Fluor 555 (Invitrogen), diluted 1:1000. For preparations treated with Mscontactin-
Fc (or control Fc), the preparations were also immunostained with rabbit anti-human Fc
antibodies, detected with goat-anti-rabbit Alexa Fluor 488 secondaries. Whole embryos
were mounted on glass slides using Elvanol and imaged with an Olympus FluoView 300
laser scanning confocal head mounted on an Olympus BX51 microscope (located in the

Live Cell Imaging Facility, Center for Research on Occupational and Environmental
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Toxicology). Imaged was used to create maximum intensity projections from Z-stack

confocal images, and Photoshop software was used to compile images.
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RESULTS

Antibody-induced APP signaling causes growth cone collapse and retraction

Previous experiments showed that treating cultured neurons for 24 hours with
low concentrations (0.1-100 ng/mL) of the APP antibody 22C11 (targeting an epitope in
the extracellular domain) resulted in synaptic dysfunction, while higher concentrations of
the antibody caused neurite degeneration and cell death (Rohn et al., 2000). These
studies suggest that misregulation of APP signaling might play a role in
neurodegenerative pathology. However, the physiological functions of APP remain
unidentified. To determine the effect of APP signaling on developing neurons, | treated
cultured mouse hippocampal neurons with 22C11 at 1 DIV. By this time, about half of
the cultured neurons have typically reached “stage 3” of their differentiation, having
established a single, well-defined axon that is substantially longer than the other
dendritic processes (Dotti et al., 1988). Most of the remaining neurons are still at “stage
27, possessing multiple shorter processes and lacking an established axon.
Characteristic of stage 3 neurons, each axon possesses a well-defined growth cone that
undergoes periods of extension and stalling. During active periods of extension, growth
cones consist of a wide central domain with numerous filopodial extensions, plus
prominent lamellipodial veils between adjacent filopodia (Kaech and Banker, 2006).

To stimulate APP signaling in cultured neurons, 22C11 antibodies (2 ug/mL)
were applied to 1 DIV cultures for 5 hours, after which neurons were immunostained to
visualize actin and microtubules in their processes. Neurons were then scored blind to
the treatment conditions: 55 stage 3 neurons were selected at random from each
treatment group for imaging, and their axonal growth cones were scored as extended,
collapsed, or retracted (representative images, Fig. 3.1A-C). In contrast to normal growth

cones that had wide, extended tips with veils between the filopodia (see arrows, Fig.
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3.1A), collapsed growth cones were stubby, with little or no veils between filopodia (Fig.
3.1B). Retracted growth cones had a more severe phenotype, with a thinning axon
tapered at the tip (Fig 3.1C).

As neurons explore their environment, they constantly extend and retract their
growth cones. Consistent with the normal dynamic movements of growth cones, neurons
treated with media alone exhibited a mix of extended, collapsed, and retracted growth
cones. Our experiments examining the effects of APP stimulation therefore tested
whether different treatment conditions shifted the proportion of axonal growth cones with
different morphologies. Compared to cultures treated with control media, neurons
treated with 22C11 had a significantly decreased proportion of neurons with extended
growth cones and corresponding increases in the proportion of growth cones with
collapsed and retracted morphologies. Whereas 25/55 of the sampled neurons treated
with control media displayed extended morphologies, only 13/55 neurons treated with
22C11 exhibited extended morphologies, corresponding to increases in both collapsed
and retracted morphologies following 22C11 treatment (p=0.001). By comparison, the
ratios of growth cone morphologies in cultures treated with control IgG were not
significantly different than controls (p=0.58), although they were also not significantly
different than cultures treated with 22C11 (p=0.15) (Fig. 3.1D). In agreement with
previous work demonstrating that 22C11 can bind the extracellular domain of APP and
trigger APP-dependent responses (Okamoto et al., 1995, Okamoto et al., 1996, Rohn et
al., 2000, Sudo et al., 2000, Lefort et al., 2012), these results suggest that APP signaling

triggers growth cone collapse and retraction.
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Figure 3.1. Antibody-induced APP signaling causes growth cone collapse and retraction in
cultured neurons. A-C) Examples of stage 3 neurons with each of the three characteristic
growth cone morphologies. Neurons were labeled with phalloidin to visualize polymerized
actin. Boxed regions are enlarged in panels A’-C’. A) An extended growth cone, with a wide
tip and veils between filopodia. A’) Arrows point to extensive lamellipodial veils between
filopodia. B-B’) A collapsed growth cone, with little to no veils between filopodia (arrow). C-
C’) A retracted growth cone, with a thin-tipped process (arrow). D) Quantification of growth
cones morphologies, characterized as extended, collapsed, or retracted following each
treatment condition. Cultured mouse hippocampal neurons were treated at 1 DIV for 5 hours
with media alone, 2 ug/mL 22C11, or 2 ug/mL IgG. Stage 3 neurons from each treatment
condition were imaged and their axonal growth cone scored. Images in A-C provided by
SKP of Jungers Center Advanced Light Microscopy Core, OHSU. Scale bar: 30 uM in
overviews, 10 um in insets. Pairwise chi-squared tests were used to compare the proportion
of growth cone morphologies for each treatment group compared to the media control.
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Antibody-induced growth cone collapse is Go-dependent

In previous studies, neuroblastoma cells overexpressing human APP were
treated with a panel of APP antibodies, all of which induced neurotoxicity in 80-90% of
cells after 72 hours (Sudo et al., 2000). Notably, this panel included 22C11 (targeting AA
66-81), AlzZ90Ab (targeting AA 511-608), and 1680 (targeting AA 1-591), verifying that
the effect was specific for APP (Sudo et al., 2000), and suggesting that APP antibodies
can induce signaling by binding to either the E1 or E2 domain of APP. Therefore, |
tested whether a recently developed set of anti-APP antibodies (Aves Laboratories)
could also induce growth cone collapse in our assays, and if so, whether this response
required Go activity.

Rat hippocampal neurons were grown in culture for 24 hrs, and then treated with
one of the APP antibodies and/or Go-specific reagents for 5 hrs. After fixation, neurons
were stained for Tuj-1 to label microtubules (Fig. 3.2, shown in green) and phalloidin to
label polymerized actin (Fig. 3.2, shown in magenta and enlarged in the grayscale inset).
In the absence of treatment, the majority of neurons had extended growth cones, with
prominent lamellipodial veils between filopodial protrusions (Fig. 3.2A, quantified in Fig.
3.21), while proportionately fewer had collapsed or retracted growth cones. Treating
neurons with the Gol/ia activator Mas 7 resulted in a dramatic increase in the number of
collapsed and retracted growth cones, and also noticeably disrupted both actin and
microtubule integrity (Fig. 3.2B). Of the anti-APP antibodies tested in this assay, only
nAPP #3 (targeting the E2 domain of APP; Fig. 3.2H) induced a similar response,
resulting in a concentration-dependent increase in the proportion of axonal growth cones
that exhibited collapsed or retracted morphologies, compared to control cultures (Fig.
3.2C, I). Although neither of these effects reached statistical significance (set at p<0.005

with Bonferroni correction for 11 pairwise comparisons), the trends support the model
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that APP-Go activation induces growth cone collapse/retraction responses in developing
neurons.

Consistent with a role for APP in inducing Go-dependent growth cone collapse
and retraction, pretreating neurons with the Goao/ia. inhibitor PTX for 90 min significantly
reduced the number of growth cones with collapsed and retracted morphologies
compared nAPP #3 treatment alone (p<0.001,Fig 3.2D, I). As expected, when neurons
were treated with control antibodies targeting the cytoplasmic domain of APP (cAPP),
the majority retained expected growth cone profiles, with the proportion of extended
growth cones closely mirroring the media control (Fig. 3.2E, 1). Treatment with PTX
treatment alone resulted in a significant increase in the number of extended growth
cones in a concentration-dependent manner (p<0.001, Fig. 3.2F-G, I). Given previous
data that APP interacts with Goa but not Gia in cultured neurons, these results suggest
that APP induces growth cone collapse and retraction through Go-dependent
mechanisms. These results are also consistent with studies from other laboratories,
which showed that local Goa activation in motile growth cones induced filopodial
retraction, collapse responses, and the termination of axon growth (Igarashi et al., 1993,

Horgan et al., 1995).
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Figure 3.2. APP-induced growth cone collapse is Go-dependent. A-G) Representative
neurons from each treatment condition showing growth cone morphology that became more
prevalent after that treatment. At 1 DIV, primary rat hippocampal neurons were treated for 5
hours with APP antibodies targeting the E2 domain or Go-specific reagents, then labeled with
phalloidin (magenta) and anti-tubulin (green). Boxed areas in each image are magnified in the
adjacent insets, showing phalloidin in grayscale. Scale bar: 30 um in overviews and 6 um in
insets. A) Representative neuron treated with media alone, displaying an extended growth
cone morphology. B) Mas 7 treatment severely disrupted actin and microtubule integrity, and
resulted in increased numbers of neurons with collapsed (and retracted) growth cones. C)
Treatment with nAPP #3 increased the proportion of neurons with collapsed (shown) and
retracted morphologies. D) Treating neurons with PTX prior to nAPP #3 treatment rescued
nAPP-induced collapse/retraction, enhancing the number of neurons with extended growth
cone morphologies. E) An extended growth cone morphology exhibited by most neurons
treated with control cAPP antibodies. F) Treatment with 100 ng/mL PTX enhanced the number
of neurons with an extended morphology. G) PTX at 1000 ng/mL resulted in even more
neurons with extended growth cones. H) Schematic representation of APP and APPL, with
black lines demarking regions targeted by each extracellular antibody. 22C11 and nAPP #3
antibodies were used in experiments employing rodent neurons and nAPPL and EX were
used in experiments using Manduca embryos (see next section). “E1” and “E2” are highly
conserved extracellular domains in APP and APPL. “TM” demarks the transmembrane region,
while the Go-binding domain “Go” and internalization domain “Y” comprise the cytoplasmic
region. 1) Quantifying the number of neurons with each growth cone morphology demonstrates
that 5 hours of treatment with anti-nAPP antibodies increased the number of retracted and
collapsed growth cones while pretreatment with PTX prevented this effect. P-values were
obtained by comparing each treatment condition to the media control using pairwise chi-
squared tests. Pairwise chi-tests comparing nAPP #3 treatment with and without PTX
pretreatment were also performed. *Statistical significance with Bonferroni correction,
p<0.005.
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Inducing APPL signaling in vivo

| also attempted to adapt our protocols for antibody-induced APP signaling to
analyze APPL functions in Manduca embryos. For this study, we initially generated
affinity-purified antibodies against the E1 domain of Manduca APPL (“nAPPL”). As noted
in Chapter 2, applying nAPPL antibodies to developing EP cells phenocopied the effect
of knocking down APPL with morpholinos (Chapter 2), arguing that these antibodies
functioned by blocking endogenous APPL signaling. As an alternative strategy, |
preclustered nAPPL antibodies with anti-Fc antibodies, a strategy that has been used to
induce receptor clustering and activation in other assays (Cerretti et al., 1995, Stein et
al., 1998). After 24 hours in culture, the extent of neuronal migration and axon outgrowth
along each of the band pathways was analyzed using the methods described above.
However, cross-linked APPL antibodies did not alter the extent of cell migration or axon
outgrowth in embryos compared to controls (data not shown), suggesting that the
preclustering simply reduced the blocking effect of these antibodies. As a third approach,
| also tested Manduca with APPL “EX” antibodies, generated against a region within
APPL flanked by the E1 and E2 domains (for schematic, see Fig. 3.2H). As with our
experiments using nAPPL antibodies, treating the EP cells with clustered APPL-EX
antibodies was unsuccessful at inducing a migration phenotype.

In an effort to produce a more robust assay, | adjusted multiple aspects of the
protocol, altering ratios of anti-APPL:anti-FC, increasing the concentration of antibodies,
and shortening the time course of analysis, but none of these approaches were effective
in producing an APPL-dependent migration phenotype. Therefore, as an alternative
approach, | sought to induce APPL signaling in vivo by stimulating APPL with its

endogenous ligand.
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Mscontactin causes neuronal positioning defects in Manduca embryos

In order to identify potential binding partners for APP in the developing brain, the
Flanagan laboratory biotinylated developing chick optic tectas, incubated them with
alkaline phosphatase-fused sAPP probes (sAPP-AP), and immunoprecipitated lysates
with antibodies against the AP tag (Flanagan and Cheng, 2000). Western blotting and
mass spectrometry were used to identify members of the contactin family as candidate
binding partners for APP (Osterfield et al., 2008). Subsequently, multiple contactin
isoforms have been shown to bind APP in different assays (Ma et al., 2008, Osterfield et
al., 2008) and to act in common pathways with APP to regulate neuronal development
(Ma et al., 2008) and axon outgrowth (Osterfield et al., 2008). These data are consistent
with the model that contactins may function as ligands for APP, regulating aspects of
neuronal migration and outgrowth via APP-dependent signaling.

Contactins are members of the immunoglobulin-related cell adhesion molecule
(IgCAM) superfamily. Mammals express six different contactins in the nervous system,
all of which are greater than 1000 amino acids, and contain six immunoglobulin
domains, four fibronectin type-Ill (FN-III) repeats, and a C-terminal
glycosylphosphatidylinositol (GPI) anchor. Although similar in structure, all six contactins
have been ascribed unique roles in development, in part due to their distinct expression
patterns in the nervous system (Hosoya et al., 1995). Contactin 1 (contactin) and 2
(TAG-1) promote distinct aspects of paranodal/nodal architecture. Contactin 3 (BIG-1)
and 4 (BIG-2) promote neurite outgrowth (Osterfield et al., 2008). Contactin 5 (NB-1)
interacts with APLP1 at presynaptic terminals of cultured neurons and has been
postulated to mediate synaptic formation (Shimoda et al., 2012). Contactin 6 (NB-2)
promotes oligodendrocyte formation by acting as a ligand for Notch (Hu et al., 2006).
Contactin 2, 3, 4, and 5 can each bind APP in vitro (Ma et al., 2008, Osterfield et al.,

2008), suggesting that these proteins might function as APP ligands to mediate a
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number of APP-dependent functions in different contexts. Like the APP family,
contactins are also evolutionarily conserved. Whereas vertebrates express six contactin
genes, only one has thus far been identified in insects. Recent studies have shown that
vertebrate contactins can be detected in both neuronal and glial cell types, while
Drosophila contactin is expressed embryonically by epithelial cells and glial cells but has
not been detected in neuronal cells (Falk et al., 2002).

