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Abstract

The formation and plasticity of dendritic spines and synapses, which are poorly understood on a
molecular level, are critical for cognitive functions, such as learning and memory. The adaptor
protein containing PH domain, PTB domain, and leucine zipper motif (APPL1) is emerging as a
critical regulator of various cellular processes in hon-neuronal cells, but its function in the nervous
system is not well understood. Here, we show APPL1 localizes to dendritic spines and synapses
and regulates the development of these structures in hippocampal neurons. Knockdown of
endogenous APPL1 using siRNA led to a significant decrease in the number of spines as well as
synapses and this defect could be rescued by expression of siRNA-resistant APPL1. Expression of
exogenous APPL1 increased the spine and synaptic density and the amount of surface GIuR1-
containing a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARS).
Deletion of the C-terminal phosphotyrosine binding domain of APPL1, which binds the serine/
threonine kinase Akt, resulted in a significant decrease in the spine and synaptic density,
suggesting a role for Akt in regulating the development of these structures. Consistent with this,
knockdown of Akt with SiRNA or expression of dominant negative Akt led to a dramatic decrease
in spine and synapse formation. In addition, APPL1 increased the amount of active Akt in spines
and synapses and the effects of APPL1 on these structures were dependent on Akt, indicating Akt
is an effector of APPL1 in the regulation of these processes. Moreover, APPL1 signaling
modulates spine and synapse formation through p21-activated kinase (PAK). Thus, our results
indicate APPL1 signaling through Akt and PAK is critical for spine and synaptic development and
point to a role for APPL1 and its effectors in regulating cognitive function.
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Introduction

Most excitatory synapses in the mammalian brain form between presynaptic axonal
terminals and postsynaptic regions, which are comprised of dendritic spines (Hering and
Sheng, 2001; Goda and Davis, 2003). Dendritic spines are specialized actin-rich protrusions
that generally consist of a thin neck and a bulbous head. The formation and plasticity of
spines are essential for cognitive function and abnormalities in their density, size, and
morphology are associated with a number of neurological disorders (Fiala et al., 2002; von
Bohlen Und Halbach, 2009), underscoring the importance of these structures in the central
nervous system (CNS). While the molecular mechanisms that modulate the development
and plasticity of dendritic spines and synapses are currently not well understood, emerging
data point to an important role for adaptor proteins, which bring together critical signaling
pathways, in the regulation of these processes.

APPL1 was originally identified through its interaction with the serine/threonine kinase
Akt2 (Mitsuuchi et al., 1999). APPL1 has been subsequently shown to associate with the
small GTPase Rab5, the Rab effector Oculocerebrorenal Syndrome of Lowe (OCRL), the
nucleosome remodeling and histone deacetylase multiprotein complex NURD/MeCP1, as
well as several transmembrane receptors, including the tumor suppressor DCC, adiponectin,
human follicle-stimulating hormone (FSH), and the neurotrophin receptor TrkA (Liu et al.,
2002; Miaczynska et al., 2004; Nechamen et al., 2004; Lin et al., 2006; Mao et al., 2006;
Erdmann et al., 2007). Through its multiple protein interactions, APPL1 has been reported to
regulate cell survival, proliferation, migration, and vesicular trafficking in non-neuronal
cells (Miaczynska et al., 2004; Schenck et al., 2008; Zoncu et al., 2009; Tan et al., 2010). In
sympathetic neurons, APPL1 localizes with TrkA in endosomes where it is thought to be
critical for TrkA trafficking and signaling (Lin et al., 2006; Varsano et al., 2006), suggesting
an important role for this protein in the nervous system.

The function and localization of APPL1 are mediated through several interacting domains,
which include an N-terminal Bin—Amphiphysin—-Rvs (BAR), a central pleckstrin homology
(PH), and a C-terminal phosphotyrosine binding (PTB) domain (Mitsuuchi et al., 1999;
Miaczynska et al., 2004). The BAR and PH domains form a functional, symmetrical dimer
that is involved in localizing APPLL1 to cell membranes (Miaczynska et al., 2004; Li et al.,
2007; Zhu et al., 2007). In addition, these domains form a binding interface for Rab5 and are
sufficient for targeting this small GTPase to early endosomes (Miaczynska et al., 2004; Zhu
et al., 2007). The PTB is a protein-protein interacting domain that mediates APPL1 binding
to Akt as well as several other signaling molecules (Mitsuuchi et al., 1999; Liu et al., 2002;
Nechamen et al., 2004; Lin et al., 2006).

In this study, we show that APPL1 regulates the formation of dendritic spines and synapses
in hippocampal neurons. APPL1 functions in this capacity by increasing the amount of
active Akt and PAK in these structures, which is critical for their development. Loss of
APPL1 or its effectors severely impairs spine and synapse formation, indicating a critical
role for APPL1 signaling in regulating these processes.

