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Although the Alzheimer amyloid protein precursor (APP) has been studied intensely for more than a decade, its function in neurons is
unresolved. Much less is known about its binding partner FE65. We have shown recently that APP and FE65 synergistically regulate the
movement of transfected cells. It remained to be shown whether endogenous APP and FE65 could play a similar role in vivo. Here, we
show that FE65, like APP, is expressed at high levels in neurons. Using a combination of immunofluorescence, live imaging, and subcel-
lular fractionation, we find that FE65 and APP localize in vitro and in vivo to the most motile regions of neurons, the growth cones. Within
growth cones, APP and FE65 concentrate in actin-rich lamellipodia. Finally, APP and FE65 interact in nerve terminals, where they
associate with Rab5-containing synaptic organelles but not with synaptic vesicles. Our data are consistent with a role for the APP/FE65
complex in regulation of actin-based membrane motility in neurons, which could be important for highly dynamic processes such as
neurite growth and synapse modification.
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Introduction
Although the function of the Alzheimer amyloid protein precur-
sor (APP) in neurons remains unclear, genetic manipulations of
APP expression have suggested that APP has roles in synaptogen-
esis and synaptic plasticity. For example, overexpression of APP
in Drosophila results in altered synaptic structure (Torroja et al.,
1999). In addition, deletion of the APP gene from mice leads to
deficits in learning and memory, impaired long-term potentia-
tion (LTP), and decreased expression of synaptic markers (Daw-
son et al., 1999). The mechanism by which APP exerts these ef-
fects is unknown, but the similar effects of decreasing and
increasing APP expression suggest that a balance between APP
and some other factor might be required for proper APP func-
tion. This factor may be FE65, a cytosolic adapter that regulates
the subcellular trafficking and proteolytic processing of APP
(Guenette et al., 1999; Sabo et al., 1999).

We have shown recently that APP, in a complex with FE65,
can regulate cell motility in transfected cells (Sabo et al., 2001).
FE65 interacts simultaneously with APP and Mena (Sabo et al.,
2001), which is required for normal neural development (Gertler
et al., 1990; Lanier et al., 1999). Mena regulates axonal responses
to repulsive cues (Bashaw et al., 2000) and is thought to exert its

effects by regulating actin dynamics in the growth cone. To-
gether, these data suggest the hypothesis that the APP/FE65 com-
plex regulates growth cone motility, possibly through its interac-
tion with Mena.

If APP regulates growth cone motility and synaptic plasticity
through its interaction with FE65, then it should interact with
FE65 in growth cones and synapses. We show here that APP and
FE65 colocalize in growth cones both in vitro and in vivo. We
show further that APP and FE65 are found in actin-rich mobile
structures within the growth cone, where they are poised to in-
teract with the cytoskeleton indirectly through Mena. Finally, we
provide evidence for an important interaction between APP and
FE65 in synapses in vitro and in vivo as well. Our data are consis-
tent with the hypothesis that APP and FE65 regulate membrane
dynamics in growth cones and nerve terminals much as they do in
lamellipodia of migrating cells.

Materials and Methods
Neuronal cell culture and transfection. Primary neuronal cultures were
prepared from cortices of embryonic day (E) 17 or postnatal day (P) 1
rats. E17 brains were dissociated by trypsinization and trituration in
DMEM with 10% fetal bovine serum. Dissociated neurons were cultured
on poly-lysine or poly-lysine and laminin (Biocoat, Bedford MA) and
maintained in neurobasal medium, B27 supplement (Invitrogen, Carls-
bad CA), and antibiotics (Invitrogen). P1 brains were dissociated with
papain and plated directly on glia in MEM, 10 mM HEPES, N2 supple-
ment, glucose, and 10% horse serum.

Neurons were transfected 3 or 6 d after plating using Lipofectamine
2000 (Invitrogen) essentially according to the manufacturer’s instruc-
tions. FE65– enhanced green fluorescent protein (EGFP) cDNA was
made by subcloning FE65 into pEGFP-C1 (Clontech, Palo Alto CA).
Synaptobrevin– dsRed was generated by subcloning synaptobrevin into
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pdsRed-N1 (Clontech). The localization of synaptobrevin– dsRed was
identical to that of synaptobrevin–EGFP, which is correctly targeted to
synaptic vesicles (Miesenbock et al., 1998; Nonet, 1999; Ahmari et al.,
2000; Estes et al., 2000; Alsina et al., 2001).