In the Manduca embryo, we have identified one contactin gene (Mscontactin),
which we have subsequently cloned. Based on evidence from the Flanagan laboratory
that the FN-IIl domains of contactin interact with the E1 domain of APP (Osterfield et al.,
2008), we created a fusion construct containing the four FN domains of Mscontactin, in-
frame with human Fc (Mscontactin-Fc). The construct was produced in transfected HEK
293T cells, purified by precipitation with Protein A beads, and resuspended in Manduca
culture medium for our experiments.

As noted in Chapter 2, we previously showed that inhibiting Goa activity in
Manduca embryos caused the migratory EP cells to grow inappropriately in interband
regions between their usual pathways, which are normally inhibitory to migration. This
behavior is in striking contrast to the normal pattern of migration and outgrowth by EP
cells, which typically remain in close apposition to the longitudinal muscle bands that
form permissive migratory pathways. We also found that inhibiting APPL expression
(with APPL morpholinos) or APPL signaling (with blocking antibodies) caused
phenotypes that were similar to the effects of inhibiting Goa activity. These observations
suggest that an endogenous ligand may normally bind APPL to prevent neurons from
growing into the interband regions. In combination with our recent data demonstrating

that APPL and Goa directly interact in vivo, we hypothesized that Mscontactin might
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trigger APPL-dependent Goa. activation, which in turn would negatively regulate
neuronal migration and outgrowth.

Based on the evidence that mammalian contactins function as APP ligands, |
tested whether our Mscontactin constructs could alter EP cell migration in a manner
consistent with APPL activation. Just prior to migration onset, Mscontactin-Fc fusion
proteins (20-400 ug/mL) were bath applied to the developing ENS of cultured embryos.
After 24 hours (spanning the normal duration of migration and outgrowth), the embryos
were fixed and immunostained for Fas Il to visualize the distribution of the EP cells and
their processes in the developing ENS. In embryos treated with control media, neuronal
development proceeded normally, in that neurons became dispersed evenly along the
midgut muscle bands (Fig. 3.3A). In embryos treated with Mscontactin-Fc, however,
neurons became incorrectly positioned along the muscle bands. Although a few of the
EP cells migrated normal distances, many of the neurons stalled prematurely, resulting
in the neurons aggregating near the anterior portion of the band pathways (Fig 3.3B).
Compared to the average distance of EP cell migration in control treated embryos,
Mscontactin-Fc treatment reduced the distance of EP cell migration, although the results
did not reach statistical significance (Fig. 3.3C). Notably, the occasional growth of EP
cells and their processes onto the interband regions (a common feature of untreated
control preparations) was generally absent from embryos treated with Mscontactin-Fc,
suggesting an enhancement of the normal inhibitory responses that prevent the neurons
from traveling into these regions. These results support a role for Mscontactin in
regulating neuronal migration in the developing ENS of Manduca embryos. Whether
APPL is specifically required for the effects of Mscontactin on migration, and whether
this response is mediated via the activation of Goa signaling still needs to be

investigated.
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If Mscontactin normally regulates APPL-dependent aspects of neuronal migration
in the developing ENS, | would expect it to be expressed in inhibitory interband regions,
where it can activate APPL-dependent responses in exploratory filopodia that wander off
their pathways. To date, an antibody targeting Manduca contactin is not available.
Therefore, as an alternative approach, | used antibodies targeting the Fc fusion protein
to determine whether Mscontactin-Fc constructs could bind the EP cells. Following the
protocols described above, embryos were treated with 20-400 ug/mL of either
Mscontactin-Fc or Fc alone. After culturing the embryos for 24 hours, preparations were
immunostained with anti-Fc (to detect bound Fc proteins) and anti-Fas Il (to label EP
cells and axons). When embryos were treated with control Fc, anti-Fc antibodies
produced only low-level background staining throughout the ENS (Fig 3.3D). In contrast,
in embryos treated with Mscontactin-Fc, anti-Fc labeled both the EP cells and their
axons (arrowheads), consistent with the model that Mscontactin binds APPL on motile
neurons. In addition, Mscontactin-Fc also labeled a subset of midline interband cells
(Fig. 3.3E), which (like the lateral interband muscles) are inhibitory to migration. Since
contactin family members are known to bind both homophilically (as well as
heterophilically to other receptors, including APP), these results suggest that contactin
may be expressed by both the lateral interband cells and inhibitory midline cells. Upon
generation of an antibody, this expression pattern needs to be validated.

Based on the above data, | hypothesize that as EP cells migrate, they express
APPL on their exploratory growth cones. When a neuron wanders into the inhibitory
interband region, APPL interacts with Mscontactin, inducing APPL-dependent Goa
activation. Local Goa activation would then trigger filopodial retraction, preventing
migration and outgrowth into this region (See model, Fig. 3.3F). Based on evidence that

contactins can bind APP and that they can both regulate aspects of neuronal positioning,
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| hypothesize that Mscontactin is an APPL ligand, inducing APPL-Goa retraction

responses in the developing nervous system.
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Figure 3.3. Mscontactin-Fc causes defects in neuronal positioning in Manduca embryos. A-B)
Camera lucida drawings of Manduca embryos in which, prior to onset of migration, EP cells
were treated with Mscontactin-Fc fusion constructs, allowed to develop in culture for 24 hours,
and then fixed and immunostained with anti-Fas Il to visualize EP cells and their axons.
Images depict the pattern of EP cells near the FG/MG boundary, but the full extent of axon
extension is not shown. Scale bar: 50 um. A) In control embryos, migration proceeded
normally, with neurons dispersing evenly along muscle bands (arrows) and axons extending
posteriorly along the musculature. B) Treatment with Mscontactin-Fc caused neurons to stall
and bunch together (arrows), rather than dispersing evenly along the pathways. C)
Quantification of the average distance of EP cell migration along each of the band pathways.
N=4 for control group and N=16 for treatment group. Error bars indicate SEM. D-E) Embryos
treated with either Fc alone or Mscontactin-Fc constructs were immunostained for anti-Fas Il
(red) to label the EP cells and axons on their muscle band pathways, and immunostained for
anti-Fc (green) to detect the fusion construct. Matched grayscale images of anti-Fas |l
immunostaining are shown in the middle panels and matched grayscale images of anti-Fc
immunostaining are shown in the right hand panels. Each image represents one confocal
section, showing the midline (‘m’) interband region and axons projecting along two of the band
pathways (‘b’). Arrowheads point to the axons. Scale bar: 15 um. D) Anti-Fas Il staining labels
the fasciculated axons of EP cells in a Manduca embryo treated with control Fc constructs.
Only background levels of Fc immunoreactivity are detected in the ENS and adjacent gut
musculature. E) Anti-Fas |l immunostaining labels two groups of fasciculated axons extending
along muscle band pathways in a Manduca embryo treated with Mscontactin-Fc. Anti-Fc
immunostaining reveals bound Mscontactin-Fc on the axons (consistent with their expression
of APPL), as well as in a subset of midline interband muscles and more diffusely on the lateral
interband muscles (both inhibitory to migration). F) Model for the role of Mscontactin-APPL
signaling in the developing ENS. | hypothesize that Mscontactin is expressed in regions
nonpermissive to EP growth (including the interband muscles), such that when exploratory
filopodia extend into these regions, Mscontactin binds to and activates APPL on the neurons,
which in turn induces Goa-dependent filopodial retraction and inhibits migration and outgrowth
into these regions. Inset: Treating embryos with Mscontactin-Fc fusion constructs would be
expected to mimic ligand-induced activation of APPL, resulting in Go-dependent reductions in
neuronal migration, consistent with the experimental results.
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DISCUSSION

Gain-and loss-of-function studies in animal model systems have provided insight
into the role of APP signaling in vivo. Mice lacking all three APP family genes (APP,
APLP1 and APLP2) displayed defects in brain development related to abnormal
neuronal migration. Specifically, groups of neurons in the developing cortical plate
migrated beyond their normal termination zones, forming heterotopias of ectopically
positioned cells. Likewise in Manduca, knocking down APPL with morpholinos caused
ectopic migration into inhibitory regions. Both of these results suggest that APP
negatively regulates neuronal migration and outgrowth. Consistent with the role of APP
as a Goa-coupled receptor, inhibiting Goa activation caused a similar phenotype as
inhibiting APPL in the developing ENS, suggesting that APPL regulates migration and
outgrowth through Goa-dependent mechanisms. However, assays to determine whether
APP stimulation (for example, with Mscontactin-Fc) leads to Goa-dependent changes in

neuronal motility in vivo had not been attempted.

Evidence that APP undergoes ligand-induced activation

APP has been postulated to function as a Goa-associated receptor in vitro, but
the mechanisms by which this single transmembrane receptor can trigger Goa. activation
are not known. In phospholipid vesicles, applying anti-APP antibodies (including 22C11)
induced Goa activity, suggesting that APP normally activates Goa. in response to
endogenously expressed ligands in the nervous system. As an alternative, APP
antibodies may have bound to cell-surface APP, blocking a different endogenous
signaling pathway that normally inhibits Goa activity. This alternative seems unlikely,

given that APP antibodies were previously shown to enhance Goa activation both in cell
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culture experiments and in experiments conducted in phospholipid vesicles, in the
absence of any additional signaling partners. Likewise, in prior studies, panels of APP
antibodies (including one targeting the E1 domain, a second targeting the E2 domain,
and a third generated against the entire ectodomain) were each capable of inducing
cytotoxic responses in neuroblastoma cells overexpressing APP (Sudo et al., 2000),
arguing that the effects of APP antibody treatment were indeed APP-dependent. Based
on other studies showing that antibodies against membrane receptors could induce
dimerization and clustering, it was postulated that APP-dependent responses were
induced via APP activation in these assays. However, whether APP dimerization actually
occurred and how it led to the activation of downstream pathways were not investigated.

Previous studies have also identified pathological roles for APP signaling in
neurons. Applying APP antibodies to cultured neurons decreased synaptic density, led
to neurite degeneration, and enhanced cell death (Rohn et al., 2000, Lefort et al., 2012).
However, whether these effects were Go-dependent, and whether APP-Goa signaling
could regulate normal aspects of motility in developing neurons were not determined.

In the current studies, | have demonstrated that antibody-induced APP signaling
causes Go-dependent growth cone retraction and collapse in cultured embryonic rat
neurons. Our demonstration that two different APP antibodies induced similar growth
cone responses supports the conclusion that these effects were APP-dependent.
However, definitive proof of this model will require knocking down APP in the neurons
before anti-APP antibodies are introduced. Our data also provides new evidence that
APP signaling may play a physiological role in controlling the behavior of developing
neurons, as well as the pathological responses induced in transfected neuroblastoma

cells (Sudo et al., 2000).
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In addition, our pharmacological studies support a role for Goa as the
downstream effector of APP signaling. However, since both Mas 7 and PTX can affect
the activity of other members of the Gi/o family of G proteins (Higashijima et al., 1988),
future studies will be needed to show that knocking down Goa specifically blocks the
effects of APP activation in this assay. Likewise, treating cultured hippocampal neurons
with Fc constructs of mammalian contactin 3 and contactin 4 could be used as an

alternate method for stimulating APP activity, as noted below.

A role for contactin as a ligand in regulating neuronal migration

APP has been postulated to function as a receptor that regulates aspects of
neuronal migration and outgrowth in the nervous system, but whether endogenous
ligands actually regulate its function in vivo remains controversial. Several extracellular
molecules and membrane-bound molecules (including GPI-linked contactins) have been
identified as potential APP ligands, based on their ability to bind the APP extracellular
domain, their expression patterns, and their ability to alter aspects of neuronal
development (Osterfield et al., 2008). Using the developing Manduca nervous system as
an assay for neuronal development, we previously demonstrated that APPL and Goa
activity both function in a pathway that prevents neuronal migration and outgrowth onto
the nonpermissive interband regions. We therefore hypothesized that activation of this
pathway would not only prevent inappropriate outgrowth, but possibly inhibit normal
migration and outgrowth as well.

To determine whether Mscontactin could alter migration or outgrowth by inducing
APPL-Goa signaling, | first determined whether Mscontactin-Fc constructs could
regulate important aspects of motility in this model system. In contrast to the normal

pattern of migration that results in a dispersed arrangement of EP cells along their
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muscle band pathways, treatment with Mscontactin-Fc resulted in defective cell
positioning along muscle band pathways. Rather than EP cells being evenly dispersed
along the bands, more distal regions were devoid of neurons, while more proximal
regions were occupied by abnormally aggregated groups of neurons (Fig. 3.3).
Mscontactin-Fc treatment also reduced the overall extent of neuronal migration by about
20% compared to Fc-treated controls. Although these results were not statistically
significant (in part due to the low sample size of these experiments), they are consistent
with a role for Mscontactin in regulating neuronal migration. Future experiments will be
performed to increase the sample size for each condition, and to determine whether
higher concentrations of Mscontactin-Fc treatment cause a more severe phenotype. If
APPL normally restricts inappropriate migration and outgrowth (as suggested by our
model), globally activating APPL signaling should induce a general inhibition of migration
and outgrowth, consistent with our observations. However, since permissive cues on the
bands should still support migration along these pathways, neurons treated with
Mscontactin-Fc are essentially receiving mixed cues for migration, resulting in
inappropriate positioning. In the Manduca ENS, the final position of each migrating
neuron is probalistic, depending on its proximity to a muscle band pathway and by
dispersal cues from its neighbors. Therefore, defects in neuronal migration may also be
affected by defective signaling between adjacent neurons on the same band pathways,
resulting in phenotypes in which neurons stall prematurely and accumulate
inappropriately on the proximal regions of the band pathways.

Given the migration phenotype that resulted from our Mscontactin-Fc treatments
in cultured embryos, | will next test whether APPL is necessary for this defect by treating
embryos with Mscontactin-Fc while simultaneously knocking down APPL with antisense
morpholinos. Although | could also treat embryos with a combination of Mscontactin-Fc

and our blocking antibodies specific for APPL (described in Chapter 2), this approach
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might be complicated by competition for binding sites on APPL. Subsequent tests using
PTX to inhibit Goa activation (or Goa-specific morpholinos to inhibit its expression) will
further delineate whether Go is downstream of Mscontactin-APPL signaling in this
pathway.