Experimental methods

Antibodies and reagents

APPL1 polyclonal antibody was produced by 215t Century Biochemicals (Marlboro, MA)
using the following peptides sequences from the C-terminus of human and rat APPL1,
respectively, SQSEESDLGEGGKKRESEA and SQSEESDLGEEGKKRESEA. PSD-95
antibody was from Chemicon (Temecula, CA). SV2 antibody was obtained from the
Developmental Studies Hybridoma Bank (The University of lowa, lowa City, 1A).
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LY294002 and antibodies against Akt (C73H10) and phospho-Thr423-PAK were purchased
from Cell Signaling Technology, Inc. (Danvers, MA). Phalloidin-TRITC and a-tubulin DM
1A monoclonal antibody were purchased from Sigma (St. Louis, MO). Phospho-Thr308-Akt
antibody (sc-16646-R) was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
GluR1 antibody was purchased from Calbiochem (EMD Inc., La Jolla, CA). Rabbit
polyclonal GAPDH antibody (ab9485) was obtained from Abcam (Cambridge, MA). Alexa
Fluor® 488 anti-rabbit, Alexa Fluor® 555 anti-mouse, Alexa Fluor® 647 anti-mouse and
anti-rabbit, Alexa Fluor® 680 anti-mouse and anti-rabbit (for Western blotting), and
FM4-64 FX were from Molecular Probes (Eugene, OR). IRDye® 800 anti-mouse and anti-
rabbit (for Western blotting) were from Rockland Immunochemicals (Gilbertsville, PA).
Wortmannin was purchased from VWR International (West Chester, PA). A cell growth
determination 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) kit was
obtained from Invitrogen (Carlsbad, CA).

Plasmids and siRNA constructs

Human APPL1 cDNA tagged with EGFP was cloned into a neuronal expression vector,
which was a generous gift from Freda Miller, containing a neuronal-specific al-tubulin
promoter (Gloster et al., 1999). GFP-APPL1APTB (aa 1-466) was prepared by amplifying
the cDNA using PCR and cloning the PCR product into EGFP-C3 vector (Clontech
Laboratories) at EcoRI and Kpnl. Dominant negative Akt (Aktl T308A/S473A) was
generously provided by Brian Hemmings (Friedrich Meischer Institute, Basel, Switzerland).
Dominant negative (PAK1 H83L/H86L) and kinase dead PAK (PAK1 K299R) were kindly
provided by Jonathan Chernoff (Fox Chase Cancer Center, Philadelphia, PA). Small
interfering RNA constructs were generated as previously described by inserting sense and
antisense 64mer-oligonucleotides into pPSUPER vector (Zhang and Macara, 2008). The 19
nucleotide target sequences for APPL1, Akt, and PAK have been previously described
(Katome et al., 2003; Lin et al., 2006; Lee et al., 2007; Boda et al., 2008; Yi et al., 2008).

Cell culture and transfection

Low density hippocampal neuronal cultures were prepared and maintained as previously
described (Goslin et al., 1998). Neurons were transfected with calcium phosphate as
previously described (Zhang et al., 2003). Rat 2 fibroblasts (ATCC, Manassas, VA) were
cultured in Dulbecco’s Modified Eagle's Medium (Invitrogen) supplemented with 10% fetal
bovine serum and penicillin/streptomycin. They were transfected with either an Amaxa
Nucleofector Kit or Lipofectamine™ 2000 (Invitrogen).

Immunostaining

Neurons were fixed with 4% paraformaldehyde (PFA)/4% sucrose in phosphate-buffered
saline (PBS) and then permeabilized with 0.2% Triton X-100 as previously described
(Wegner et al., 2008). To stain for PSD-95, neurons were fixed with PFA/sucrose for 3 min
and permeabilized with cold methanol for 10 min at -20°C (Wegner et al., 2008). After
fixation, coverslips were blocked with 20% goat serum in PBS containing 0.2% Triton
X-100 for 1 h. Following blocking, coverslips were incubated with the indicated antibodies
diluted in 5% goat serum/PBS. After staining, coverslips were mounted with Aqua Poly/
Mount (Polysciences, Inc., Warrington, PA).

Neurons were immunostained for surface GIuR1 as previously described (Lin et al., 2010).
After surface staining for GIuR1, neurons were permeabilized with 0.2% Triton X-100 and
immunostained for SV2 to visualize presynaptic terminals.
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Microscopy and image acquisition

Images were acquired with an Olympus IX71 inverted microscope (Melville, NY) using a
60x PlanApo TIRF objective (NA 1.45) and a Retiga EXi CCD camera (QImaging, Surrey,
BC). MetaMorph software (Molecular Devices, Sunnyvale, CA) interfaced with a Lambda
10-2 automated controller (Sutter Instruments, Novato, CA) was used for image acquisition.
EGFP and Alexa Fluor® 488 were visualized with an Endow GFP Bandpass filter cube
(excitation HQ470/40, emission HQ525/50, Q495LP dichroic mirror) (Chroma, Brattleboro,
VT). To visualize rhodamine and Alexa Fluor® 555, a TRITC/Cy3 cube (excitation
HQ545/30, emission HQ610/75, Q570LP dichroic mirror) was used. For Alexa Fluor® 647,
a Far-red Cy5™ cube (excitation HQ620/60, emission HQ700/75, Q660LP dichroic mirror)
was used. Confocal microscopy was carried out on a Quorum WaveFX spinning disk
confocal system with a Nikon Eclipse Ti microscope equipped with a PlanApo 60x TIRF
objective (NA 1.49). Images were obtained using MetaMorph software and a Hamamatsu
ImageEM-CCD camera. For green and red imaging, samples were excited with 491 nm and
561 nm laser lines, respectively.