Axons and dendrites were distinguished on the basis of accepted mor-
phological criteria (Banker and Goslin, 1998). At early stages in culture,
the axon is the longest process. Axons do not tend to taper. Conversely,
dendrites are tapered and highly branched.

Antibodies. FE65 and APP (369) polyclonal antibodies were affinity
purified as described (Sabo et al., 1999). FE65 monoclonal antibody
(3H6) was raised against the WW domain of FE65. FE65 monoclonal and
polyclonal antibodies label the same subcellular structures. APP mono-
clonal antibodies (5A3/1G7) and Mena antibodies were gifts from Drs. E.
Koo (University of California San Diego) and F. Gertler (Massachusetts
Institute of Technology), respectively. GAP-43 antibodies were pur-
chased from Transduction Laboratories. Synaptophysin monoclonal an-
tibody (C7.2) has been described previously (Jahn et al., 1985). Rab5 and
synaptobrevin antibodies have been characterized previously (Fischer
von Mollard et al., 1994; Chilcote et al., 1995).

Immunoblotting. Nitrocellulose membranes were blocked with Tris-
buffered saline containing 5% (w/v) nonfat dry milk and 0.05% Tween
20 (TBS-T) and then probed with primary antibodies and HRP-
conjugated secondary antibody (Calbiochem, La Jolla CA) in TBS-T.
Immunoreactivity was visualized by ECL (DuPont NEN, Boston, MA)
and exposure to x-ray film (DuPont NEN).

Immunofluorescence. Cells were fixed in 4% paraformaldehyde in PBS
with 0.12 M sucrose, permeabilized with 0.1% Triton X-100 in PBS,
blocked with 10% normal goat serum (NGS) in PBS, and then immuno-
labeled in 5% NGS in PBS. Coverslips were mounted with 1,4-
diazbicyclo (2.2.2) octane in Tris-buffered polyvinyl alcohol and glyc-
erol. Secondary antibodies were goat anti-mouse Oregon Green, goat
anti-rabbit Texas Red (Molecular Probes, Eugene OR), goat anti-mouse
Cy5, and goat anti-rabbit Rhodamine red X (Jackson ImmunoResearch,
West Grove PA). Actin was detected with Oregon Green phalloidin (Mo-
lecular Probes). All immunofluorescence was eliminated by omission of
primary antibody. In multiple label experiments, labeling patterns were
identical to those seen with single labeling, and channels were imaged
sequentially to avoid bleed-through. Immunofluorescence was exam-
ined by confocal laser scanning microscopy (Zeiss LSM510 or Leica TCS-
SP) using 63� and 40� lenses, Ar488, KrNe543, and KrNe633 nm lasers,
and BP560 – 615, BP505–550, and LP650 filters. For colocalization, opti-
cal sections were no thicker than 1.5 �m.

Live imaging. Neurons were transferred to imaging solution contain-
ing (in mM): 120 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 30 dextrose, 20 HEPES,
pH 7.3 (McAllister and Stevens, 2000). During live imaging, neurons
were kept at 29 –32°C by constant perfusion with warmed imaging solu-
tion. The laser power was reduced to 5%, and the inter-image interval
was at least twice as long as the image collection time, minimizing pho-
totoxicity. Under these conditions, filopodia were highly mobile, as were
synaptobrevin-containing transport organelles, indicating that the neu-
rons were healthy and active.

Image quantification. The mean pixel intensity for each image was
determined in Photoshop 5.0. Each image was thresholded at the mean
intensity plus 2 SDs above the mean. The thresholded images were then
multiplied. At any pixel where intensity � 0 (i.e., no fluorescence) for
either image, the product � 0; therefore, non-zero pixel intensities cor-
respond to colocalization.

Growth cone fractionation. Growth cone particles (GCPs) were pre-
pared as described previously (Pfenninger et al., 1983). E17–18 rat brains
(20 –30) were homogenized in 1 mM MgCl2, 0.32 M sucrose, 1 mM

N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid, pH 7.3,
and the 1660 � g supernatant was separated on a 2.66 and 0.83 M sucrose
step gradient. GCPs were removed and washed with 0.32 M sucrose buffer.
Growth cone membranes (GCMs) were prepared by lysis of GCPs in hypo-
tonic buffer (1 mM EDTA, 6 mM Tris, pH 8.1) with a tight-fitting glass–glass
homogenizer and centrifugation at 200,000 � g. Equal protein from each
fraction was analyzed by SDS-PAGE and immunoblotting.