Based on established evidence for the role of APPL and Goo. in ENS
development, | hypothesize that ligands/binding partners that normally activate APPL
(including Mscontactin) should be expressed by adjacent cell types that might regulate
the behavior of the EP cells. One such candidate group of cells are the ensheathing glia
that surround the EP cells as they migrate (Copenhaver, 1993; Wright 2000). Based on
earlier reports that Drosophila contactin is expressed by glia but not neuronal cells (Falk
et al., 2002), | am therefore interested to determine whether Manduca glial cells also
express contactin. In the developing ENS, the ensheathing glia ultimately surround the
EP cell bodies (located on the anterior regions of the midgut), but not the posteriorly
projecting axons. Consistent with this model, when APPL signaling was disrupted in
Manduca, aberrant migration and outgrowth occurred predominantly in the anterior
region of the midgut (coinciding with the extent of glial ensheathment). These
observations are consistent with a model whereby expression of APPL ligands by the
ensheathing glia normally prevents migration and outgrowth into these regions.

Alternatively, APPL ligands might be expressed by the interband muscles,
whereby neurons that extend processes onto these regions are induced to retract. My
preliminary studies using Mscontactin-Fc to label the developing ENS support this latter
scenario (as noted above). However, | will need to use additional methods to define the
expression pattern of Mscontactin in the developing ENS. Unfortunately, antibodies
against Mscontactin are not currently available, and our initial attempts to visualize

Mscontactin expression by in situ hybridization were unsuccessful, even though we
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could detect Mscontactin mRNA in embryonic lysates by RT-PCR methods. Future
studies will therefore require the development of improved probes to detect Mscontactin
in the developing ENS.

An alternative to the model that APPL functions as a receptor for Mscontactin is
that APPL functions as a ligand and contactin as the receptor. This alternative model
was presented by Osterfield et. al. who postulated that APP and contactin 4, both of
which are expressed by vertebrate neurons, can interact in cis to promote neurite
outgrowth (Osterfield et al., 2008). When they examined axon outgrowth in explanted
retinal ganglian cells, application of exogenous sAPP (or just the E1 portion of the APP
ectodomain) potentiated outgrowth, whereas addition of contactin 4-Fc constructs
inhibited growth. From these observations, they concluded that the E1 domain of APP
was a sufficient ligand to induce growth through contactin 4, whereas soluble contactin
4-Fc functioned in a dominant-negative fashion by binding APP, thereby preventing
normal growth. Notably, using Manduca ENS development as an assay, we have
observed that the application of sSAPPL-AP (the ectodomain of APPL fused to an alkaline
phosphatase probe) causes ectopic outgrowth, whereas Mscontactin-Fc leads to stalling
and inappropriate neuronal positioning. Based on our model that APP normally functions
to inhibit outgrowth (rather than promoting it), our data suggest that treatment with
sAPPL might block endogenous Mscontactin-APPL signaling, whereas Mscontactin-Fc
functions as a ligand to induce APPL signaling.

These contrasting roles ascribed to contactins and APP family proteins in
different models can be resolved by future studies designed to elucidate the role of APP-
contactin signaling in neuronal migration and axon outgrowth. For example, using
cultured rat hippocampal neurons, | can test whether treatment with contactin 4-Fc can
induce growth cone collapse similar to the effects of APP antibodies, which would

support the model that both treatments promote retraction by mimicking ligand binding.
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Performing the experiment in the absence of endogenous APP would then distinguish
whether APP is downstream of contactin in mediating growth cone responses.

Lastly, based on our pharmacological data that Gi/Go proteins are required for the
collapse/retraction responses induced by APP activation, | can now use this signaling
pathway as an assay for determining whether contactin 4 (or other candidate APP
ligands) regulate the behavior of motile growth cones in a well-defined experimental

context.
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CHAPTER 4

APP family proteins undergo developmentally-regulated modifications that may

affect their functions in the nervous system
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INTRODUCTION

APP has been postulated to regulate neuronal motility and maintenance in the
nervous system by functioning as a transmembrane receptor at the surface of neurons.
In Chapter 2, | showed that APPL interacts with Goa in motile neurons, where it likely
functions as a Goa-coupled receptor that prevents inappropriate neuronal migration and
axonal outgrowth. Previous studies from the Copenhaver laboratory have suggested that
during EP cell migration, APPL undergoes developmentally regulated trafficking and
processing (Swanson et al., 2005). However, how this regulated pattern of post-
translational modification and turnover is associated with APPL-Goa signaling is not
known. To investigate whether the transport and cleavage of APPL might function as a
mechanism that regulates APPL-Goa signaling, | used immunohistochemistry to
examine the expression pattern of APPL and its cleavage products over the course of
neuronal development.

In contrast to conventional GPCRs, which can activate their coupled G proteins
when they undergo a conformational change in their membrane-spanning units, the
mechanisms by which single transmembrane receptors like APP activate their
associated G proteins are not known. To explore whether phosphorylation of APP might
also regulate its association with Goa, | took advantage of phospho-specific APP
antibodies to perform immunohistochemical and coimmunoprecipitation analyses in
mammalian neurons. These studies show that Goa preferentially interacts with
nonphosphorylated forms of APP, rather than phosphorylated forms (Thrgss and Tyregsz),

revealing a potential role for APP phosphorylation in modulating APP-Goa signaling.
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METHODS

Coimmunoprecipitations and Western blotting

Manduca embryos collected at 65 hours post fertilization (hpf) were frozen on dry
ice and lysed in 1% NP40 buffer (150 mM NacCl, 50 mM Tris, pH 8). The samples were
diluted in Laemmli buffer, then separated on 4-12% gradient polyacrylamide gels
(Criterion; Bio-Rad), and transferred to nitrocellulose. Blots were immunostained with
anti-cAPPL antibodies (generated against the sequence YENPTYKYFEVKE within the
cytoplasmic domain of Manduca APPL, as described in Swanson et al., 2005), diluted
1:2500 in tris-buffered saline plus 0.1% Tween-20 (Polysorbate) and 5% Carnation dry
milk. Primary antibodies were incubated for 1 hr at room temperature (RT) and detected
with secondary antibodies coupled to Horseradish Peroxidase (HRP; Jackson
ImmunoResearch), used at 1:10,000. Western blots were visualized using the West Pico
or West Femto substrates (Thermo-Fisher) and detected using standard
chemiluminescent protocols.

For coimmunoprecipitation assays using mouse brains, frozen tissue samples
were provided by Dr. Joseph Quinn and Christopher Harris (Department of Neurology,
Portland Veterans Administration Medical Center, and Layton Center for Aging and
Alzheimer’s Disease Research, OHSU). Brains were divided in half under liquid nitrogen,
and extracted in NP40 lysis buffer. Each lysate was centrifuged at 16,000 rpm for 10 min,
and the supernatants were pre-cleared with Protein A/G beads (Santa Cruz
Biotechnology). The supernatants were then immunoprecipitated with 10-12 ug of the
following antibodies for 1-3 hrs at RT or overnight at 4°C: mouse anti-22C11 (Millipore
#MAB348, targeting AA 66-81 of human APP); rabbit anti-nAPP (Sigma-Aldrich #8967,
targeting amino acids 46-60 of human APPegs); rabbit anti-phospho668 APP, “p(Thregs)

APP”, (Sigma-Aldrich #SAB4300153, targeting phospho-specific 668 within AA 666-670
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of human APPggs,); rabbit anti-668 APP, “(Thress) APP” (Sigma-Aldrich #SAB4300464,
targeting nonphosphorylated AA 666-670 of human APPggs); rabbit anti-phospho757
APP, “p(Tyres2) APP” (Abgent #AP3027a, targeting phosphorylated AA 682 of human
APPgg5 and phosphorylated AA 757 of APP77g,); and rabbit anti-cAPP (Sigma-Aldrich
#A8717, targeting AA 676-695 of human APPggs,). Purified IgG (10-12 ug, Jackson
Laboratories #1-000-003) was used as a negative control.

After incubating lysates with primary antibodies, samples were incubated with
prewashed Protein A beads for 1 hr, then pelleted by centrifugation. Immunoprecipitated
protein complexes were eluted by boiling the beads in SDS sample buffer for 1 min, and
eluted proteins were separated on 4-12% Criterion polyacrylamide gels and transferred
to nitrocellulose. Immunoblotting was carried out as described above, using the following

primary antibodies: rabbit anti-nAPP (1:100, 22C11, Millipore #MAB348); anti-Goa.

(1:100-1:250; Horgan et al., 1995); and anti-Gpy (1:75, BD Transduction Laboratories).

Immunohistochemistry

Manduca embryos were collected at 55, 58, and 65 hpf (corresponding to periods
of filopodial extension, cell migration, and axon outgrowth, respectively), and dissected
in defined saline (140mM NaCl, 5mM KCI, 28mM glucose, 40mM CaCl2, and 5mM
HEPES, pH 7.4) to expose the developing ENS. Embryos were then fixed in 4%
paraformaldehyde (PFA; Sigma/Aldrich) in phosphate-buffered saline (PBS) for 1 hr at
RT, and rinsed in PBS plus 0.1% Triton X-100 (PBST). Prior to immunostaining, the
preparations were incubated for 1 hr in Manduca blocking solution (10% normal horse
serum plus 0.1% sodium azide in PBST). Embryos were incubated at RT for 1 hr with
the following primary antibodies diluted in blocking solution: anti-nAPPL, (1:5000,

#21506, targeting the AA 1-197 of the E1 ectodomain in Manduca APPL, described in
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Ramaker et. al., 2013), followed by a 1 hr incubation with anti-cAPPL antibodies (1:2500,
described above). Primary antibodies were detected with anti-rabbit 488 (Molecular
Probes/Life Technologies, 1:1000) and anti-chick DyLight 549 (Jackson
ImmunoResearch, 1:400) secondary antibodies. Whole-mount embryos were mounted
on microscope slides using Elvanol (Banker and Goslin, 1998) and preparations were
imaged with an Olympus FluoView 300 laser scanning confocal head mounted on an
Olympus BX51 microscope (located in the Live Cell Imaging Facility, Center for
Research on Occupational and Environmental Toxicology), or with an inverted Zeiss
LSM710 confocal microscope (located in the Advanced Imaging Center of the Jungers
Institute, OHSU). Maximum intensity projections of flattened Z-stack confocal images
were generated using MetaMorph or Imaged software, and images were merged using
Photoshop software.

For my immunohistochemical analysis of rat neurons, coverslips containing
primary cultures of embryonic hippocampal neurons were kindly provided by Dr. Gary
Banker and Ms. Barbara Smoody (prepared according to Dotti et al., 1988). Briefly,
neurons were isolated from hippocampi of E19 male and female rat pups and plated at a
density of 20,000-25,000 on 18 mm glass coverslips coated with poly-L-lysine.
Coverslips were grown at 37°C above astroglial feeder layers in neurobasal medium
(Gibco, Life Technologies), supplemented with B27 and glutaMAX (Gibco, Life
Technologies). After 1 and 5 days in vitro (DIV), neurons were fixed with 4% PFA in
PBS for 15 min at RT. Neurons were subsequently permeabilized for 10 min with 0.1%
PBST, and preblocked for 15 min with 5% fish skin gelatin in PBST. The following
primary antibodies were applied for 1 hr at RT (described above): mouse anti-22C11
(1:20); chick anti-cAPPL (1:2500); rabbit anti-p(Threes) APP (1:200); rabbit anti-(Thrggs)
APP (1:200); and affinity-purified anti-Goa (1:50, Horgan et al., 1995). Secondary

antibodies conjugated to Alexa Fluor 488, 568 or 647 (Molecular Probes/Life
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Technologies) were used at a final dilution of 1:1000. Coverslips were mounted in

Elvanol and imaged as described above.

Quantification and statistical analysis

To quantify the number of large perinuclear vesicles that immunostained positive
for both n- and cAPPL in migrating EP cells, confocal images were collected from
regions corresponding to trailing and leading cells within each embryo. Using Fiji
software, maximum intensity projections containing three optical sections were produced
and the image calculator “AND” function was used to create images containing only pixel
values common in both the 488 (nAPPL) and 555 (cAPPL) channels. The images were
then converted to binary mode, and the watershed segmentation function was applied.
Within each image, regions of interest (ROIs) were obtained to isolate individual EP cells,
and large perinuclear vesicles containing accumulated APPL were quantified using the
“analyze particle” command. To normalize the accepted particle size across images,
particle size was set as 1/100 of the average area for all EP cells in that image.
Circularity was set from 0.05-1 and quantification was performed for each EP cell both
as the number of vesicles per cell and the percent area of large APPL-containing
vesicles based on total cell area. Both methods of analysis produced strikingly similar
results; accordingly, the number of vesicles per EP cell was used for subsequent
reporting purposes. Student’s two-tailed ¢ tests were used to compare the average
number of vesicles in trailing versus leading cells at each developmental stage. At least
three embryos were included at each stage, with a total of 10-20 EP cells averaged in

each group.
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RESULTS AND DISCUSSION

APPL undergoes regulated transport and cleavage in neurons

Previous work by the Copenhaver laboratory revealed that Goo. and APPL were
both expressed by migrating EP cells in the developing ENS (Swanson et al., 2005,
Ramaker et al., 2013). Notably, the expression of both proteins commenced just prior to
migration onset and persisted throughout embryogenesis (Horgan et al., 1994, Horgan
et al., 1995, Swanson et al., 2005). Within the migratory neurons, APPL and Goa were
present throughout the EP cell bodies and their motile processes, where interactions
between the two proteins are postulated to regulate aspects of cell migration and axon
outgrowth (Chapter 2).

Like mammalian APP, insect APPL is initially expressed as a transmembrane
protein but then undergoes secretase cleavage, producing a number of smaller
fragments that may each function in distinct aspects of neuronal motility (Turner et al.,
2003, Gralle and Ferreira, 2007, Poeck et al., 2012, Wentzell et al., 2012). Previous
studies in the Copenhaver laboratory used western blots of lysates containing the
Manduca ENS to show that levels of full-length APPL and its secreted N-terminal
ectodomain fragments (sAPPLs) varied through progressive stages of embryonic
development (Swanson et. al. 2005). At 40 hpf, when APPL expression could first be
detected in EP cells, high levels of SAPPLs were present in lysates, whereas only low
levels of full-length APPL could be detected. As development proceeded, levels of full-
length APPL progressively increased, reaching their highest levels between 70 and 85
hpf, coincident with periods of axon outgrowth (Swanson et al., 2005). Likewise, the
subcellular distribution of APPL changed over the course of development, consistent
with its transport to regions of motility during axonal outgrowth (Swanson et al., 2005).