FM4-64 labeling

Results

Neurons at day 13 in culture were incubated with 6.25 uM FM4-64 FX in high K* buffer for
1 min at 37°C as previously described (Wegner et al., 2008). Briefly, the buffer contained 72
mM NaCl, 50 mM KCI, 1 mM NaH,PO,4, 26 mM NaHCO3, 1.8 mM CaCly, 0.8 mM
MgSOy, 11 mM D-glucose, and 20 mM HEPES, pH 7.35. After loading with FM4-64,
neurons were washed and fixed with PFA/sucrose.

APPL1 localizes to dendritic spines and synapses and regulates their development

Previous studies showed that APPL1 is expressed in the brain at both the mRNA and protein
level (Mitsuuchi et al., 1999; Tan et al., 2010), suggesting a role for this protein in CNS
function. To confirm and extend this observation, we assessed the protein distribution of
APPL1 in tissue and in hippocampal neurons by western blot analysis. Consistent with
previous reports, APPL1 is expressed in the brain (Suppl. Fig. 1A). In addition, we found
that APPL1 is highly expressed in hippocampal neurons (Suppl. Fig. 1A). Since APPL1 is
highly concentrated in hippocampal neurons, which direct synaptic connections in the CNS
via dendritic spines, we hypothesized that this protein modulates spine and synapse
formation. To test this, we examined the subcellular localization of endogenous APPL1 with
synaptic markers in low density cultures of hippocampal neurons. APPL1 accumulated in
puncta that co-localized with synaptic vesicle protein 2 (SV2) and postsynaptic density
protein-95 (PSD-95) (Fig. 1A). Almost 90% of the SV2 and PSD-95 clusters contained
APPL1 (Fig. 1A), indicating APPL1 is found in a majority of excitatory synapses.

Next, we used a small interfering RNA (siRNA) approach to assess the role of APPL1 in
modulating the development of dendritic spines and synapses. Even though we used an
APPL1 siRNA target sequence that had been previously shown to knockdown endogenous
expression of the protein (Lin et al., 2006), we examined the effectiveness of the sSiIRNA by
transfecting it into rat 2 fibroblasts (R2Fs). The APPL1 siRNA knocked down endogenous
expression of APPL1 by approximately 75% compared with either pPSUPER empty vector or
a scrambled siRNA (Fig. 1B). Similarly, when the APPL1 siRNA was transfected into
neurons, it decreased endogenous expression of APPL1 by 72.0 £ 1.4% (n = 30 from three
independent experiments) compared with control cultures expressing empty pSUPER vector
or scrambled siRNA. Transfection of APPL1 siRNA into neurons caused a dramatic
decrease in the spine density as determined by GFP fluorescence (Fig. 1C and F). When
spine density was determined by staining with phalloidin, which is often used to observe
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dendritic spines because it binds to F-actin, a comparable decrease in spine number was seen
(Fig. 1E and F). Moreover, the APPL1 siRNA significantly reduced the number of SV2 and
PSD-95 clusters, indicating it also impairs the formation of synapses (Fig. 1C, D and F). The
rat APPL1 siRNA did not affect expression of human APPL1 due to several nucleotide
mismatches within the target sequence, allowing us to perform “rescue” experiments with
human GFP-tagged APPL1, which like endogenous APPL1 localized to spines and
excitatory synapses (Suppl. Fig. 1B). Expression of human GFP-APPL1 with the APPL1
SiRNA completely rescued the siRNA-promoted defect in the development of spines and
synapses (Fig. 1C-F), indicating the APPL1 siRNA-mediated defect we observed in spine
and synapse formation was due to endogenous loss of the protein. Collectively, these results
suggest that APPL1 is an important regulator of spine and synapse formation in
hippocampal neurons.

APPL1 promotes the formation of spines and synapses

We further explored the functional role of APPL1 in contributing to the development of
spines and synapses by transfecting neurons with GFP-APPL1 at day 5 in culture and
examining the spine and synaptic density at day 13. The number of spines was increased
1.6-fold, as determined by both GFP fluorescence and staining with phalloidin, in neurons
expressing GFP-APPL1 compared with control GFP expressing cells (Fig. 2A, C and D).
Similarly, expression of GFP-APPL1 led to a significant increase in the number of SV2 and
PSD-95 clusters compared with GFP expressing controls (Fig. 2A, B and D). In these
experiments, we did not observe a significant change in neurite outgrowth with cells
transfected with GFP-APPL1 at day 5 in culture compared with GFP controls, suggesting
that the effects we observe on spines and synapses are not due to neuritogenesis. However,
to confirm this result, we transfected neurons with GFP-APPL1 at day 10 in culture, which
represents a time when neurites have attained sufficient length for synapses to form, and
examined the effect of APPL1 on spines and synapses. Expression of GFP-APPL1 resulted
ina47.4 + 1.0% increase in the spine density as well as a 62.1 + 1.4% and 61.9 + 1.0%
increase in the number of SV2 and PSD-95 clusters, respectively (n = 40 dendrites from
three experiments). Taken together, these results indicate that APPL1 regulates the
formation of dendritic spines and synapses.