Synaptosome fractionation. Synaptosomes and synaptic vesicles were
prepared by standard methods (Huttner et al., 1983). Rat brains were

homogenized in 0.32 M sucrose, 4 mM HEPES-NaOH, pH 7.3, with pro-
tease inhibitors. After centrifugation for 10 min at 1000 � g, the super-
natant was centrifuged for 15 min at 12,000 � g. The washed pellet is the
crude synaptosomal fraction (P2). Fractions enriched in synaptic vesi-
cles, obtained from Dr. F. Benfenati (University of Genova), were re-
leased from synaptosomes by hypotonic lysis and then isolated by cen-
trifugation on a sucrose gradient.

Coprecipitation. Crude synaptosomes were suspended in 1% Triton
X-100, 50 mM NaPO4, 5 mM EDTA, protease inhibitors, and 20 mM

HEPES, pH 7.4. After centrifugation at 40,000 � g, the supernatant was
incubated with glutathione–Sepharose beads saturated with glutathione
S-transferase (GST)–fusion protein. After extensive washing, bound pro-
teins were analyzed by SDS-PAGE and immunoblotting.

Immunoisolation. Immunoisolation was performed as described (Ikin
et al., 1996). IgG was purified on Protein G-Sepharose (Amersham Bio-
sciences, Piscataway NJ) and then coupled to Eupergit C1Z beads (Rohm
Pharma, Darmstadt, Germany). Synaptosomes were isolated using a
combination of differential centrifugation (described above) and a three-
step Ficoll gradient (12, 9, and 6% Ficoll in 0.32 M sucrose). Purified
synaptosomes were hypotonically lysed and then made isotonic. Centrif-
ugation for 15 min at 18,700 � g separated the synaptic organelles from
synaptosomal membrane debris. Synaptic organelles were incubated
with immunobeads for 45 min at 4°C under slow rotation, and then
beads were washed with 0.32 M sucrose, 10 mM HEPES, pH 7.4. Because
of the IgG in the sample, equal amounts of synaptophysin, rather than
total protein, were loaded on SDS-PAGE gels for comparison of the
samples.

Results
FE65 is enriched in human and rat brains
It was important to establish first whether FE65 is expressed in
neurons in vivo. Immunoblotting with FE65 antibodies showed
that expression of FE65 (�100 kDa) was highest in the brains of
rats and humans (Fig. 1a,b). Low levels of expression in some
peripheral tissues might be caused by innervation. Expression
was high throughout the brain and particularly high in cortex,
hippocampus, and cerebellum (Fig. 1a). APP is also expressed in
all brain areas, with cortex, hippocampus, and cerebellum among
the areas expressing especially high levels of APP (Shivers et al.,
1988).

FE65 antibodies also recognized a second band in brain, at

Figure 1. FE65 is highly enriched in brain. a, Tissues from adult rat were immunoblotted
with FE65 antibody. Preincubation of FE65 antibody with excess antigen (�excess antigen)
eliminated the FE65-immunoreactive bands. b, Immunoblotting of human tissues for FE65. c,
Immunoblotting of expressed FE65 in neural (SKN-SH-SY5Y, H4) and non-neural cell lines with
(CHO�FE65) and without (CHO) FE65 transfection.
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�60 kDa (data not shown). We do not yet know the identity of
the smaller band, which we refer to as FE65LP (for FE65-like
protein). Both the FE65 and FE65LP bands disappeared after
preincubation of the antibody with excess antigen (Fig. 1a). In
addition, the same two bands were recognized by three additional
FE65 antisera (data not shown). FE65LP was not seen in Chinese
hamster ovary (CHO) cells transfected with FE65 cDNA or in
neural cell lines that express FE65, including SKN-SH-SY5Y hu-
man neuroblastoma cells and H4 human neuroglioma cells (Fig.
1c). FE65LP most likely corresponds to FE65L2, an FE65 ho-
molog that has a predicted molecular weight of 55– 60 kDa
(Duilio et al., 1998; Tanahashi and Tabira, 1999).

FE65 and APP colocalize in neuronal growth cones in vitro
and in vivo
When primary neuronal cultures were examined by immunoflu-
orescence, FE65 and APP colocalized in growth cones (Fig. 2a–d).
Both proteins were found in growth cones with various morphol-
ogies and at the tips of both long and short neurites. In addition,
labeling of neurons grown on laminin was indistinguishable from
that of neurons grown on poly-lysine (data not shown). These
results agree with reports citing the presence of APP in growth
cones (Ferreira et al., 1993; Yamazaki et al., 1997). There was also
labeling for APP and FE65 in the axon shaft, which is not surpris-