These observations suggest that APPL expression and cleavage are precisely regulated
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in developing neurons. However, that particular study utilized anti-cAPPL antibodies for
its immunohistochemical analysis and therefore did not distinguish between full-length
APPL and its cleaved fragments. In related studies, another group investigated the
distribution of full-length APP versus its cleavage fragments in neuroblastoma-derived
CAD cells, and concluded that most endogenous APP is cleaved by secretases soon
after its expression, whereby different fragments of the holoprotein traffic via distinct
vesicle populations to distal regions of growing cells (Muresan et al., 2009). Therefore, to
determine whether regulated trafficking and cleavage of APP family proteins might also
provide a mechanism for regulating APP-Goa signaling in neurons, | first focused on the
pattern of APPL expression and processing in Manduca.

To verify that Manduca APPL undergoes secretase cleavage during
embryogenesis, | collected embryos at 65 hpf (during axonal outgrowth) and
immunoblotted lysates with antibodies targeting the cytoplasmic domain of APPL
(cAPPL; see Fig. 4.1D). This analysis revealed that in addition to the presence of full-
length APPL, which was present in both mature (glycosylated) and immature forms,
secretase cleavage also produced C-terminal fragments (CTFs) and APPL intracellular
domains (AICDs) (Fig. 4.1E). Additional western blotting analysis with anti-nAPPL
(antibodies targeting the extracellular domain) verified the presence of ectodomain
fragments (data not shown). These results confirm earlier studies showing that APPL
undergoes secretase cleavage in Manduca EP cells, similar to the pattern of secretase
cleavage observed in human APP and Drosophila APPL (Carmine-Simmen et al., 2009;
Bolkan et al., 2012; and our unpublished observations).

Given the abundant levels of APPL cleavage products that were present in
Manduca embryos during embryonic development, | utilized antibodies against both the
extracellular and cytoplasmic domains of APPL to determine their distribution patterns

during key periods of neuronal development. Antibodies targeting the extracellular
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domain of APPL (nAPPL) were visualized using Alexa-488 conjugated secondary
antibodies and are shown in green, while antibodies targeting the cytoplasmic domain
(cAPPL) were visualized with Alexa-568-conjugated secondary antibodies and are
shown in magenta (Fig. 4.1A-C). The presence of green or magenta immunoreactivity
alone therefore corresponds to N- or C-terminal fragments of APPL, whereas their
colocalization (which appears white in Fig. 4.1A-C) indicates either the presence of the
holoprotein or possibly the colocalization of N- and C-terminal fragments (e.g. in the
same vesicle). The epitopes targeted by the antibodies used in this experiment, as well
as the cleavage products detected by each antibody, are schematically illustrated in
Figure 4.1D.

Immunostaining Manduca embryos at 55 hpf (just prior to migration onset, when
the EP cells extend filopodia onto their future pathways) revealed that N- and C-terminal
epitopes have very distinct expression patterns in developing EP cells (Fig. 4.1 A).
Whereas nAPPL epitopes were primarily expressed in cell bodies, cAPPL epitopes were
predominantly expressed in filopodia. The distinct localization of N- and C-terminal
epitopes is consistent with previous studies in CAD cells, suggesting that APP fragments
are generated in the cell body soon after the holoprotein is expressed, and are then
transported to separate intracellular regions (via distinct vesicle populations) and may
perform distinct functions (Muresan et al., 2009). However, within the leading processes
of the EP cells and their elongating axons, | found that both N- and C-terminal epitopes
were strongly colocalized (visualized as white staining; Fig 4.1A, arrows). These results
suggest that at least some full-length APPL is transported to the most motile regions of
these neurons prior to being cleaved by secretases, localizing the transmembrane
holoprotein to positions where it can function as a Goa-coupled receptor that regulates

responses to inhibitory guidance cues (as discussed in Chapters 2-3).
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During the subsequent period of EP cell migration (58 hpf; Fig 4.1B), APPL
continued to be robustly expressed by the locomoting neurons. Notably, both N- and C-
terminal fragments colocalized in growth cones (arrows), indicating that the full-length
receptor is expressed in these motile regions. In contrast, N-terminal fragments (green)
were distributed throughout all regions of the cells, compared to C-terminal fragments
(magenta), which were also abundant in axons. These results support a model whereby
full-length APPL may be transported to the leading growth cone, where it undergoes
rapid secretase cleavage to produce N- and C- terminal cleavage products. Whereas
nAPPL ectodomain fragments would be released into the extracellular space, cAPPL
fragments (including CTFs and AICDs) may undergo retrograde axonal transport,
consistent with the model that AICDs may also function as regulators of gene
transcription (Cao and Sudhof, 2001, Nakaya and Suzuki, 2006). Alternatively, APPL
may be cleaved prior to its transport, resulting in vesicles packaged with both N- and C-
terminal fragments, as well as vesicle populations containing segregated cleavage
products (Muresan et. al, 2009).

After EP cells have terminated their migration and have begun to extend axons
posteriorly along the muscle bands (65 hpf, Fig. 4.1C), APPL again displays a similar
expression pattern. Both N- and C-terminal epitopes were found to be highly expressed
in growth cones (arrows), consistent with the expression of full-length APPL in these
regions. In contrast, cCAPPL fragments were distributed throughout the axons, whereas
nNAPPL expression was more abundant in cell bodies. Interestingly, postmigratory EP
cells exhibited large perinuclear accumulations of colocalized N- and C-terminal epitopes,
similar to the pattern seen in premigratory neurons (Fig. 4.1A), again consistent with the
model that stationary neurons divert much of the newly expressed full-length protein to

this intracellular compartment. However, the resolution of these images did not allow me
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to distinguish whether these vesicles primarily consisted of full-length APPL or

colocalization of N- and C-terminal APPL fragments.
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Figure 4.1. APPL undergoes regulated transport and cleavage in neurons. A-C) Whole-mount
Manduca embryos immunostained with antibodies recognizing nAPPL (green) and cAPPL
(magenta). Regions of overlapping green and magenta (visualized in white) represent either
full-length APPL or closely colocalized N- and C-terminal fragments. Cleaved ectodomain
fragments are also rapidly engulfed by scavenging macrophage hemocytes, which survey the
developing ENS and immunostain strongly for nAPPL alone (green). Double and single
arrowheads indicate the positions used for analysis in age-matched embryos in Figure 4.2.
Scale bar: 25 um. A) At 55 hpf, premigratory EP cells have extended filopodia onto the muscle
band pathways of the ENS midgut. nAPPL (green) is highly expressed in cell bodies, whereas
cAPPL (magenta) is highly expressed in filopodial processes. Both N- and C-terminal epitopes
(merged in white) are localized in the leading tips of their motile processes (arrows). B) At 58
hpf, migrating EP cells express high levels of nAPPL in cell bodies. Both N- and C-terminal
epitopes accumulate in large perinuclear vesicles (merged in white) and in growth cones
(arrows). In addition, whereas cAPPL epitopes are apparent in the growing axons, nAPPL
epitopes are predominantly expressed in cell bodies. C) At 65 hpf, EP cells have completed
migration but continue to extend long axons posteriorly along each band pathway. Whereas
the EP cell bodies contain high levels of NAPPL (green) and axons contain high levels of
cAPPL (magenta), n- and cAPPL epitopes are coexpressed in growth cones (white merge),
suggesting that full-length APPL continues to localize to regions of active motility (arrows). D)
Schematic illustration of full-length APPL and the cleavage products that result from o/ and y
cleavage. APPL ectodomain fragments are recognized by nAPPL antibodies (shown in green).
CTFs and AICDs are recognized by cAPPL antibodies (shown in magenta). Full-length APPL
is recognized by the colocalization of N- and C-terminal APPL antibodies (detected as white).
E) Lysates from Manduca embryos at 65 hpf. Immunoblotting with cAPPL antibodies
demonstrates that APPL undergoes secretase cleavage in developing embryos. Anti-cAPPL
recognizes both mature (m) and immature (im) forms of full-length APPL (also labeled with
anti-nAPPL antibodies; not shown), as well as the smaller CTFs and AICDs.
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Expression of APPL in Manduca embryos is developmentally regulated

Previous studies using cultured rat cortical neurons (at 5 DIV) showed that nAPP
is not uniformly distributed throughout neurons, but is highly expressed in cell bodies
and distributed in a punctate pattern throughout dendrites and axons (Allinquant et al.,
1994). By testing a number of different permeabilization protocols, these authors
concluded that most APP localizes to intracellular vesicles, compared to strikingly low
levels of full-length APP at the membrane (Allinquant et al., 1994). Given evidence from
the previous study that full-length APPL is associated with regions of moatility, | wished to
determine whether APPL expression is developmentally regulated in vivo. Because
individual growth cones cannot be distinguished within the developing ENS (due to their
fasciculation on each of the band pathways), | focused instead on the cell bodies of
individual neurons, analyzing the changing intracellular accumulation of APPL in motile
versus stationary neurons.

To investigate the intracellular expression pattern of full-length APPL at different
developmental stages, embryos were collected at 55, 58, and 65 hpf and immunostained
with antibodies targeting extracellular and intracellular APPL, as described above.
Confocal imaging protocols were used to obtain flattened Z-stacks of each EP cell, and
the number of large vesicles that immunostained positive for both N- and C-terminal
APPL (indicative of full-length protein) was quantified for each cell. To compare the
accumulation of APPL in stationary versus motile neurons, EP cells were selected based
on their location relative to the FG/MG boundary. (The approximate positions of trailing
and leading cells at each stage are marked with arrowheads in the age-matched
embryos in Figure 4.1A-C). Consistent with a developmental role for APPL in controlling
neuronal motility, the subcellular localization of full-length APPL in premigratory neurons
(55 hpf) was distinct from that seen in neurons extending processes onto the band

pathways (Fig. 4.2A). In premigratory neurons, a substantial amount of full-length APPL
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accumulated within a set of large perinuclear vesicles (arrows, Fig. 4.2A,). In contrast,
actively migrating neurons exhibited full-length protein in their leading processes (high
resolution image not shown), whereas they contained considerably less APPL in the
large perinuclear vesicle compartments (arrows, Fig. 4.2A;). Quantifying the number of
these large perinuclear vesicles containing APPL verified that premigratory neurons
(including “trailing cells”) had significantly more APPL diverted in this compartment than
was seen in actively migratory neurons (“leading cells”) within the same preparation (Fig.
4.2D, p=0.002).

Consistent with the model that postmigratory neurons divert full-length APPL to a
particular set of intracellular vesicles, stationary neurons near the FG/MG boundary of
embryos at 58 hpf exhibited a substantial amount of full length APPL within large
perinuclear vesicles (arrows, Fig. 4.2B4). By contrast, leading cells, which at 58 hpf are
still actively migrating, rarely exhibited accumulations of APPL in perinuclear
compartments (Fig. 4.2B,). Notably, the number of large perinuclear APPL-containing
vesicles was significantly higher in stationary cells compared to the infrequent
accumulation of APPL in large vesicles in motile cells (Fig 4.2D, p=0.001)

Finally, at 65 hpf, a stage when most EP cells have completed their migration
and have transitioned to a period of axonal outgrowth, the amount of APPL that
accumulated in perinuclear vesicles was substantially reduced in both trailing and
leading cells (Fig. 4.2C, quantification in D-E). This pattern is consistent with the model
that motile neurons transport full-length APPL from their cell bodies to regions of motility,
which at this stage consists of their axonal growth cones. In contrast, the stationary
neurons that are no longer actively growing may instead divert most full-length APPL
into intracellular compartments for processing and degradation. It will be interesting in
future studies to counterstain EP cells for antibodies against different compartment

markers to determine the identity of these intracellular compartments.
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Interestingly, in all groups of neurons, | observed surprisingly little colocalization
of n- and cAPPL epitopes at the plasma membrane of the cell bodies, as would be
expected if full-length APPL is targeted to the cell surface immediately after its
expression. Alternatively, interactions between full-length APPL and various adapter
molecules might potentially mask the epitopes recognized by our cAPPL antibody. This
alternative model is supported by my unpublished data, in which | found that nAPPL
could be detected on the surface of fixed, unpermeabilized EP cells in regions lacking
cAPPL immunoreactivity (data not shown). Future studies utilizing additional C-terminal-
specific APPL antibodies (recognizing different epitopes) or using exogenously
expressed APPL with distinct N- and C-terminal epitope tags will be instrumental in
resolving this issue.

In contrast to the distinct distributions of N- and C-terminal fragments of APPL
throughout the EP cell bodies, the considerable overlap in their expression within the
large perinuclear vesicle compartments and within motile growth cones was particularly
striking. Although | cannot rule out the possibility that these regions contain closely
apposed n- and cAPPL cleavage products, the uniform overlap of N- and C-terminal
epitopes within these regions suggests the presence of the full-length protein. Notably,
neighboring regions of the same neurons display striking segregation of N- and C-
terminal epitopes, demonstrating that at this resolution, | am able to detect large
populations of vesicles containing different APPL-derived cleavage products. This
expression pattern supports our preferred model whereby full-length APPL is transported
to motile regions of actively migrating neurons, whereas in stationary neurons, APPL is
diverted to perinuclear vesicles. In this manner, the developmentally regulated
expression and transport of APPL in developing neurons may play an important role in

regulating its function as a modulator of neuronal responses.
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Figure 4.2. The distribution pattern of APPL is developmentally regulated in migratory EP
cells. A-C) High resolution images showing a stack of three confocal sections focusing on
motile EP cells in Manduca embryos at 55, 58, and 65 hpf. The arrowheads in Figures 4.1A-C
show equivalent regions in age-matched embryos from which these images were collected.
(Double arrowheads correspond to the position of trailing cells at each developmental stage
and single arrowheads point to leading cells.) Merged images show nAPPL immunostaining in
green and cAPPL immunostaining in magenta, whereas their overlap (merged as white)
indicates full-length protein. Scale bar: 5 um. A) At 55 hpf, large vesicular accumulations of
both N- and C-terminal APPL (colocalization visualized in white) are abundant in premigratory
EP cells (arrows, A,). In contrast, leading cells that have begun migrating and extending
filopodia onto the muscle band pathways have significantly fewer large perinuclear vesicles
with colocalized n- and cAPPL (arrow, A;). B) At 58 hpf, trailing cells exhibit significantly more
n- and cAPPL colocalized (white) in large intracellular vesicles (arrows, B4) compared to
leading cells (B;), which have very few n- and cAPPL-positive perinuclear vesicles. C) At 65
hpf, both the trailing (C1) and leading (C2) neurons, which are postmigratory but undergoing
axon elongation, have fewer large perinuclear compartments that stain positive for both N-
and C-terminal APPL compared to other stages. The number of vesicles in trailing cells is not
significantly different than that of leading cells at this stage. D) Quantification of the average
number of large n- and cAPPL-positive perinuclear vesicles per EP cell, based on their
position along the migratory pathway and developmental stage. E) Quantification of the
average area of n- and cAPPL-positive perinuclear vesicles as percentage of total cell area. P-
values were obtained using Student’s two-tailed ¢ tests for each pairwise comparison. N= at
least 10 per condition. Error bars indicate SEM.