These intriguing results raise the question as to whether the APPL1-containing synapses are
functional. FM4-64 is a styryl, fluorescent dye that can be used to visualize functional
synapses because it is uptaken into synaptic vesicles in an activity dependent manner (Betz
and Bewick, 1992; Betz et al., 1992; Ryan et al., 1993; Betz et al., 1996). When GFP-
APPL1 expressing neurons were incubated with FM4-64 in a high K* solution, FM4-64
puncta, representing functional synapses, were seen along dendrites. As shown in Fig. 2E,
FM4-64 puncta co-localized with GFP-APPL1 clusters. Quantification showed that 81.1 +
1.1% of APPL1 puncta were positive for FM4-64 (n = 60 dendrites from three separate
experiments), indicating the majority of APPL1 containing synapses are functional. In
control experiments, when FM4-64 dye was incubated in buffer lacking K*, FM4-64 puncta
were not seen, which indicates FM4-64 uptake is a depolarization-dependent event.

Since expression of AMPAR is important for spine formation and synaptic function, we
examined the effect of APPL1 on surface levels of the AMPAR subunit GIuR1 (Malinow
and Malenka, 2002; Matsuzaki et al., 2004; Nagerl et al., 2004). In these experiments, GFP
and GFP-APPL1 expressing neurons were initially immunostained with an antibody against
the extracellular epitopes of GIuR1 under non-permeabilizing conditions. Neurons were then
permeabilized and immunostained for SV2 to show synapses. The amount of synaptic
surface GIuR1 (sGIluR1) in spines was quantified by measuring the background-subtracted
integrated fluorescent intensity in individual spines and in the neighboring shafts. The spine
to shaft fluorescent intensity ratio was then calculated. The spine/shaft ratio of the
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fluorescent intensity for SGIuR1 was increased 1.7-fold in GFP-APPL1 expressing neurons
compared with GFP controls (Fig. 2F), indicating APPL1 increases sGIuR1 levels in spines.
These results suggest that APPL1 modulates spine and synaptic function.

APPL1 enhances the amount of active Akt in synapses

Since APPL1 was originally identified through its interaction with the serine/threonine
kinase Akt (Mitsuuchi et al., 1999), we hypothesized that Akt is an important effector by
which APPL1 modulates spine and synapse formation. To begin to test this hypothesis, we
examined the localization of active Akt to spines and synapses. Because Akt is activated by
phosphorylation of two conserved amino acids, Thr308 and Ser473 (Alessi et al., 1996),
antibodies that recognize the phosphorylated forms of these residues can be used to detect
active Akt. When GFP and GFP-APPL expressing neurons were immunostained with a
phospho-specific antibody against Thr308, puncta representing active Akt were observed
along dendrites (Fig. 3A). These puncta co-localized with SV2 and PSD-95, indicating
active Akt accumulates in synapses (Fig. 3A and Suppl. Fig. 2). The phospho-Akt staining
appeared to be more intense in synapses of GFP-APPL1 expressing neurons compared with
control neurons expressing GFP (Fig. 3A). We confirmed this by measuring the ratio of the
fluorescent intensity of phospho-Akt in spines to neighboring shafts from neurons
expressing GFP-APPL1 and compared it to that observed in GFP expressing neurons. The
ratio was increased 2.4-fold in GFP-APPL1 expressing neurons compared to controls (Fig.
3A and Suppl. Fig. 2). To further show that APPL1 increases the amount of active Akt in
spines, neurons were co-transfected with GFP and either FLAG-APPL1 or empty vector at
day 5 in culture and immunostained for phospho-Akt at day 13. The spine/shaft ratio of the
fluorescent intensity of phospho-Akt in FLAG-APPL1 and control empty vector transfected
neurons was 2.4 = 0.2 and 1.0 £ 0.1 (n = 200 spines from three separate experiments;
p<0.0001), respectively, which is similar to the results obtained with GFP-APPL1.
Interestingly, APPL1 did not affect the amount of total Akt in dendritic spines. The spine/
shaft ratio of the fluorescent intensity of total Akt was 1.1 £0.2and 1.1 +0.1 (n =172
spines from three separate experiments) in GFP and GFP-APPL1 expressing neurons,
respectively. Thus, these results show that APPL1 increases the concentration of active Akt
in spines and synapses.