ing given that after synthesis APP and
FE65 are most likely transported down the
axon to the growth cone. Portions of the
images in Figure 2a–c appear saturated be-
cause intensity levels were elevated to re-
veal APP and FE65 in the very thin growth
cone filopodia. To illustrate better the lo-
calization of APP and FE65 to growth
cones, the images from Figure 2a–c were
thresholded, revealing only the most in-
tense labeling (Fig. 2a�-c�). The thresh-
olded images show that APP and FE65 are
more intense in growth cones than in
neighboring regions of the axon shaft. To
further illustrate this point, a line intensity
profile (for a line drawn parallel to the
axon axis and through both the growth
cone and the axon) is shown for one of the
growth cones shown in the images (Fig.
2d). The most intense labeling is found in
the growth cone region. Together these
data clearly show that the two proteins lo-
calize to growth cones.

To ensure that FE65 immunoreactivity
in growth cones could not be attributed
solely to FE65LP, we transfected cultured
primary neurons with cDNA encoding
FE65 fused to EGFP (FE65–EGFP). Live
imaging of FE65–EGFP confirmed the lo-
calization of FE65 in growth cones (Fig.
2e). In addition, FE65 and APP colocalized
in the growth cones of differentiated SH-
SY5Y cells, which do not express FE65LP
(data not shown).

To determine whether APP and FE65
localize to growth cones in vivo, growth
cones isolated from embryonic rat brain
were probed for APP and FE65 by immu-
noblotting (Fig. 2f). These GCPs contain

all proteins tested that are known to be in growth cones in vivo
(Pfenninger et al., 1983). APP and FE65 both copurified with
GCP and GCMs. Growth cone enrichment was confirmed by
probing for GAP-43, which is concentrated in growth cones. Al-
though FE65 is a soluble protein, it associated with GCM, possi-
bly through its interaction with APP. These data suggest that the
APP/FE65 complex might regulate growth cone motility in vivo,
analogous to its role in regulation of cell movement.

Interestingly, FE65–EGFP also localized to dendritic shaft
filopodia (Fig. 2g), highly mobile structures known to depend on
actin dynamics for their motility. At this stage of development,
dendrites can be identified on the basis of their length (i.e., the
axon is much longer than the dendrites) and by their decreasing
caliper with increasing length (Banker and Goslin, 1998). In con-
trast, axons tend to be of relatively constant diameter. These data
are consistent with a role for the FE65/APP complex in regulation
of actin-based motility in neurons at sites other than the growth
cone as well.

FE65 and APP concentrate in growth cone
peripheral domains
Growth cones can be divided into two functional domains: the
central (C) domain and the peripheral (P) domain. The C do-
main is enriched in microtubules and organelles. The P domain is

Figure 2. FE65 and APP localize to growth cones in vitro and in vivo. a–c, Confocal images of several embryonic neuronal
growth cones double-labeled with APP ( a) and FE65 ( b) antibodies. Yellow in the overlay ( c) represents colocalization of APP and
FE65. Blue arrows point to the intense labeling of three growth cones by APP and FE65 antibodies. a�–c�, Thresholded versions of
the images in a–c illustrate that the most intense labeling for both APP and FE65 (represented by white in the images) is found
within growth cones (indicated by blue arrows). d, Line intensity profile of the intensity of APP (green) and FE65 (red) labeling in
the growth cone and axon indicated by the blue star in a–c. The line was drawn through the center of the growth cone and down
the axon, parallel to the axonal axis. The region that corresponds to the growth cone is indicated by a gray box in the intensity
profile. Although intensity values reached saturation within the growth cone, intensity values were lower and highly variable
within the axon. The close covariance of the red and green signals illustrates the high degree of colocalization of APP and FE65. The
two sharp peaks at the beginning of the profile correspond to puncta of APP and FE65 within the growth cone filopodia. e, Growth
cone of a neuron transfected with FE65–EGFP. The fluorescence image is showed as an overlay on the DIC image. A blue arrow
indicates the position of the growth cone on the labeled axon. Notice the labeled filopodium on the bottom, right (shown with a
yellow arrow). f, Immunoblotting of purified growth cones with APP, FE65, and GAP-43 antibodies. GAP-43 was used to monitor
the purification procedure. H, Embryonic rat brain homogenate; GCP, growth cone particles; GCM, growth cone membranes. g,
Dendritic filopodia (indicated by blue arrows) of a neuron transfected with FE65–EGFP. The fluorescence image is shown as an
overlay on the DIC image. Dendrites were identified by conventional morphological criteria (see Materials and Methods) (Banker
and Goslin, 1998).