134



Manduca APPL and rat APP exhibit similar patterns of developmental expression
during development.

To determine whether the patterns of expression and transport that | observed
for APPL are similar to the developmental regulation of mammalian APP, | compared
progressive stages of axon outgrowth within the developing ENS of Manduca with that of
cultured primary rat hippocampal neurons. Figure 4.3 shows APPL immunostaining at
two developmental stages in Manduca, corresponding to cell migration (Fig. 4.3A) and
axonal outgrowth (Fig. 4.3B; similar to the stages shown in Fig. 4.1B and C). For
comparison, APP expression was analyzed in stage 3 cultured neurons, corresponding
to a period in which neurons first establish axonal polarity and extend a well-defined
axon (1 DIV; Fig. 4.3C), and subsequently during stage 5, when neurons undergo an
extended period of axonal and dendritic growth (5 DIV; Fig. 4.3D).

Similar to the pattern of APPL expression in Manduca, mammalian neurons
express high levels of NAPP fragments (green) in the cell bodies and cAPP fragments
(magenta) throughout their axons. Additionally, n- and cAPP are highly colocalized in
growth cones of cultured rat hippocampal neurons (arrows), suggesting that full-length
APP (like APPL) is transported to regions of active motility, consistent with it playing a
role in controlling neuronal behavior. As in Manduca, rapid cleavage of APP at the
growing processes followed by retrograde transport of C-terminal fragments may
account for high levels of cAPP immunoreactivity found throughout the axon. Conversely,
high levels of nAPP in the cell bodies may correspond to fragments produced by
secretase cleavage either before or after full-length APP is transported to more distal
regions (Muresan et. al., 2009). In future studies, | plan to use both cultured rat neurons
and Manduca embryonic cultures to test the functional role of APP/APPL processing in

regulating Goa-dependent signaling events in the control of neuronal motility
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Figure 4.3

136



Figure 4.3. Comparison of APPL distributions in Manduca neurons and APP in cultured rat
neurons at analogous stages of outgrowth. A-E) Whole-mount Manduca embryos and cultured
rat primary hippocampal neurons immunostained with N-terminal (green) and C-terminal
(magenta) APP(L) antibodies at two periods in neuronal development. Columns 2-3 show
matched gray scale images of nAPP(L) and cAPP(L) immunostaining, respectively. A)
Immunostaining Manduca embryos during periods of neuronal migration (58 hpf) reveals that
both n- and cAPPL are localized to the leading growth cone regions of axons (arrows), as well
within subcellular regions of the motile cell body. Whereas nAPPL is highly expressed in cell
bodies, cAPPL is predominantly expressed in axons. B) Motile growth cones in Manduca
embryos at 65 hpf (during axon outgrowth) exhibit high levels of colocalized n- and cAPPL
(arrows), compared to their more segregated distribution along axons. C) Immunostaining rat
neurons at 1 DIV (during the establishment of an identifiable axon) reveals that, similar to the
expression pattern of Manduca APPL, cAPP is abundant in axons (magenta), whereas nAPP
is abundant in the cell bodies (green). Compared to their relatively segregated pattern of
expression in the rest of the neuron, both nAPP and cAPP are highly expressed in growth
cones (arrow). D) Rat neurons at 5 DIV (a period of active axon outgrowth) express high
levels of NAPP in their cell bodies (green) and high levels of cAPP in their axons (magenta). E)
Magnified view of the boxed region in D. Similar to the expression pattern of APPL in
Manduca EP cells during periods of axon elongation, n- and cAPP are highly colocalized in
axonal growth cones (arrow). Images are maximum projections from 14 optical sections (A); 3
optical sections (B); 10 optical sections (C-E). Antibodies used were: nAPPL #21506 (A,B);
nAPP #22c11 (C-E); cAPPL (A,B,C); (Thress) cAPP (D,E). Scale bars: (in A,B) 10 um; (in
C,E); 30 um; (in D) 60 um.
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APP modifications may regulate APP-Go signaling in developing neurons

APP undergoes numerous forms of post-translational modification that may alter
its function in neurons. In addition to secretase cleavage (described above) and
glycosylation (Swanson et al., 2005), APP is subject to phosphorylation at a number of
cytoplasmic residues, including Thrgss, Seress, Thrges, and Tyrgs, (Oishi et al., 1997).

In particular, Tyresz, within the highly conserved Y682ENPTY motif, is necessary
for APP to interact with a number of adapter molecules, such as Fe65, Dab1, and X11.
For example, phosphorylation of APP at Tyrgs, reduces its interaction with Dab1 (Howell
et al., 1999) and Fe65 (Zhou et al., 2009), whereas binding by X11 at this residue is
independent of the phosphorylation state (Tamayev et al., 2009). These data support a
model whereby phosphorylation of APP may provide a mechanism for regulating its
interaction with other downstream signaling molecules, such as Goa. Similarly, within
the highly conserved TPEER region of the Go-binding domain in APP (100% conserved
in Manduca APPL), APP is subject to phosphorylation at Thrggs. The role of Thrggs
phosphorylation is currently not known, and given its location within the Go-binding
domain, | investigated whether phosphorylation at this site might regulate APP-Goa
interactions.

For this analysis, | triple-immunostained stage 3, hippocampal neurons with
antibodies targeting Goa, nAPP, and different modified forms of cAPP. A schematic
illustration of the epitopes recognized by the anti-APP antibodies used in this experiment
are shown in Figure 4.4F. Consistent with our previous studies, | found that N- and C-
terminal APP epitopes tended to localize to distinct regions within hippocampal neurons.
Most nAPP fragments localized to the cell body and neurite terminals, whereas most C-
terminal epitopes localized throughout the axon (Fig. 4.4A,). Notably, immunostaining

with antibodies recognizing nonphosphorylated Thregss APP (Thrggs) was particularly
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strong in the growth cone regions, where it colocalized with nAPP. This expression
pattern suggests that although neurons exhibit high levels of NAPP and (Thress) CAPP
cleavage products, full-length forms of (Threeg) APP are most prevalent within motile
growth cones (Fig. 4.4A,;). Additionally, colocalization between nAPP, (Thrgss) APP, and
Gooa was apparent throughout the peripheral regions of the growth cones and extended
into their filopodia (Fig. 4.4As.4), where interactions between full-length APP and Goa
may play a role in regulating responses to local guidance cues (as discussed in Chapter
3).

In contrast, immunostaining with antibodies specific to the phosphorylated form
of this same epitope, p(Thress)APP, only weakly labeled the peripheral regions of growth
cones (Fig. 4.4B.,). Rather, anti-p(Threeg) APP staining was robustly expressed
throughout the axon and central domain of growth cones, but its signal dropped off
within the peripheral domains and was mostly absent from the filopodia (Fig. 4.4B,,
arrows). Therefore, even though nAPP epitopes could be detected in these regions, full-
length p(Thregs) APP only minimally colocalized with Goa. in the leading tips of growth
cones (Fig. 4.4B;.4, arrows), where APP-Goa. signaling is postulated to occur. These
observations are in opposition to studies conducted in CAD cells, which suggested that
C-terminal fragments containing the p(Thrgss) APP epitope were most highly expressed
in actin-rich regions of growth cones (including lamellipodia and filopodia; Muresan et al.,
2009). Based on this observation, the authors concluded that phosphorylation of cAPP
fragments at Thrggg could promote growth cone turning. However, their study only
compared p(Thrggs) APP expression with that of NAPP, and did not analyze the
distribution pattern of p(Thrgss) versus nonphosphorylated (Thrggs) APP epitopes at high
resolution. Our results highlight the value of pursuing these investigations with

endogenously expressed APP in neurons. In future studies, | hope to test the role of
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phosphorylation at Threggg in modulating APP-Goa signaling as a mechanism to control
neuronal motility.

In contrast to the distinct expression pattern for p(Thrgss) and nonphosphorylated
(Threges) APP in developing neurons, p(Tyres2) APP expression was found to be relatively
uniform throughout neurons (Fig. 4.4C;), generally colocalizing with nAPP (Fig. 4.4C,).
These results suggest that p(Tyres2) APP is primarily present as full-length protein.
Although p(Tyrss2) APP expression overlapped with Goa immunostaining, it was not
elevated at regions of neuronal motility, nor did this modified form of APP
coimmunoprecipitate with Goa (as discussed below), indicating that this isoform may not
participate in APP-Goa signaling in developing neurons (Fig 4.4Cs.4).

As a biochemical approach to determine if specific CAPP modifications might
regulate interactions between APP and Goa, mouse brain lysates were
immunoprecipitated with a panel of APP antibodies and subsequently immunoblotted for
Goa (Fig. 4.4D). Additional counterblotting for nNAPP showed relative levels of APP
immunoprecipitated with each antibody (top blot). The input lane shows that abundant
levels of full-length APP and Goa were present in the lysates before immunoprecipitation
(Lane 1).

When lysates were immunoprecipitated with nAPP antibodies, Goa could be
readily detected in western blots of the coimmunoprecipitated proteins, even though
relatively little full-length APP was pulled down in this experiment (Lane 2). These results
are consistent with previously published work demonstrating that Goa interacts with full-
length APP in developing neurons (Ramaker et. al. 2013). To determine whether Goa.
preferentially interacts with nonphosphorylated or phosphorylated forms of APP, lysates
were immunoprecipitated with each of the antibodies described above, and the

immunoprecipitates were probed with anti-nAPP to verify that equivalent levels of full-
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length APP were immunoprecipitated. Whereas Goa coimmunoprecipitated strongly with
(Thress) APP, its interaction with p(Thrgss) APP was negligible (Lanes 3-4). These results
are consistent with immunohistochemical patterns of each epitope (as noted above), in
which (Thrggs) APP, rather than p(Threggs) forms of full-length APP colocalized with Goa in
the peripheral region of growth cones. Likewise, Goa did not coimmunoprecipitate with
p(Tyres2) APP in mouse brain lysates (Lane 5), supporting our immunochemical studies
that this form of APP does not specifically colocalize with Goa in developing neurons.
Based on this immunohistochemical and biochemical evidence that Goa
preferentially interacts with nonphosphorylated (Thrggs) APP, rather than p(Thregs) APP, |
hypothesize that phosphorylation at this residue may provide an additional mechanism
for regulating APP-Goa signaling in neurons. In particular, | predict that APP might
directly interact with Goa in the absence of Thrgeg phosphorylation, whereas
phosphorylation at this residue could function to either prevent the association of APP
and Goa in motile growth cones (precluding activation of this pathway) or possibly
trigger the activation and release of Goa, independent of ligand activation (an area of
investigation for future studies). To determine whether (Thrgss) APP interacts with the
inactive, heterotrimeric form of Go, we immunoprecipitated mouse brain lysates with
anti-(Thregss) APP antibodies and immunoblotted for Gg. Input lanes show that G is
abundant in lysates before immunoprecipitation (4.4E Lane 6). Consistent with our
previous evidence that APP interacts with trimeric Go (Goafy), (Thress) APP
coimmunoprecipitated with G (Lane 9) as well as Goa (Lane 3). As positive controls,
we also verified that G could be coimmunoprecipitated with full-length forms of APP in
this assay (immunoprecipitated with nAPP antibodies, Lane 7), as well as other
antibodies against cAPP (using polyclonal antibodies generated against the entire

internalization domain, Lane 8). Immunoprecipitations performed with matched
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concentrations of IgG served as a negative control (Lane 10). Future experiments will be
needed to test if GBy preferentially interacts with (Thrggg) APP versus p(Thrggs) APP, and
to confirm that this interaction occurs as part of the Goafy trimeric complex (as opposed
to Gy interacting with APP independent of Goa). However, these results are consistent
with the model that inactive, heterotrimeric forms of Go associate with (Thrggs) APP, but
not p(Thress) APP. Whether or not phosphorylation of APP can serve as a convergent
mechanism to regulate APP-Go signaling, independent of ligand-dependent activation,

will also be the focus of future investigations (discussed in the following chapter).
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Figure 4.4. Nonphosphorylated versus phosphorylated forms of APP exhibit distinct
localization patterns within developing neurons. A-C) 1 DIV rat primary hippocampal neurons
immunostained for Goa (green) and different cAPP-specific epitopes (magenta). Each image
is a maximum projection from flattened 10 confocal sections. Scale bar = 30 um. A) (Thregs)
APP (magenta) is highly expressed in axons and throughout peripheral regions of the growth
cone (arrows), where it colocalizes with nAPP and Goa (arrows). B) In contrast, p(Thregs) APP
is highly expressed in axons and in the central regions of growth cones, but has little overlap
with nAPP. (Threes) APP is only weakly expressed in peripheral regions of the growth cone,
and is not detected in the most distal regions of Goa expression (arrows). C) p(Tyres2) APP is
uniformly distributed throughout neurons, and does not appear to preferentially overlap with
nAPP or Goa in particular subcellular regions. D) Mouse brain lysates were
immunoprecipitated with APP antibodies specific to different epitopes, and blotted with Goa.
Immunostaining with a-nAPP (22C11) on the upper blot shows relative levels of full-length
APP immunoprecipitated with each antibody. Lane 1: Input lane shows that APP and Goa
were abundant in lysates before immunoprecipitation. Lane 2: Goa was detected in lysates
immunoprecipitated with nAPP antibodies (8967), verifying that it interacts with full-length
APP. Lane 3-4: Although (Thrgss) APP and p(Thrgss) APP antibodies immunoprecipitated
roughly equivalent levels of full-length APP, Goa coimmunoprecipitated strongly with (Thrggg)
APP but was negligible in lysates immunoprecipitated with p(Threess) APP. Lane 5: Goo was
not detected in lysates immunoprecipitated with p(Tyresz) APP antibodies. The size of APPL is
~135 kDa. The size of Goa is ~41 kDa. E) Mouse brain lysates were immunoprecipitated with
APP antibodies specific for different epitopes and then immunoblotted with anti-Gp. Lane 1:
The input shows abundant levels of Gf in lysates prior to immunoprecipitation. Lane 2: G
coimmunoprecipitated with nAPP, demonstrating that it interacts with full-length APP. Lane 3-
4: Gp coimmunoprecipitated with both polyclonal antibodies against cAPP (which do not
distinguish between different modified forms) and (Thress) APP-specific antibodies. Lane 5:
Gp was not detected in the control IgG immunoprecipitation. The size of G is ~37 kDa. F)
Schematic diagram of APP showing the E1 and E2 extracellular domains, the Af region within
the transmembrane (TM) domain, the Go-binding domain “Go”, and the internalization domain
“Y”. APP epitopes targeted by each APP antibody are marked with black lines. Antibodies,
(Thrges) APP, p(Threes) APP, and p(Tyresz) APP target the intracellular domain of APP,
whereas nAPP antibodies target the extracellular domain.
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Based on the foregoing studies, we propose the model that full-length APP is
transported to motile regions of neurons, where it can directly interact with the
heterotrimeric G protein Go and function to regulate neuronal responses to inhibitory
guidance cues. In its inactive form, full-length APP is poised to function as a GPCR,
interacting with Goa in the peripheral regions of growth cones. Local activation of this
pathway (by extracellular signaling molecules, see Chapter 3) would provide one
mechanism for inducing retraction responses and prevent inappropriate growth;
convergent input from other pathways that regulate APP dephosphorylation at Thrges
might provide a second, independent way of regulating this pathway. Subsequently,
secretase cleavage, phosphorylation, or regulated mechanisms of internalization might
function to remove APP from the membrane, thereby terminating this aspect of the
response. All of these mechanisms are consistent with the patterns of
immunohistochemical colocalization that we observed in these studies. Although these
data are preliminary, they represent intriguing areas of future research that may reveal

mechanisms by which APP-Goa signaling is regulated in developing neurons.
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CHAPTER 5