Akt signaling is critical for the development of dendritic spines and synapses

To examine the role of Akt in spine and synapse formation, we co-expressed dominant
negative Akt (DN-Akt) with GFP or GFP-APPL1 and determined the effect on the density
of these structures. Expression of DN-Akt led to an overall decrease in the number of spines
and synapses (Fig. 3B-E), suggesting Akt is an important regulator of spine and synapse
formation. In GFP-APPL1 expressing neurons, DN-Akt reduced the density of spines and
synapses to that observed in control neurons expressing GFP (Fig. 3B-E), suggesting APPL1
modulates the development of spines and synapses through Akt. To further explore this
possibility, an APPL1 mutant was generated that lacked the PTB domain (Fig. 4A), which is
the Akt binding region of APPL1 (Mitsuuchi et al., 1999; Schenck et al., 2008). As
expected, expression of GFP-APPLL increased the number of spines and synapses while
APPL1 lacking the PTB domain (APPL1APTB) failed to enhance the spine and synaptic
density (Fig. 4B-E). Indeed, expression of GFP-APPL1APTB caused a decrease in the
number of spines and synapses compared with control GFP expressing neurons. This is most
likely the result of APPL1APTB forming a dimer with endogenous APPL1 and inhibiting its
ability to promote spine and synapse formation. These results suggest that APPL1 modulates
spine and synapse formation through Akt.

We next generated Akt siRNA constructs to further show a function for Akt in regulating the
development of spines and synapses. Akt sSiRNA1 and Akt siRNA2 decreased endogenous
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expression of the protein by approximately 55% compared with pSUPER empty vector or
scrambled siRNA (Fig. 5A). Both Akt siRNAs dramatically decreased the density of
dendritic spines and synapses compared with control neurons transfected with pSUPER
vector or scrambled siRNA (Fig. 5B-E). The Akt siRNAs did not affect the health of the
neurons since greater than 95% of the Akt-siRNA transfected cells were viable at the end of
the experiment, as determined by an MTT assay. The effect of the Akt SiRNAs on spines
and synapses are consistent with those observed with DN-AKt, which further points to a
critical role for Akt in spine and synapse formation. In neurons expressing GFP-APPLL1, the
Akt siRNAs decreased the number of spines and synapses to that observed in GFP control
neurons (Fig. 5B-E), which is consistent with our results indicating that APPL1 regulates
spine and synapse formation via Akt.

Phosphatidylinositol 3-kinase (PI3K), an upstream activator of Akt, is an important
regulator of spine and synapse formation

To further implicate Akt signaling in the modulation of spine and synapse formation, we
examined the function of an upstream activator, PI3K, in regulating this process. When GFP
and GFP-APPL1 expressing neurons were treated with the PI3K-specific inhibitor
LY294002 (20 uM), a significant decrease in the spine and synaptic density was observed
(Fig. 6A-D). Indeed, treatment of GFP expressing neurons with LY294002 led to an almost
2-fold reduction in the number of spines and synapses compared with vehicle treated
cultures (Fig. 6D), suggesting that PI3K/Akt signaling regulates this process. Moreover,
treatment of GFP-APPL1 expressing neurons with LY 294002 decreased the spine and
synaptic density to that observed in GFP expressing cultures treated with the inhibitor,
which suggests APPL1 regulates spine and synapse formation through PI13K/Akt signaling.
When GFP and GFP-APPL1 expressing neurons were treated with another PI3K inhibitor,
wortmannin (10 nM), similar results were observed (Fig. 6A-D). Wortmannin treatment
resulted in an overall decrease in the number of spines and synapses and abolished the effect
of APPL1 on these structures (Fig. 6A-D). Collectively, these results indicate an important
role for PI3K/Akt signaling in regulating the development of spines and synapses and in
mediating the effects of APPL1 on these structures.

APPL1 regulates spine and synapse formation through PAK

Since PAK is a substrate for Akt and has been shown to regulate spine and synapse
formation (Penzes et al., 2003; Zhou et al., 2003; Boda et al., 2004; Kumar et al., 2005), we
hypothesized that APPL1 mediates its effects on spines and synapses through PAK. To test
this, we examined the localization of active PAK to spines and synapses in GFP-APPL1
expressing and control neurons using a phospho-specific antibody against Thr423 because
autophosphorylation of this residue strongly correlates with PAK activation (Sells et al.,
2000). When GFP and GFP-APPL1 expressing neurons were immunostained with the PAK
phospho-specific antibody, puncta representing active PAK co-localized with SV2 and
PSD-95 clusters (Fig. 7A and Suppl. Fig. 3), indicating active PAK accumulates in
synapses, as previously reported (Zhang et al., 2005). The spine/shaft ratio of the fluorescent
intensity of phospho-PAK was increased 3-fold in GFP-APPL1 expressing neurons
compared to GFP controls (Fig. 3A and Suppl. Fig. 2). As with Akt, APPL1 did not affect
the amount of total PAK in dendritic spines. The spine/shaft ratio of the fluorescent intensity
of total PAK was 1.1 = 0.3 and 1.0 + 0.3 (n = 150 spines from three separate experiments) in
GFP and GFP-APPL1 expressing neurons, respectively. These results indicate that APPL1
significantly increases the amount of active PAK in spines and synapses.