Sabo et al. • APP and FE65 in Growth Cones and Synapses J. Neurosci., July 2, 2003 • 23(13):5407–5415 • 5409



actin-rich, containing lamellipodia and filopodia, the most mo-
tile structures of the growth cone. If the APP/FE65 complex is
involved in regulation of actin-dependent growth cone motility,
then it should localize to the P domain.

Immunofluorescent labeling for APP and FE65 showed that
both proteins often concentrated in distal regions of the growth
cone, likely corresponding to P domain lamellipodia, and fre-
quently extended into the base of the filopodia (Fig. 3a,b). Occa-

sionally, staining was seen down the length of filopodia. FE65 and
APP antibodies also recognized small puncta in the C domain
that might correspond to transport vesicles being delivered to the
growth cone because APP travels via fast axonal transport (Koo et
al., 1990). When neurons were triple labeled with tubulin anti-
body to identify microtubules, Oregon Green-conjugated phal-
loidin to stain filamentous actin, and either APP or FE65 anti-
body, APP (Fig. 3c–f) and FE65 (Fig. 3g–j) immunofluorescence
typically overlapped more with actin filaments than with
microtubules.

Because APP and Mena colocalize in lamellipodia of motile
cells (Sabo et al., 2001) and Mena is thought to regulate growth
cone actin dynamics (Lanier et al., 1999), we tested whether APP
and Mena might colocalize in growth cones. Double labeling of
neurons with APP and Mena antibodies revealed colocalization
of APP and Mena in growth cone lamellipodia (Fig. 4). These data
are consistent with the idea that the FE65/APP complex regulates
actin-based growth cone motility.

APP and FE65 interact in nerve terminals
In mature neurons, APP is enriched in nerve terminals (Koo et
al., 1990; Yamazaki et al., 1995; Ikin et al., 1996). At 7– 8 d in vitro
(DIV), cortical cultures have established many stable synaptic
contacts with neighboring neurons. To determine whether FE65,
like APP, is found in nerve terminals, immunofluorescence of
FE65, APP, and the synaptic vesicle protein synaptophysin was
performed in neurons that had formed synapses. Synaptophysin
staining was concentrated in discrete puncta, as described previ-
ously (Fig. 5b,f) (Fletcher et al., 1991), and looked like stereotyp-
ical presynaptic terminal staining with many presynaptic anti-
bodies seen by many labs. Both APP (Fig. 5a–c) and FE65 (Fig.
5e–g) were found at sites that were enriched in synaptophysin.
Because synaptophysin is a synaptic vesicle-associated protein,
these sites are likely to be synapses.

To quantify the occurrence of FE65 and APP in synapses, the
percentage of synaptophysin-positive synapses that also con-
tained either FE65 or APP was determined. The fluorescence sig-
nals for APP (Fig. 5a) or FE65 (Fig. 5e) were thresholded and
multiplied by the thresholded fluorescence signals for synapto-
physin from the same neurons (Fig. 5b,f). The product of the two
signals represents all sites in the image where either APP and
synaptophysin (Fig. 5d) or FE65 and synaptophysin (Fig. 5h)
colocalize. Of 191 synaptophysin-positive synapses counted
along 9 randomly chosen axon segments, 67.6 � 4.0% (mean �
SE) of the synapses contained APP, and 84.4 � 5.0% (mean �
SE) of synaptophysin-positive synapses contained FE65 (n � 157

Figure 3. FE65 and APP localize to growth cone P domains. Primary neuronal cultures from
E17 rat brain were labeled with the indicated antibodies and stains and examined by confocal
microscopy. a, b, Growth cone labeled with APP ( a) and FE65 ( b) antibodies. Images were
pseudocolored with an intensity scale indicated by the guide. Blue represents the lowest inten-
sity, and red represents the highest intensity. The most intense staining was often in the more
distal region of the growth cone. c–f, Growth cone labeled with tubulin antibody to label
microtubules ( c) and with APP antibody ( d) and phalloidin to label F-actin ( e). APP colocalizes
more strongly with actin in the P domain than with tubulin in the C domain. g–j, Growth cone
labeled with tubulin antibody ( g), FE65 antibodies ( h), and phalloidin ( i). FE65 also colocalizes
more strongly with actin in the P domain than with tubulin in the C domain. Scale bars, 5 �m.