Conclusions and future directions

The overall goal of this thesis was to investigate the normal functions of APP
family proteins in the developing nervous system, and to identify the signaling
mechanisms by which APP may control key aspects of neuronal migration and motility.
Based on previous evidence from multiple systems that APP and its orthologs are
strongly upregulated in neurons undergoing active phases of motility (including migration,
outgrowth, synaptogenesis, and response to injury), | used a combination of invertebrate
model systems and primary cultures of murine hippocampal neurons to test the
hypothesis that APP family proteins function to restrict excessive or inappropriate growth
responses. | also investigated the controversial model that APP family proteins function
as unconventional G protein-coupled receptors that specifically interact with Goa,,
whereby stimulation of APP signaling induces the activation of Goa, which in turn
regulates neuronal behavior via downstream effector pathways. The results of my
studies in Manduca, Drosophila, murine neuronal cultures, and human brain samples
have provided new evidence in support of this model, indicating that the regulation of
Gooa-dependent signaling responses may represent a fundamental role for APP family

proteins in both the developing and mature nervous system.

Amyloid precursor proteins interact with the heterotrimeric G protein Go in the
control of neuronal migration

In Chapter 2 of this thesis, | demonstrated that full-length APP and its conserved
ortholog in Manduca, APPL, are expressed in growing regions of motile neurons, where

they colocalize with Goa. Using an established assay for neuronal migration in the
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hawkmoth Manduca, | demonstrated that APPL and Goa. regulate similar aspects of
neuronal migration and outgrowth. When APPL signaling was disrupted (by using APPL
morpholinos or APPL blocking antibodies), cell migration and axon outgrowth occurred
ectopically into normally inhibitory regions. This same phenotype resulted from inhibiting
Goa activation, suggesting that APPL and Goa activity may normally regulate
inappropriate migration and outgrowth in the nervous system. In line with evidence that
APP can directly bind and activate Goa in vitro (Nishimoto et al., 1993), | used
bimolecular complementation assays (BiFC) to demonstrate that APPL and Goa directly
interact in growing axons and synapses in the Drosophila brain. Using Manduca
embryonic lysates, | also showed that activating Goa causes it to dissociate from APPL,
consistent with the model that APPL functions as a Goa-associated receptor in the
nervous system. These studies support the model that APPL is an upstream receptor
that regulates Goa-dependent aspects of neuronal migration in the developing nervous
system: activation of this pathway causes axon retraction and restricts migration,
whereas inhibiting the pathway causes excessive migration and outgrowth. This work
was published in The Journal of Neuroscience (Ramaker et. al. 2013 33 (24) p. 10165-

10181).

Based on previous work from the Copenhaver laboratory, which demonstrated
that Goa activation leads to Ca*?-dependent filopodial retraction, | hypothesize that
signaling through this pathway alters the cytoskeletal dynamics that regulate the motile
behavior of developing neurons. Whether stimulating APP in developing neurons leads
to Goa activation as a mechanism for regulating these events still needs to be verified.
Identification of upstream molecules capable of stimulating APP-dependent pathways
will also be essential for defining the mechanisms by which APP signaling is normally

regulated in the nervous system (the focus of my on-going investigations).
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Ligand-induced stimulation of APP regulates Go-dependent aspects of neuronal
development

In Chapter 3, | used a combination of in vitro assays in cultured rodent neurons
and in vivo assays in the hawkmoth Manduca to test the role of APP signaling in
developing neurons. Using established protocols for activating APP in cell culture, |
treated stage 3 primary hippocampal neurons with antibodies targeting the extracellular
domain of APP. This treatment resulted in growth cone collapse and retraction that
required Go activation. These results are consistent with experiments in Manduca
demonstrating that inhibiting either APPL or Goa. caused ectopic migration and
outgrowth, consistent with a role for these molecules in negatively regulating neuronal
migration and outgrowth in the nervous system. To stimulate APPL signaling in vivo, |
treated developing embryos with a candidate APPL ligand, Mscontactin. Treating EP
cells with Mscontactin-Fc at the onset of migration resulted in premature stalling by the
EP cells and abnormal neuronal positioning within the developing ENS. Whether APPL-
Goa signaling transduction normally functions downstream of Mscontactin in this
pathway still needs to be proven. A manuscript describing this work is in progress.

Given my preliminary data demonstrating that Mscontactin and APPL regulate
similar aspects of neuronal migration in Manduca embryos, future efforts will be focused
on determining whether Mscontactin functions as an endogenous APPL ligand during
neuronal development. In particular, a number of controls still have to be conducted to
determine whether APPL and Mscontactin interact in vitro and in vivo; whether they are
expressed at the right time and place to function as receptor-ligand pairs; and whether
APPL and Go are required for Mscontactin to mediate its effects on migration. These

future directions will be discussed below.
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APP family proteins undergo developmentally-regulated modifications that may
affect their functions in the nervous system

In Chapter 4, | used immunohistochemical staining methods in whole-mount
Manduca embryos to demonstrate that full-length APPL undergoes a pattern of
developmental expression and trafficking in migratory neurons that is consistent with its
role in regulating Goa-dependent aspects of neuronal motility. In contrast to the
widespread distribution of both N- and C-terminal APPL cleavage fragments detected
throughout the EP cells and their processes, full-length APPL was mostly expressed in
their leading processes and motile growth cones. Over the course of development, the
intracellular localization of full-length APPL changed: In both premigratory and
postmigratory cells, full-length APPL was predominantly confined to large perinuclear
compartments. However, during periods of axon outgrowth, these intracellular
accumulations became less evident and instead full-length APPL became increasingly
localized to growth cones, indicating a developmental change in its intracellular
trafficking. In complementary studies, | also examined the expression pattern of
mammalian APP in cultured rat hippocampal neurons, which revealed similar patterns of
expression and trafficking during axon outgrowth. By combining biochemical and
immunohistochemical approaches to investigate how the phosphorylation of specific
residues in APP might affect APP-Goa interactions, | have also discovered that the
phosphorylation of APP on Thrggs negatively correlates with APP-Goa interactions,
suggesting that this post-translational modification might play an important role in
regulating APP-Goa signaling. Together, these data provide new insight into the

mechanisms by which APP-Goa signaling may be regulated to control the behavior of
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developing neurons. These studies also have identified a number of additional questions

that still need to be addressed to fully validate this model, as summarized below.
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FUTURE DIRECTIONS

Determine whether contactins can regulate APPL-dependent aspects of neuronal
migration

Chapter 3 demonstrated that treating Manduca embryos with Mscontactin-Fc led
to errors in EP cell migration. To determine whether APPL is downstream of Mscontactin
in mediating these effects, | will treat embryos with Mscontactin-Fc in combination with
APPL morpholinos to knock down its expression. As a control, Mscontactin-Fc treatment
will be combined with the application of standard control morpholinos. | would expect
that the migration defect caused by Mscontactin-Fc treatment would persist in the
presence of standard control MOs, but not in the presence of APPL morpholinos.
Because attractive cues on the muscle band pathways can guide EP cells independent
of APPL signaling, combining Mscontactin-Fc with APPL morpholinos would be
expected to overcome the stalling response induced by Mscontactin-Fc and restore
normal migration along the pathways; however, migration and outgrowth onto the
interbands might still occur in the absence of APPL. In this case, combining Mscontactin-
Fc treatment with subthreshold concentrations of APPL morpholinos might restore
normal migration and prevent ectopic growth. In contrast, if Mscontactin functions
independent of APPL to regulate EP cell migration, neither control nor APPL-specific
morpholinos would be expected to rescue the Mscontactin-Fc phenotype, and APPL-
specific morpholinos would likely cause additional ectopic outgrowth in addition to the
stalling response induced by Mscontactin-Fc.

As a complementary approach to using APPL MOs, | could also block APPL
signaling with APPL blocking antibodies. Since my previous studies indicated that these
antibodies disrupt normal APP-dependent interactions, it is possible that treatment with

anti-APPL may act by blocking endogenous interactions between APPL and Mscontactin
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in the developing ENS. In this case, | would expect that combining Mscontactin-Fc
treatments with application of nAPPL antibodies would also prevent the Mscontactin-Fc-
induced phenotype. IgG controls or antibodies targeting non-neuronal proteins would
serve as a negative control.

If the experiments described above reveal that Mscontactin is a functional ligand
for APPL in migrating neurons, | will also investigate whether Goa activation is a
downstream consequence of APPL stimulation by Mscontactin. For these experiments, |
will treat Manduca embryos with Mscontactin-Fc constructs in the presence of PTX or
Goa morpholinos. If Goa activity is required for the effects of Mscontactin-APPL
signaling on neuronal migration, blocking Goa activity should prevent the neuronal
stalling and mispositioning phenotypes. If these molecules function in distinct pathways,
however, | expect the Mscontactin-induced defects in neuronal migration to persist, while
inhibiting Goa activity might also enhance ectopic outgrowth on the bands and in the
interband regions (consistent with my previous studies). Given our hypothesis that
multiple signaling pathways most likely converge on Goa to regulate neuronal motility,
subthreshold levels of Go inhibition may be more informative than a complete blockage,
since global Goa inhibition might also perturb other cell functions and mask the effect of
manipulating Mscontactin signaling. If these studies indicate that Mscontactin-APPL-Goa
signaling does indeed regulate key aspects of EP cell motility, future studies could also
investigate whether Ca*? influx is required for this effect, consistent with earlier work by

Horgan and Copenhaver (Horgan and Copenhaver, 1998).
The search for other candidate ligands

If APPL is found to not be required for Mscontactin-induced defects in EP cell

migration, | will investigate whether other candidate ligands regulate APPL-dependent
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aspects of neuronal behavior. In the original studies that identified members of the
contactin family as ligand/binding partners for APP and its orthologs (Osterfield et al.,
2008), the investigators initially identified contactin-4 by incubating surface-biotinylated
chick optic tectas with sAPP-AP and then immunoprecipitating for the AP probe. After
western blotting for biotin, contactin-4 was identified using tandem mass spectrometry to
identify the most prominent interacting proteins. However, as an alternative approach,
the same group also cross-linked sAPP-AP to biotinylated tectas, immunoprecipitated for
the AP probe, and then western blotted for candidate proteins. Included in this screen
were: CHL1, contactin 1, NCAM, neogenein, neurofescin, NgCAM, NrCAM, prominin-like
2, and tenascin, of which only NgCAM coimmunoprecipitated sAPP-AP. NgCAM is the
chick ortholog of mammalian L1CAM and Drosophila neuroglian. These transmembrane
cell adhesion molecules are highly expressed on certain subsets of axons and glial cells
(Faissner et al., 1984, Kallunki et al., 1997). Interestingly, in Drosophila and Manduca,
neuroglian is also expressed by a number of non-neuronal cells (Chen et al., 1997, Nardi
et al., 2006), including glial cells (Bieber et al., 1989, Knittel et al., 2001), skeletal muscle
cells (flybase: FBgn0002968), and, most notably, the muscle band pathways of the ENS
at later stages of embryogesis (Wright et. al., 1999). Moreover, loss of neuroglian in
Drosophila can lead to errors in axon pathfinding, consistent with its role as a candidate

APPL ligand (Garcia-Alonso et al., 2000).

Determine the role of Mscontactin-APPL signaling in development

If Mscontactin is shown to regulate neuronal migration through APPL-dependent
mechanisms, | will further investigate the nature of this interaction. First, | will determine
whether APPL and Mscontactin interact in Manduca embryonic lysates using
coimmunoprecipitation protocols. Two antibodies have been generated against

Drosophila contactin: rat anti-Dcontactin (targets AA 772-1138, the 5" and 6" IgG
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domains plus the hinge to the FN domains), and guinea pig anti-Dcontactin (targets AA
24-195, an N-terminal C-lectin domain adjacent to the IgG domains) (Faivre-Sarrailh et
al., 2004). | will test both of these antibodies in Manduca using western blotting and
immunohistochemistry. As needed, | will also generate additional antibodies against
peptide sequences specific to MsContactin, using our published protocols (Coate et al.,
2007).