We then co-expressed dominant negative PAK (DN-PAK) with GFP or GFP-APPLL1.
Expression of DN-PAK resulted in a significant decrease in the number of spines and
synapses (Fig. 7B-E), which is consistent with a previous study (Kumar et al., 2005). In
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addition, expression of DN-PAK reduced the density of spines and synapses in GFP-APPL1
expressing neurons to that observed in control GFP expressing cells (Fig. 7B-E), supporting
our hypothesis that APPL1 regulates spine and synapse formation through PAK. Since the
kinase activity of PAK has been previously reported to be essential for spine and synapse
formation (Kumar et al., 2005), we co-expressed kinase dead PAK (KD-PAK) with GFP or
GFP-APPL1 and examined the effect on the density of these structures. Consistent with the
previous study, the kinase activity of PAK is necessary for the formation of spines and
synapses, and interestingly is essential for the APPL1-promoted effect on these structures
(Fig. 7B-E).

To further show that APPL1 regulates spine and synapse formation via PAK, we used an
SiRNA approach. PAK siRNA1 and siRNA2 decreased endogenous expression of PAK by
approximately 70% compared with pSUPER empty vector or scrambled siRNA (Fig. 8A).
The PAK siRNAs significantly reduced the number of spines and synapses compared with
control neurons transfected with pSUPER vector or scrambled siRNA (Fig. 8B-E).
Moreover, the PAK siRNAs decreased the spine and synaptic density in GFP-APPL1
expressing neurons to that observed in GFP control cells (Fig. 8B-E). Thus, these results
suggest that APPL1 promotes the development of dendritic spines and synapses through
PAK.

Discussion

Dendritic spines and synapses are known to play a central role in the CNS by forming the
complex circuitry underlying cognitive processes, but the molecular mechanisms that
modulate the development of these structures are not well understood. Our results reveal a
novel function for the signaling adaptor APPLL1 in regulating the formation of dendritic
spines and synapses. APPL1 is found in a majority of spines and functional excitatory
synapses in hippocampal neurons. It promotes spine formation and synaptic activity by
increasing the amounts of active Akt and PAK as well as the surface levels of AMPARS in
these structures. Akt is critical for their development since a decrease in endogenous Akt or
expression of DN-AKkt significantly impairs spine and synapse formation. In addition, PAK,
which has previously been implicated in spine and synapse formation in hippocampal
neurons (Penzes et al., 2003; Boda et al., 2004; Kumar et al., 2005; Hayashi et al., 2007), is
an important effector of APPL1 in the regulation of these processes. Thus, our results point
to a new role for APPL1/Akt signaling in modulating the formation of dendritic spines and
synapses.

APPL1 increases the amount of active Akt in dendritic spines and synapses, which is critical
for the development of these structures. APPL1 could function in this capacity by targeting
active Akt to spines or by locally enhancing the activation of Akt in these structures. In
either case, the increased concentration of active Akt within this region is essential for the
formation of spines and synapses. Although the role of Akt in modulating spine and synapse
formation is not well understood, this protein had been implicated in the regulation of
synaptic plasticity (Peineau et al., 2007). An Akt signaling pathway has been demonstrated
to mediate the interplay between two forms of synaptic plasticity, long-term potentiation
(LTP) and long-term depression (LTD) in the hippocampus (Peineau et al., 2007). In
addition, Akt signaling has been shown to contribute to filopodia formation and spine
morphology (Kumar et al., 2005). Thus, Akt is emerging as an important player in
regulating spine and synaptic function, and it will be of great interest to further elucidate the
role of this protein in cognitive processes related to learning and memory.

While APPL1 could regulate Akt localization and function through its direct interaction with
this protein, our results suggest that PI3K contributes to the APPLL1 signaling pathway that
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modulates spine and synapse formation. APPL1 has been reported to associate with the
p110a catalytic subunit of PI3K and modulate Akt activity in a PI3K-dependent manner
(Mitsuuchi et al., 1999; Yang et al., 2003). Perhaps, APPL1 forms signaling complexes with
PI3K, Akt, and other Akt associated proteins that regulate the activity and function of Akt in
hippocampal neurons. In this context, APPL1 would bring together key components of
PI3K/Akt signaling pathways that are critical for regulating spine and synapse development.

PAK is also an effector of APPL1 signaling in the regulation of spine and synapse
formation. As with Akt, APPL1 enhances the level of active PAK in dendritic spines and
synapses. Interestingly, the phosphorylation and activation of PAK by Akt has been shown
to be important for the localization and function of PAK in non-neuronal cells (Zhou et al.,
2003). It is possible that APPL1 promotes the development of spines and synapses by
increasing the amount of active Akt within this region, which subsequently induces
activation of PAK. PAK can function to phosphorylate the regulatory light chain of myosin
I, resulting in an augmentation of dendritic spine and synapse formation (Zhang et al.,
2005). Alternatively, yet to be defined molecular interactions could be vital for the APPL1-
promoted regulation of spines and synapses through PAK. Future studies will be needed to
determine if these mechanisms are critical in the pathway by which APPL1 and PAK
function in this capacity.