Figure 4. APP and Mena colocalize in growth cones. Primary neuronal cultures from E17 rat
brain were double-labeled with APP ( a) and Mena ( b) antibody and examined by confocal
microscopy. Arrows point at the growth cone in the image. Colocalization is indicated by yellow
in the overlay ( c).
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synapses from 11 axon segments). Because most neurons in the
cultures were labeled by the antibodies, it was difficult to deter-
mine with this method whether the APP and FE65 were localized
with synaptophysin in the presynaptic terminal or opposite syn-
aptophysin in the postsynaptic terminal. Furthermore, it re-
mained possible that diffuse cytoplasmic staining for FE65 could
appear stronger at sites where neurites cross simply because the
diffuse signals for the crossing neurites sum at their intersections.

To resolve these issues, 7– 8 DIV neurons were cotransfected
with FE65–EGFP and synaptobrevin– dsRed cDNAs. The local-
ization of synaptobrevin– dsRed was identical to that of synapto-
brevin–EGFP (data not shown), which is correctly targeted to
synaptic vesicles (Miesenbock et al., 1998; Nonet, 1999; Ahmari
et al., 2000; Estes et al., 2000; Alsina et al., 2001). Furthermore, the
labeling pattern looked similar to the pattern seen when endog-
enous synaptobrevin protein is immunofluorescently labeled. In
the overlay of the fluorescence image on the differential interfer-
ence contrast (DIC) image, FE65 appeared to accumulate at sites
of cell– cell contact (Fig. 6a,c,e,g). Sites of contact are defined as
portions of labeled axons that are touched or crossed by unla-
beled neurites or cell bodies, on the basis of the DIC image. Be-
cause these sites of contact contained the synaptic vesicle protein
synaptobrevin (Fig. 6b,c,f,g), they were likely to be synaptic ter-
minals. Because the transfection efficiency was low for these ex-
periments, only one neuron was transfected per field of view;
therefore, FE65 that colocalized with synaptobrevin must have
been in the presynaptic terminal.

We did not perform a similar analysis of APP–EGFP because it
is expected that cytoplasmic domain fusions with GFP would
interfere with the interaction of FE65 and APP. However, because
the colocalization of APP and FE65 is so strong by immunofluo-
rescence, it seems that we can be confident that the localization of
APP and FE65 at presynaptic contacts is likely to be similar. Fur-
thermore, it has been demonstrated previously that APP is local-
ized to presynaptic terminals (Caporaso et al., 1994; Ikin et al.,
1996).

In randomly chosen segments of doubly transfected axons
(n � 14), 380 sites of synaptobrevin accumulation were observed;
308 of these synaptobrevin-containing sites also appeared to con-
tain FE65. Within individual axons, 81.0 � 2.9% (mean � SE for
14 axons) of presynaptic terminals also contained FE65. This is

Figure 5. APP and FE65 colocalize with synaptophysin at synapses. a–c, Confocal images of
the axonal arbors of 7– 8 DIV neurons double-labeled with APP ( a) and synaptophysin ( b)
antibodies. Yellow in the overlay ( c) represents colocalization of APP and synaptophysin. Ar-
rows point at a few of the synaptic puncta that contain synaptophysin and APP. d, Thresholding
and multiplication of the images in a and b yield only the overlapping signal. By comparison
with the thresholded synaptophysin signal, this image was used to determine the fraction of
synaptophysin-containing sites that also contain APP. e–g, Confocal images of the axonal ar-
bors of neurons double-labeled with FE65 ( e) and synaptophysin ( f) antibodies. Yellow in the
overlay ( g) represents colocalization of FE65 and synaptophysin. Arrows point at a few of
the synaptic puncta that contain synaptophysin and FE65. h, Thresholding and multipli-
cation of the images in e and f yield only the overlapping signal. By comparison with the
thresholded synaptophysin signal, this image was used to determine the fraction of
synaptophysin-containing sites that also contain FE65.

Figure 6. FE65–EGFP colocalizes with synaptobrevin–DsRed in living presynaptic terminals.
a, b, e, f, Two examples of axon segments of neurons (7– 8 DIV) that were double-transfected
with FE65–EGFP (a, e) and synaptobrevin–DsRed (b, f ) and then examined by live confocal
imaging. c, g, Overlay of the FE65–EGFP and synaptobrevin–DsRed with the DIC image. Colo-
calization of the FE65–EGFP and synaptobrevin–DsRed is indicated by yellow in the overlays.
Both proteins accumulate along the axon at sites of cell– cell contact, most likely corresponding
to synapses. Contact can be seen in the DIC image where the labeled axon is crossed by or
touched by an unlabeled neurite or soma. d, h, Overlap of FE65–EGFP and synaptobrevin–
DsRed was extracted by thresholding and multiplying the two signals. The product reveals the
sites that contain both proteins. Arrows point to cell– cell contacts that contain both proteins.
Scale bars, 10 �m.
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not significantly different from the values obtained by immuno-
fluorescence colocalization with synaptophysin ( p � 0.05 by
ANOVA), supporting the idea that most of the colocalization
seen by immunofluorescence was within the presynaptic
terminal.