To validate the model that Mscontactin can regulate key aspects of neuronal
motility in Manduca embryos, | will investigate whether it is expressed at the right time
and place to do so. | will collect embryos throughout the migratory sequence (45-65% of
development) and immunostain for anti-Dcontactin (or anti-Mscontactin), while
counterstaining for anti-APPL. | will also examine the pattern of Mscontactin-specific
MRNA expression by in situ hybridization. Based on our model that Mscontactin-APPL
signaling regulates EP cell behavior, | expect to detect Mscontactin in the interband
regions of the midgut, possibly confined to the anterior regions where the EP cells and
their ensheathing glia reside. This expression pattern would be consistent with our
observations that APPL knockdown led to ectopic growth that was predominately
restricted to the anterior, but not posterior, interband regions. Alternatively, Mscontactin
might be selectively expressed by the enteric glial cells that ensheath the EP cells
around the time that they normally complete their migration, which again would be
consistent with my observation that most ectopic growth occurs in the vicinity of the EP
cell bodies, rather than their more distal processes. However, Mscontactin expression
could be more widespread than just these regions. For example, Mscontactin might also
be expressed by the EP cells and function as a co-receptor by binding APPL in cis.
Determining the expression pattern of endogenous Mscontactin will therefore provide

insight into the nature of its interaction with APPL.
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In the event that neither of the anti-Dcontactin antibodies specifically labels
Mscontactin in Manduca and we are unable to generate our own antibody against
Mscontactin, a less ideal approach would be to continue to focus on the interaction
between APPL and exogenous Mscontactin-Fc. In this case, | would treat embryos with
Mscontactin-Fc and perform coimmunoprecipitations between APPL and the fusion
protein. | could also utilize antibodies against the Fc tag to determine where
Mscontactin-Fc binds in the embryo. In preliminary experiments, | detected the
constructs bound to EP axons and they strongly labeled a set of interband midline cells,
as well as more diffuse and variable labeling in other interband regions. Very few
embryos were examined in this initial study, however. With improved resolution, | would
expect to detect Mscontactin-Fc binding to the EP cell bodies, given that transmembrane
APPL is present on both the EP cell bodies and axons (Ramaker et al., 2013). These
experiments will provide additional insight into whether and how Mscontactin may

function as a candidate APPL ligand in Manduca.

Determine the mechanisms of APP-Goa signaling in vitro

Although ascertaining the role of APP-Goa signaling in neuronal motility in vivo
would be ideal, the experiments in Manduca are contingent on identifying an APPL
ligand or developing an antibody activation protocol capable of producing robust APPL-
dependent phenotypes, both of which are still in progress. On the other hand, since we
have established a method for inducing APP signaling in cultured hippocampal neurons,
these assays provide many advantages for testing the role of this signaling pathway in
neurons. Notably, an array of tools are available in mammalian neurons, such as a wider
availability of APP antibodies and the availability of antibodies against activated Goa,

which provide advantages over studying this pathway in Manduca. Although there are
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also important caveats to using cultured neurons (including the loss of endogenous
signaling interactions that normally occur in the brain), hippocampal neurons in vitro
have the advantages that they are available in high quantities, and can be isolated from
the complex assortment of other cell types and environmental cues that they normally
encounter in vivo, enabling changes in individual neurons to be more easily quantified.
Therefore, even if we discover that contactins function in a pathway independent of
APP-Goa signaling, our established assays for antibody-induced APP signaling in
cultured neurons will provide an informative means for investigating the role of this
pathway in different aspects of neuronal motility.

In Chapter 2, | provided evidence that APPL functions as a Goa-associated
receptor. Namely, we showed that APPL and Goa directly bind both in vitro and in vivo,
and that activating Goa reduced its interaction with APPL. Additionally, in Chapter 3, |
discovered that Go activation is required for APP-dependent growth cone responses.
Although these data support the role of APP as a Goa-associated receptor, they do not
explicitly show that APP activation leads to Goa activation. To further verify this point, |
will treat cultured neurons with anti-APP antibodies (or Fc constructs of contactin 4;
Osterfield et al., 2008) and determine whether either method of stimulating APP
signaling causes enhanced Goa-GTP levels. For these experiments, neurons will be
treated in culture for 1-5 hr, then fixed and immunostained with anti-Goa-GTP antibodies
(See Figure 5.1A-B), which are specific to the activated form of Goa. By normalizing
immunofluorescence levels of Goa-GTP to signals produced by anti-Goa (visualized in a
separate channel) we can determine whether APP signaling increases Goa activation.
These experiments will be especially interesting, given previous evidence in Manduca
that Goa. activation causes local filopodial retraction, inhibiting axon outgrowth in a Ca**-

dependent manner (Horgan and Copenhaver, 1998). We therefore expect that Goa-GTP
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might be particularly enhanced within the motile growth cones and axons, and that
stimulation of APP signaling would further enhance its expression in these regions.

To further demonstrate that APP signaling causes Goa activation, future studies
will investigate their biochemical interactions. In Chapter 2, we demonstrated that APPL-
Goa interactions in Manduca lysates could be enhanced with PTX and reduced upon
Goolia activation with Mas 7. | therefore hypothesize that treating cultured neurons with
APP antibodies (or contactin 4-Fc constructs) should also induce Goa activation and
release from APP. To test this model, | will apply our anti-APP antibodies (versus control
IgG) to cultured neurons, then prepare lysates of the cultures, and use our
coimmunoprecipitation protocols to quantify the interaction between APP and Goa. In
preliminary experiments, | showed that in the absence of any treatment, endogenous
APP could be coimmunoprecipitated with Goa from cultured rodent neurons (see Figure
5.1C). | expect that treating cultures with APP-specific antibodies or with contactin 4-Fc
will decrease APP-Goa interactions, whereas pretreating with PTX should prevent these
effects. Similar to previous experiments, PTX by itself might enhance this interaction,
suggesting a low basal level of APP-Goa signaling. Additionally, by immunoblotting with
anti-Goa-GTP, | may be able to determine if treating neurons with APP antibodies
causes Goa activation, while mastoparan and PTX treatments will serve as positive and
negative controls, respectively. Together, these experiments will provide support for the
model that APP signaling results in Goa activation and release, consistent with its role
as a Goa-coupled receptor that undergoes ligand-induced activation to mediate its effect

in neurons.
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Figure 5.1. A-B) Goa and Goa-GTP are both detected in immunostained hippocampal
neurons grown in primary culture. C) Mouse brain lysates were immunoprecipitated with cAPP
antibodies. Immunoblotting for Goa revealed that endogenous Goa interacts with cAPP,
whereas only background levels of Goa were detected in immunoprecipitates pulled down
with control IgYproteins. Blotting for nAPP revealed that robust levels of APP were also
immunoprecipitated in this sample. By comparison, when lysates from cultured hippocampal
neurons were immunoprecipitated with anti-cAPP, Goa was detected only in the samples that
had sufficient APP present. In samples with low levels of APP and in samples
immunoprecipitated with IgY, only background levels of Goo were detected. This assay can
now be used to examine whether stimulating APP reduces APP-Goa interactions.
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Determining additional roles for APP-Goa signaling in developing neurons

In Chapter 3, | discovered that APP-Go signaling regulates growth cone
responses. However, this assay only analyzed growth cone morphologies after five
hours of treatment, whereas more acute changes in their behavior might have occurred
prior to this time. Therefore, in future studies, | will use time-lapse imaging to observe
the immediate response of growth cones to treatments designed to stimulate APP and
Go. This approach will also allow me to track individual neurons over time, providing a
more accurate means of assessing the role of this signaling pathway in growth cone
dynamics. Analyzing these changes in real-time will also provide insight into how
changes in growth cone morphology influence the overall behavior of the neuron. For
example, by assessing the number of filopodia and their rates of extension and
retraction, | can determine how changes in growth cone dynamics contribute to such
behaviors as growth cone turning, axon growth, and pathfinding in neurons.

In addition to delineating the role of APP-Go signaling in growth cone dynamics, |
will also be able to determine whether this signaling pathway regulates axon outgrowth.
In Chapter 3, to analyze the effect of APP antibody treatment on growth cone
morphology, we randomly imaged and quantified 55 axonal growth cones from each
group, treated at 1 DIV. However, at this time, many of the cultured hippocampal
neurons were still transitioning from a multipolar state (stage 2) to a more differentiated
state (stage 3), when they acquire a single well-defined axon (Dotti et al., 1988, Kaech
and Banker, 2006). As a result, there was a substantial amount of variability in the initial
morphologies of neurons used in these studies. Additionally, our criteria for analysis
included only stage 3 neurons (possessing single axons that were substantially longer
than any of the other neurites) and neurons that were not in contact with other neurons
(to avoid potential complications arising from neuron-neuron interactions). These criteria

complicated an attempt to measure the effect of treatment on axon length per se. By
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implementing time-lapse imaging protocols, we will be able to acutely treat neurons with
APP antibodies and Go-specific reagents to determine the role of this signaling pathway
on axonal outgrowth in individual neurons at specific stages of their development.

In addition to investigating the role of APP-Go signaling during axon outgrowth,
we are also interested in determining the role of this pathway at other periods of
development. For example, although | have uncovered a role for APP-Go signaling in
regulating growth cone collapse/retraction during early stages of development, it may be
only play a functional role after axon polarity has been established. By investigating the
role of APP-Go signaling at different developmental stages, we may uncover distinct
roles for APP-Go in the control of neuronal migration, axonal outgrowth, growth cone
responses, and synapse formation. Likewise, this approach might reveal important
context-specific differences in the growth responses that are induced by APP signaling
under different conditions, which could explain why APP has been found to promote
motility in some assays but inhibit growth in others (Young-Pearse et al., 2008, Hoe et

al., 2009a, Rama et al., 2012, Billnitzer et al., 2013).

Verify that APP mediates growth cone responses specifically via Go, but not other
G proteins

Based on my data demonstrating that PTX inhibits APP-dependent growth cone
collapse and retraction, and that APPL directly binds Goa but not Gia, we concluded
that growth cone dynamics are regulated by APP-Go signaling. However, unlike insect
systems, PTX inhibits both Goa. and Gia in mammalian neurons, and therefore we have
not yet proven that the growth cone responses are specific to Goa in this assay. To
verify that Goa activation is required for growth cone collapse/retraction, we could

overexpress a non-activatable mutant of Goa, GoaG204A. If Go activation mediates the
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growth cone responses induced by APP signaling, then GoaG204A will function like a
dominant negative and reduce the collapse/retraction response (Yamatsuji et al., 1996b).
This assay would be informative regardless of whether the a or py subunits of Go
mediate the effect, because this dominant negative mutant would both reduce levels of
activated Goa and chelate endogenous Gpy. In contrast, dominant-negative Gia
(GiaG204A) should have no effect unless APP-dependent growth responses are
mediated by Gi signaling. Similarly, since PTX rescued APP-induced growth cone
collapse and retraction, overexpressing PTX-insensitive forms of Goa or Gia. would
reveal which of these G proteins was involved (Leaney and Tinker, 2000).

Finally, although studies in Manduca revealed a role for the a-subunit of Go in
regulating neuronal matility, | cannot yet exclude the possibility that APP-induced growth
cone collapse and retraction responses in cultured hippocampal neurons are mediated
by the By dimer, as both the a and py subunits have been ascribed roles in APP-Go
signaling in other assays. For example, in studies using NK1 cells transfected with FAD-
associated forms of APP, APP-Go dependent apoptosis was mediated by By subunits
(Giambarella et al., 1997), whereas suppression of CRE was evoked by a subunits
(Ikezu et al., 1996).

To determine which Go subunits are involved in APP-induced growth cone
responses in cultured hippocampal neurons, | could overexpress GTPase-deficient
forms of Goa (constitutively active Goa-Q205L or Goa,-A205L). If growth cone collapse
is mediated by Goa, | would expect that overexpression of constitutively active Goa
would induce growth cone collapse, similar to the effect of treating neurons with
mastoparan. However, if the effect is mediated by py subunits, then expressing the
constitutively active Goa. subunits might have no effect on our outgrowth assays. As a

complementary test, | could overexpress the c-terminus of the 3-adrenergic receptor
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kinase-1, which has been shown to bind gy and block its activity (Giambarella et al.,
1997). Therefore, | would predict that this construct would only prevent growth cone

collapse/retraction if APP-dependent responses are mediated by By.

How is APP-Goa signaling regulated?

We have provided evidence that APP regulates neuronal motility by functioning
as a Goa-associated receptor. However, the mechanism by which APP activates Go and
permits its release from membrane-associated receptor complexes has not been
investigated. Conventional GPCRs typically activate their associated G proteins by
undergoing a ligand-induced conformational shift in their transmembrane-spanning
domains. This modification displaces GDP, allows the association of GTP, and drives
the release of the activated subunits from the receptor (Hille, 2001). Although previous
studies have identified other examples of single-pass membrane GPCRs (Maghazachi,
2005), the mechanism by which they can activate G proteins has not been determined.
Therefore, | am interested in further elucidating 1) which ligand-induced changes in APP
might be responsible for activating Go, and 2) how APP-Go signaling is subsequently
regulated.

Both APP and APPL are subject to numerous forms of post-translational
modifications, such as glycosylation, secretase cleavage (Swanson et al., 2005), and
phosphorylation at a number of residues (Oishi et al., 1997). In Chapter 4, | showed
intriguing expression patterns of phosphorylated versus nonphosphorylated forms of full-
length APP within motile regions of developing neurons. In particular, | observed trends
in which (Thrggs) APP was highly expressed in the peripheral regions of growth cones
where Goa expression was also high, whereas p(Threes) APP was less abundant in the

peripheral regions and strongly expressed in central regions of growth cones. Given
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preliminary data that Goa coimmunoprecipitated with (Thregs) APP, but not p(Thress) APP
in mouse brain lysates, it will be interesting to determine whether phosphorylation of
APP at Thrges plays a role in APP-Goa signaling.

To address this issue, | could induce APP or Goa activation in cultured neurons
and use western blotting and immunofluorescence assays to measure changes in
(Threes) APP phosphorylation. Specifically, by using a panel of APP antibodies against
different phospho- and nonphospho-specific epitopes (including Thrggs and Tyregz), | may
find that APP activation is associated with increases in (p)Thregs levels, along with
enhanced Goa activation and release. As a complementary approach, quantifying levels
of (Thregs) versus p(Thrgss) APP in the central and peripheral domains of growth cones
may providing insight into whether this modification regulates APP localization in
developing neurons as a mechanism to facilitate its interaction with Go. A potential
caveat to this analysis is that phosphorylation of APP might also alter its secretase
cleavage or degradation; in this case, simply comparing levels of phosphorylated versus
nonphosphorylated APP before and after treatment would not provide straightforward
answers about the involvement of APP phosphorylation in regulating Goa signaling.

Another caveat to the above experiments is that solely analyzing the
colocalization between Goa and APP epitopes in cultured neurons will not be informative
in establishing the relationship between APP modifications and APP-Goa activation. For
example, in the case of conventional GPCRs, studies have suggested that receptors
only interact with G proteins in their inactive heterotrimeric state, whereas modifications
that activate the receptor would lead to G protein dissociation. By this scenario,
modifications that enhance APP-Goa colocalization would represent inactive interactions.
Alternatively, from a physiological standpoint, any modification that brings the two

molecules together may facilitate their interaction and subsequent activation. For this
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reason, using coimmunoprecipitations between APP-Goa interactions might be more
informative than APP-Goa colocalization. Thus far, our data argue that Goa bound to
APP represents an inactive protein complex, since PTX treatment both enhanced APP-
Goa interactions and prevented APP-Go-induced induced growth cone collapse (albeit
in separate assays). Thus, although the proposed experiments would provide insight into
whether APP modifications are associated with APP activation or APP-induced growth
cone collapse, their results must be interpreted with caution.