PAK is known to play a key role in the formation and maintenance of dendritic spines and
synapses (Penzes et al., 2003; Boda et al., 2004; Zhang et al., 2005; Hayashi et al., 2007).
Mutations within PAK have been linked to developmental disorders, such as nonsyndromic
mental retardation, which underscores the significance of this protein in contributing to
cognitive function (Allen et al., 1998; Bienvenu et al., 2000). Indeed, defects in PAK
signaling are implicated in the cognitive decline and memory impairment associated with
Alzheimer's disease (Zhao et al., 2006). Moreover, the inhibition of PAK activity in mice
leads to a significant deficiency in long-term memory (Hayashi et al., 2004). Thus, our
results raise the exciting possibility that APPL1 is an important regulator of cognitive
processes through its ability to modulate the activity of proteins, such as PAK. In this
context, the contribution of APPL1 to cognitive function represents an exciting avenue for
future study.

Our results support a working model in which APPL1 signaling modulates the development
of dendritic spines and functional synapses. APPL1 promotes the formation of spines and
synapses by increasing the amount of active Akt and PAK at these sites. In addition, APPL1
may contribute to synaptic activity and spine formation by enhancing the surface levels of
AMPARs. APPL1 complexes could target active Akt to synaptic sites, or it could locally
increase Akt activation at synapses. Akt has been reported to phosphorylate and activate
PAK (Zhou et al., 2003), which may contribute to the increased PAK activity observed in
APPL1-expressing neurons. Alternatively, other APPL1-dependent mechanisms might be
important for this process. Localized PAK activity at synaptic sites, in turn, can regulate
processes that underlie the formation of spines and synapses, such as the polymerization and
reorganization of the actin cytoskeleton.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

APPL1 regulates dendritic spine and synapse formation. (A) Hippocampal neurons at day 13
in culture were co-immunostained for endogenous APPL1 and the synaptic proteins SV2
(upper panels) and PSD-95 (lower panels). APPL1 puncta co-localized with SV2 and
PSD-95 clusters (Overlays, arrows). Quantification of the percentage of endogenous APPL1
that co-localized with SV2 and PSD-95 is shown (far right panel). Error bars represent
S.E.M. for 50 dendrites from three separate experiments. (B) R2Fs were transfected with
APPL1 siRNA, non-silencing scrambled siRNA (Scr siRNA) or pSUPER empty vector.
Three days later, cell lysates were immunoblotted for APPL1 and a-tubulin (loading
control). Quantification of blots from four independent experiments is shown (right panel).
Error bars represent S.E.M. (* p<0.0001). Asterisk indicates a statistically significant
difference compared with pSUPER transfected cells. (C-E) Neurons at day 5 in culture were
co-transfected with GFP and either pSUPER empty vector, scrambled siRNA (Scr siRNA),
or APPL1 siRNA and then, stained for SV2 (C), PSD-95 (D), and F-actin (phalloidin) (E) at
day 13 in culture. Neurons were transfected with human GFP-APPL1 along with APPL1
SiRNA (lower panels, labeled “Rescue”) to show the APPL1 siRNA-mediated spine and
synaptic defects were due to loss of the endogenous protein. (F) Quantification of the
density of spines, using GFP fluorescence and F-actin staining, as well as synapses (SV2
and PSD-95 clusters) in neurons transfected with the indicated constructs. Error bars
represent S.E.M. for 40-50 dendrites from three separate experiments (* p<0.0001). Bar, 5
um (panels A and C-E).
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Fig. 2.

APPL1 expression modulates spine and synaptic activity. (A-C) Neurons were transfected
with GFP or GFP-APPL1 at day 5 in culture and immunostained for SV2 (A), PSD-95 (B),
and actin (C) at day 13 in culture. (D) Quantification of spine density and the number of
SV2 and PSD-95 clusters for GFP and GFP-APPL1 expressing neurons is shown. (E)
Neurons were transfected with GFP-APPL1 at day 5 in culture and incubated with FM4-64
at day 13 in culture. FM4-64 puncta co-localized with GFP-APPL1 (Overlay, right panel,
arrows), indicating APPL1-containing synapses are functional. (F) GFP and GFP-APPL1
expressing neurons were immunostained for sGIuR1 under non-permeabilizing conditions.
Neurons were subsequently permeabilized and immunostained for SV2 to indicate synapses.
Quantification of the spine to shaft ratio of the fluorescent intensity of SGIuR1 in spines
from GFP and GFP-VASP expressing neurons is shown (far right panel). Error bars
represent S.E.M. for 40-50 dendrites (D) or 100 spines (F) from three separate experiments
(* p<0.0001). Bar, 5 um (panels A-C, E and F).
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Fig. 3.

APPL1 increases the amount of active Akt in spines and synapses, which is critical for their
development. (A) Neurons were transfected with GFP or GFP-APPL1 at day 5 in culture
and co-immunostained for active Akt, using a phospho-specific antibody against Thr308, as
well as SV2 at day 13 in culture. Phospho-Akt (p-Akt) localized to synapses (overlays). The
ratio of the fluorescent intensity in spines to the neighboring shafts for active Akt is shown
for GFP and GFP-APPL1 expressing neurons (far right panels). (B-D) At day 5 in culture,
neurons were co-transfected with GFP or GFP-APPL1 along with DN-Akt or empty vector
and stained for SV2 (B), PSD-95 (C), and F-actin (D) at day 13. (E) Quantification of the
spine and synaptic density in neurons transfected with the indicated constructs is shown.
Error bars represent S.E.M. for 100 spines (A) or 40-50 dendrites (E) from three separate
experiments (*p<0.0001). Bar, 5 um (panels A-D).
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Fig. 4.