Of the 126 synaptobrevin and FE65-containing sites in images
in which phase-contrast images were also captured, 124 appeared
to occur at sites of contact with another neuron and therefore
were probable synapses. Focal accumulation of FE65–EGFP was
not seen at sites that did not appear to correspond to cell– cell
contacts. Moreover, FE65–EGFP fluorescence appeared stronger
at sites with a larger contact area. Some diffuse cytoplasmic stain-
ing of FE65 was seen throughout many of the neuronal processes,
which is not surprising because FE65 is a soluble cytosolic pro-
tein. This staining was strongest in proximal regions of the neu-
ronal processes, consistent with the synthesis of FE65 in the cy-
tosol and its diffusion into regions closest to the cell body.

In young neurons, synaptobrevin can be found associated
with mobile transport packets that are not synapses (Ahmari et
al., 2000). To determine whether the synaptobrevin puncta ob-
served here in older neurons were synapses or transport vesicles,
simultaneous time-lapse imaging of FE65–EGFP and synapto-
brevin–DsRed was performed. The results revealed that most of
the FE65 and synaptobrevin-containing sites were stable for at
least 20 min (Fig. 7). As proof that the neurons were healthy and
dynamic, occasionally a site of synaptobrevin accumulation
moved into or out of the field of view.

To confirm the presence of FE65 with APP in the presynaptic

nerve terminal in vivo, synaptosomal fractions were purified
from rat brain and immunoblotted with FE65 and APP antibod-
ies. Both FE65 and APP were found in synaptosomes (Fig. 8a),
supporting our imaging results. To verify that FE65 from nerve
terminals binds to APP, the cytoplasmic domain of APP fused to
GST (GST–C50) was immobilized on glutathione–Sepharose
beads and then incubated with synaptic membranes (P2). Immu-
noblotting of bound proteins with FE65 antibodies revealed that
synaptic FE65 coprecipitated with GST–C50 but not with GST
alone or with an unrelated GST-fusion protein (Fig. 8b). Thus
FE65 from nerve terminals binds to APP.

Like APP, FE65 associates with rab-5-containing organelles
but not with synaptic vesicles
At nerve terminals, APP is localized to Rab5-containing or-
ganelles that are distinct from small synaptic vesicles (Ikin et al.,
1996). Rab5 is a GTPase required for membrane trafficking be-
tween the plasma membrane and early endosomes, both in the
soma and at synapses (Bucci et al., 1992; Zerial, 1993; de Hoop et
al., 1994; Fischer von Mollard et al., 1994). Fluorescence imaging
has insufficient spatial resolution to permit determination of
which organelles within a synapse contain FE65; therefore, to test
whether FE65 also preferentially associates with the Rab5 or-
ganelle, Rab5-containing synaptic organelles were immunoiso-
lated from purified synaptosomes using beads coated with Rab5a
antibodies (Fig. 8c). Rab5 immunoisolates contain a significant

Figure 7. FE65 and synaptobrevin-containing synapses are stable over time. a–c, Time-
lapse confocal microscopy of neurons transfected with FE65–EGFP and synaptobrevin–DsRed.
a, FE65–EGFP in an axon segment at the start of imaging. b, Synaptobrevin–DsRed in the same
axon segment at the start of imaging. c, Overlap of FE65–EGFP and synaptobrevin–DsRed
signals at the start of imaging (t�0�) and at 7, 13, and 20 min after the start of imaging (7�,
13�, 20�, respectively). Arrows point to stationary presynaptic terminals. The blue arrowhead
points to a synaptobrevin-containing site that leaves the field of view during imaging (compare
13� and 20�). The yellow arrowhead points to a synaptobrevin-containing site that enters the
field of view during imaging (compare t�0� and 7�) and then remains stable for the duration
of imaging. Scale bars, 10 �m.