As a more functional approach for relating APP phosphorylation with APP
signaling, we could treat cultured neurons with reagents targeting kinases or
phosphatases known to regulate APP phosphorylation. This approach would reveal
whether altering their activity (1) induces growth cone collapse in an APP-dependent
manner; (2) decreases APP-Goa interactions; and (3) enhances Goa-GTP levels. For
example, if Thrggs dephosphorylation is necessary for APP to interact with Go at the cell
surface, then introducing the serine/threonine phosphatase PP2A might promote APP-
Go signaling, thereby enhancing growth cone collapse and Goa-GTP levels. Likewise,
Thress APP phosphorylation might prevent APP from colocalizing with Goa at the cell
surface. In this model, overexpressing c-Jun kinase (JNK; known to interact with Thrggs;
Standen et al., 2001), might prevent antibody-induced APP activation, thereby reducing
growth cone collapse and Goa-GTP levels. However, since most kinases and
phosphatases target multiple phosphorylation sites, subsequent analysis would be
needed to demonstrate that the effect is specific to APP and specific to the Thrggs
residue. Future experiments could be performed in the presence of APP containing
mutations at this residue to provide insight into whether altered phosphorylation at this

site plays a critical role in regulating APP-Go interactions an neuronal motility.
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What is the role of secretase cleavage in APP-Goa signaling?

Similar to mammalian APP, APPL undergoes secretase cleavage that both
decreases levels of full-length protein and produces APP fragments. Based on our
model that APP functions as a Goa-associated receptor when it is present as a
transmembrane protein, | would expect that secretase cleavage would reduce APP-Goa
signaling. However, the opposite may be true: APP may associate with Goa as a full-
length receptor, while secretase cleavage would facilitate the activation and release of
the Goa subunit. We could test this model by using secretase inhibitors or secretase-
deficient forms of APP in a variety of assays.

To determine if APP-Go signaling in primary neurons is disrupted by cleavage of
the protein, we could apply secretase inhibitors to primary cultured neurons and analyze
their effects on APP-induced growth cone collapse/retraction, Goa-GTP levels, and
Goa-APP dissociations. Inhibiting cleavage should result in higher levels of full-length
protein at the membrane. According to our preferred model, elevated levels of
transmembrane APP should facilitate APP-Go signaling, thereby augmenting APP-
dependent growth cone collapse, Goa-GTP levels, and Goa-APP dissociation. On the
other hand, if secretase cleavage is necessary for Goa activation, inhibiting secretase
cleavage should attenuate APP-induced growth cone collapse, Goa-GTP activation, and
APP-Goa dissociation. In our Manduca embryo cultures, if full-length APPL is necessary
to prevent ectopic outgrowth, secretase inhibitors would be expected to stall migration
and outgrowth by enhancing APPL signaling. On the other hand, if secretase cleavage is
necessary for APP signaling, secretase inhibitors would be expected to prevent APPL
signaling, resulting in ectopic migration and outgrowth, thereby phenocopying the results
of disrupting APPL with morpholinos or blocking antibodies. These experiments would

therefore provide insight into the role of secretase cleavage in APP(L)-Go signaling.
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One caveat to these experiments is that APP activation may itself regulate
cleavage as a feedback mechanism to terminate APP-Go signaling after retraction has
occurred. To determine whether APP-Go signaling induces secretase cleavage, we
could use APP antibodies to activate APP-Go signaling and perform western blots to
analyze changes in full-length APP versus cleavage fragments. However, if APP-Go
signaling alters other aspects of APP bioavailability, such as its degradation or its
localization at the membrane, simply analyzing levels of fragments versus holoproteins
might not be informative. An alternative approach would be to express epitope-tagged
forms of APP, whose cleavage, trafficking, and degradation could be analyzed after the
induction of APP signaling. Although most of these future directions are beyond the
scope of the current project, they would provide useful strategies for further delineating

the role of APP-Go signaling in neuronal development.

Reconciling the opposing roles for APP in neurite outgrowth

In some studies, APP has been shown to promote neurite outgrowth, while,
many others have demonstrated that APP inhibits neurite outgrowth. These
discrepancies may simply reflect the caveats of comparing different experimental
approaches, but they might also reflect important biological differences, indicating that
neurons respond to APP signaling in a context-specific manner. To determine the role of
APPL in neuronal migration and outgrowth in the developing ENS, | treated Manduca
embryos with either APPL morpholinos (to knockdown APPL expression) or with APPL
antibodies (to block APPL signaling). Both of these manipulations resulted in ectopic
migration and outgrowth, suggesting that APPL signaling normally inhibits axonal
outgrowth (Chapter 2). Consistent with this effect, applying sAPPL-AP constructs to
embryos caused similar patterns of ectopic outgrowth (P. Copenhaver, unpublished

data). These results indicate that sAPPL-AP functions by interfering with endogenous
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APPL-dependent interactions, disrupting normal APPL responses that prevent
inappropriate outgrowth. Also in support of the model that APP signaling functions to
restrict neurite motility, we have discovered that inducing APP signaling in cultured
neurons triggers growth cone collapse (Chapter 3), although a role for APP in regulating
neurite outgrowth per se in this assay still needs to be determined (as noted above).

Consistent with the model that APP signaling restricts neurite outgrowth in a
variety of contexts, a number of in vitro studies have demonstrated that knocking out
APP enhances different aspects of neuronal motility. For example, when hippocampal
neurons from APP KO mice were grown in culture, their axons were longer than those
from wild type animals after 1 day (Billnitzer et al., 2013), while other investigators have
shown that neurons from APP KO mice grow longer neurites than wild type neurons
after 3 days in culture (Young-Pearse et al., 2008). Additionally, knocking down APP
with shRNA caused a similar effect in cultured neurons, whereby the length of the
longest neurite after 3 DIV was enhanced in neurons without APP compared to controls,
an effect that was cell-autonomous (Young-Pearse et al., 2008).

However, as noted above, a complicating factor in these assays is that APP
undergoes rapid secretase cleavage, producing a number of cleavage products that can
also regulate distinct aspects of neurite outgrowth. Numerous studies have
demonstrated that treating neuronal cultures with sAPPa, the APP ectodomain fragment
produced by a secretase cleavage, enhances neurite length (Araki et al., 1991, Milward
et al., 1992, Ohsawa et al., 1995, Wallace et al., 1997). In contrast, a more recent study
demonstrated that this effect only occurred in the presence of endogenous APP, which
by our model would suggest that sSAPPa might have a dominant negative effect,
interfering with the normal inhibition of outgrowth by endogenous APP. However,

additional research will be needed to elucidate the complex balance between the effects
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of full-length APP and its cleavage products in regulating neuronal behaviors in an
endogenous setting.

In contrast to our model that APP signaling restricts neuronal motility, other
studies have shown that APP can also promote neurite outgrowth and axon elongation
under some conditions. In primary hippocampal neurons from E18-19 mice, infecting 1
DIV neurons with APP shRNA decreased neurite length, whereas overexpressing APP
significantly increased subsequent neurite growth (Hoe et al., 2009b). Likewise, cortical
neurons from 4-wk old mouse brains showed a similar trend, in that dendritic length was
reduced in APP KO mice and enhanced in neurons from APP transgenic mice (Hoe et
al., 2009b). Additionally, when spinal cord explants from E13 mice were cultured in the
presence of the growth-promoting factor netrin, commissural axon length was
significantly reduced in APP KO explants, compared to spinal cords from wild type mice
(Rama et al., 2012). These studies suggest that APP-dependent interactions can also
promote neurite outgrowth. However, it has yet to be demonstrated whether APP
overexpression or deletion recapitulates physiologically relevant signaling responses in
developing neurons.

Although the opposing roles for APP in promoting versus preventing neurite
outgrowth in different assays appear contradictory, an alternative possibility is that APP
regulates outgrowth by controlling the balance of cell adhesion versus repulsion (in
response to a variety of guidance cues), which is likely to be more sensitive to
experimental manipulations under different experimental conditions. This hypothesis is
supported by a study demonstrating that substrate adhesion was enhanced in neurons
cultured for 1 hour on APP-expressing monolayers (restricting growth), whereas after 24
hours, neurite outgrowth was enhanced (Qiu et al., 1995). A similar phenomenon was
detected in other studies that examined the effects of APP on neurite length over time

(Perez et al., 1997). Notably, although neurite lengths from APP KO neurons were
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initially shorter than those from wild type neurons at 1 DIV, neurite length in APP KO
neurons subsequently grew longer than controls (by 3 DIV). These results argue that
neurons respond differently to APP at different developmental stages (at least in vitro),
such that APP may initially promote adhesive responses that permit growth, whereas at
later stages of development APP may inhibit outgrowth. However, these models have
yet to be validated in vivo, and are complicated by the fact that deleting and
overexpressing APP may not reflect physiological responses associated with the
dynamic inhibition and activation of APP signaling that presumably occurs within the
developing nervous system.

As an alternative approach for determining the role of APP signaling on neurite
outgrowth, we can now use our established protocols for inducing APP signaling with
antibody crosslinking or with contactin-Fc constructs. These protocols can be used to
assess the role of signaling responses regulated by endogenous APP, potentially
identifying more physiologically relevant properties of this pathway than genetic deletion
studies. Additionally, by utilizing neurons at different stages of neuronal development,
the role of APP in promoting or restricting neurite outgrowth can be determined for
distinct phases of cell adhesion, axon establishment, neurite outgrowth, and axon
elongation. As a complementary strategy, systematically testing the role of APP
signaling in multiple neuronal subtypes may provide insight into whether APP mediates
different outgrowth responses in different regions of the brain. Finally, although
examining the response to APP in cultured neurons can be informative, establishing an
APP activation protocol in vivo would be ideal to elucidate the role of APP in neuronal
development in conjunction with other endogenous cues. For these reason, we are
interested in identifying a potential APPL ligand in Manduca (Chapter 3) and

investigating the role of this signaling pathway in the developing nervous system.

169



A role for APP-Go signaling in disease

Inherited forms of Alzheimer’s disease are caused by mutations within either
APP or presenilin genes, which result in enhanced Ap levels and increased ratios of
AP42:40 in the brain. Ap plaques are also a hallmark feature of AD pathology in sporadic
cases of AD, although the mechanisms by which APP misregulation leads to Ap
accumulations in this form of the disease are not understood. However, the correlation
between AD and AP in both inherited and sporadic cases of AD has led to the amyloid
hypothesis, which postulates a role for toxic Ap as a primary cause of AD (Hardy and
Selkoe, 2002, Tanzi and Bertram, 2005). Indeed, applying Ap oligomers to primary
cultured neurons results in toxic responses (lzuo et al., 2012), and animals with
mutations that enhance Ap levels display disruptions in synaptic transmission (Johnson-
Wood et al., 1997, Hsia et al., 1999, Larson et al., 1999) that are associated with
impairments in learning and memory (Hsiao et al., 1996, Saura et al., 2005). However,
therapies targeting Ap have not resulted in clinical improvements (Golde et al., 2010),
and in both human (Price et al., 2009) and mouse models of Alzheimer’s disease
(Games et al., 1995), Ap plaque density does not correlate well with cognitive decline
(Hardy and Selkoe, 2002). On the other hand, synaptic loss may more closely reflect
disease severity (Terry et al., 1991). Given that APP has been postulated to regulate
multiple aspects of synaptic maintenance, including neuronal outgrowth, synaptic
formation, and long-term potentiation (Cullen et al., 1997, Galvan et al., 2006), these
observations suggest that in addition to producing Ap fragments, aberrant cleavage of
APP may contribute to the progression of AD by disrupting the normal function of APP in
neurons.

Consistent with this hypothesis, numerous studies have demonstrated that

hyperactivation of Go by APP can induce cell death (Yamatsuiji et al., 1996a, Yamatsuji

170



et al., 1996b, Galvan et al., 2006, Shaked et al., 2009, Sola Vigo et al., 2009). When
soluble (monomeric and oligomeric) A} was applied to rat neuroblastoma cells in culture,
it caused enhanced cell death, possibly by promoting APP dimerization and inducing Go
activation (since both full-length APP and Go stimulation were necessary for the effect)
(Shaked et al., 2009). Ca*? influx was shown to be downstream of APP and Go in this
pathway (Shaked et al., 2009). Since disruptions in Ca®* homeostasis have been linked
to AD (Khachaturian, 1994, Copenhaver et al., 2011), these studies suggest that
misregulated APP-Goa signaling might result in pathological responses by inducing Ca**
overload. In support of this model, an analysis of post-mortem AD brains revealed that
elevated G protein activity and decreased APP-Goa interactions (suggesting enhanced
APP activation and Goa release) correlated with disease progression (Reis et al., 2007,
Shaked et al., 2009). These studies suggest that aberrant APP-Go signaling may
contribute to the progression of neuropathological responses associated with AD, but
understanding how this signaling pathway functions in a pathological context will require
a better understanding of how it normally functions in neurons.

In summary, our data have revealed a role for APP signaling in regulating Go-
dependent growth cone responses (Chapter 3), and for APPL and Goa in mediating
similar aspects of neuronal migration and axon outgrowth (Chapter 2). Previous work
from the Copenhaver laboratory demonstrated that Goa activation restricts the migration
and outgrowth of EP cells by regulating Ca®" influx. Therefore, we hypothesize that
APPL functions as a GPCR that mediates key aspects of neuronal motility and
maintenance by inducing Go-dependent Ca?* channel activation. Given that many
neuronal functions (such as synaptic transmission, cytoskeletal dynamics, and long-term
potentiation) require tightly regulated Ca®* homeostasis in the brain (LaFerla, 2002),

ca® signaling may provide a mechanism by which APP-Go signaling controls both
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physiological and pathological functions in the brain. In particular, we hypothesize that
APP-Goo-Ca** signaling plays an important role in regulating the extent of neuronal
growth, which in turn contributes to the establishment and maintenance of appropriate
synaptic connections. Hyperstimulation of this pathway would therefore cause growth
cone collapse and axon retraction during development, and later cause abnormal
synaptic growth and plasticity, whereas persistent hyperstimulation would lead to Ca**
dysregulation and cell death. Further elucidation of the normal role of APP-Go signaling
in neurons, as well as the identity of molecules that can regulate this signaling cascade,
may therefore provide insight into how this evolutionarily conserved pathway contributes

to human disease.
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