The C-terminal PTB domain of APPL1, which binds Akt, is critical for spine and synapse
formation. (A) The domain structure of full-length APPL1 is shown (top). A schematic of
the APPLL1 construct lacking the PTB domain is shown (bottom). (B-D) Neurons were
transfected with GFP, GFP-APPL1, or GFP-APPL1APTB at day 5 in culture and
immunostained for SV2 (B), PSD-95 (C), and F-actin (D) at day 13. (E) Quantification of
synaptic density (SV2 and PSD-95 clusters) and spine number in transfected neurons is
shown. Error bars represent S.E.M. for 40-45 dendrites from three independent experiments
(*p<0.0001). Bar, 5 um (panels B-D).
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i

Fig. 5.

Knockdown of Akt affects spines and synapses and abolishes the effects of APPL1 on these
structures. (A) Cell lysates from R2Fs transfected with pPSUPER empty vector, scrambled
SiIRNA (Scr siRNA), or Akt siRNAs were immunobloted for Akt and a-tubulin (loading
control). Quantification of blots from four separate experiments is shown (right panel). Error
bars represent S.E.M. (* p<0.0001). (B-D) Neurons at day 5 in culture were co-transfected
with pPSUPER empty vector, scrambled siRNA, or Akt siRNAs and GFP or GFP-APPL1.
Cells were immunostained for SV2 (B), PSD-95 (C), and F-actin (D) at day 13 in culture.
(E) Quantification of spine and synaptic density for neurons transfected with the indicated
constructs. Error bars represent S.E.M. for 40 dendrites from three independent experiments
(*p<0.0001). Bar, 5 um.
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Fig. 6.

The upstream Akt activator, PI3K, regulates spine and synapse formation and mediates the
effects of APPL1 on these processes. (A-C) Neurons expressing GFP or GFP-APPL1 were
incubated with DMSO vehicle, wortmannin (10 nM), or LY294002 (20 uM) at day 7 in
culture and then immunostained for SV2 (A), PSD-95 (B), and F-actin (C) at day 13. (D)
Quantification of spine and synapse number from GFP and GFP-APPL1 expressing neurons
treated with vehicle, wortmannin, or LY294002 is shown. Error bars represent S.E.M. for
40-60 dendrites from three separate experiments (*p<0.0001). Bar, 5 um (panels A-C).

Mol Cell Neurosci. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Majumdar et al.

GFP-APPL1

Page 19

p-PAK staining

A GFP fluorescence p-PAK SvV2 Overlay
' *

3.0

et

o
=)

GFP

-
o

Spine/ Shaft
Fluorescent intensity

GFP GFP-APPL1

B D

F-Actin

GFP+
empty vector

GFP-APPL1+
empty vector

KD-PAK +
GFP

KD-PAK +
GFP-APPL1

DN-PAK +
GFP
DN-PAK +
GFP-APPL1

Spines: GFP SV2 Clusters PSD-95 Clusters o Spines: F-Actin

Y
o

=]

[
o

Number /100 um
N
o

Fig. 7.

APPL1 enhances the amount of active PAK in spines and synapses to modulate their
formation. (A) Neurons were transfected with GFP or GFP-APPLL1 at day 5 in culture and
co-immunostained for active PAK (phospho-Thr423-PAK) as well as SV2 at day 12 in
culture. The spine/shaft ratio of the fluorescent intensity of phospho-PAK (p-PAK) is shown
for GFP and GFP-APPL1 expressing neurons (far right panels). (B-D) Neurons were co-
transfected with GFP or GFP-APPL1 and either empty vector or the indicated PAK
constructs at day 5 in culture and then immunostained for SV2 (B), PSD-95 (C), and F-actin
(D) at day 12. (E) Quantification of the number of spines and synapses in neurons
transfected with the indicated constructs is shown. Error bars represent S.E.M. for 100
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spines (A) or 60-80 dendrites (E) from three separate experiments (*p<0.0001). Bar, 5 um
(panels A-D)
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Fig 8.

APPL1 regulates the development of spines and synapses through PAK. (A) R2F cell lysates
transfected with pSUPER empty vector, scrambled siRNA (Scr siRNA), or PAK siRNAs
were immunobloted for PAK and a-tubulin (loading control). Quantification of blots from
four separate experiments is shown (right panel). Error bars represent S.E.M. (* p<0.0001).
(B-D) Neurons at day 5 in culture were co-transfected with pPSUPER empty vector,
scrambled siRNA, or PAK siRNAs and GFP or GFP-APPL1 and immunostained for SV2
(B), PSD-95 (C), and F-actin (D) at day 12 in culture. (E) Quantification of the number of
spines and synapses for neurons transfected with the indicated constructs is shown. Error
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bars represent S.E.M. for 50-60 dendrites from three separate experiments experiments
(*p<0.0001). Bar, 5 um (panels B-D)
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