Figure 8. FE65 interacts with APP in nerve terminals. a, Synaptosomes probed for FE65 and
APP expression by immunoblotting. b, Coprecipitation of FE65 from synaptosomes (P2) with
APP fused to GST (GST–C50). GST alone (GST) and GST fused to a portion of FE65 (GST–PID) were
used as negative controls. c, Synaptic organelles immunoisolated with anti-synaptophysin
(synaptophysin), anti-synaptobrevin (synaptobrevin), or anti-rab5 (rab-5) antibodies were im-
munoblotted for FE65, APP, and synaptophysin. d, Small synaptic vesicles (SG2) were separated
from other small synaptic membranes (SG4) by sucrose gradient centrifugation and examined
by immunoblotting with FE65 and APP antibodies. The effective higher spatial resolution af-
forded by the immunoisolation and fractionation approaches, as compared with fluorescence
imaging shown in Figures 5 and 6, shows that APP and FE65 are found in a population of
synaptic organelles that are distinct from the small synaptic vesicles that contain synaptophysin
and synaptobrevin. PID, Protein interaction domain.

5412 • J. Neurosci., July 2, 2003 • 23(13):5407–5415 Sabo et al. • APP and FE65 in Growth Cones and Synapses



pool of small synaptic vesicles; therefore, synaptophysin and syn-
aptobrevin immunoisolates were prepared in parallel for
comparison.

Preferential binding to small synaptic vesicles resulted in
nearly equal association with synaptic vesicle protein and Rab5
immunoisolates, as illustrated by immunoblotting for synapto-
physin. Conversely, preferential association with the Rab5-
containing organelles yielded enrichment in the Rab5 fraction, as
shown by immunoblotting for APP. Like APP, FE65 was highly
enriched in Rab5 immunoisolates compared with synaptophysin
or synaptobrevin fractions and therefore was preferentially asso-
ciated with the Rab5-containing organelle.

To confirm these results, synaptic organelles were separated
by sucrose gradient centrifugation and examined by immuno-
blotting. Fraction 2 of the sucrose gradient (SG2) is enriched in
small synaptic vesicles, whereas fraction 4 (SG4) contains other
synaptic organelles, such as the Rab5- and APP-containing or-
ganelle. Consistent with the immunoisolation results, FE65 and
APP were enriched in SG4 compared with SG2 (Fig. 8d). Al-
though FE65 is a cytosolic protein, it cofractionated with mem-
branes that contained APP but not with those that did not, sug-
gesting that FE65 specifically associates with APP-containing
synaptic membranes through its interaction with APP.

Discussion
Here we have shown that FE65 localizes with APP in the periph-
eral regions of neuronal growth cones, in nerve terminals, and in
dendritic filopodia. Dynamic actin plays an important role in
each of these subcellular domains, regulating both neuronal de-
velopment and function. We have shown previously that an APP/
FE65 complex localizes to actin-rich lamellipodia of non-
neuronal cells and regulates cell motility (Sabo et al., 2001).
Together, our results are consistent with the hypothesis that FE65
and APP regulate actin-based motility in neurons.

FE65 and APP localized to neuronal growth cones both in
vitro and in vivo. The P domains of growth cones are known to be
enriched in dynamic actin filaments. These actin filaments are
essential for the formation and movement of the growth cone
lamellipodia and filopodia. Lamellipodia and filopodia are im-
portant for the ability of growth cones to crawl toward their
targets and for the growing neurite to sense and respond to its
environment.

The localization of FE65 and APP in the growth cone P do-
main suggests a role for the APP/FE65 complex in regulation of
growth cone motility. Effects on growth cone motility are ex-
pected to result in altered axon outgrowth. There is evidence in
support of APP-dependent regulation of axon growth. For exam-
ple, APP synthesis and axonal transport coincide with periods of
axon elongation and synapse formation (Hung et al., 1992; Moya
et al., 1994). In addition, exogenous APP increases neurite out-
growth (Milward et al., 1992; Jin et al., 1994; Small et al., 1994;
Perez et al., 1997). Finally, when APP expression is decreased,
process outgrowth is altered (LeBlanc et al., 1992; Majocha et al.,
1994; Allinquant et al., 1995; Perez et al., 1997). The presence of
APP and FE65 in motile regions of growth cones both in vitro and
in vivo, our previous data showing that FE65 and APP increase
cell motility (Sabo et al., 2001), and the colocalization with Mena,
which itself regulates motility (Bear et al., 2000), strongly support
a model in which APP and FE65 are involved in the complex
regulation of actin-based growth cone motility. Although it is
impossible to say from our data whether the interaction of FE65
and APP with either each other or with Mena is responsible for

targeting to growth cones, this will be an interesting question to
address in the future.

In addition to its localization in growth cones, FE65–EGFP
was seen in dendritic filopodia. Dendritic filopodia are thought to
be precursors to dendritic spines, which contain the postsynaptic
terminals of excitatory synapses. Actin dynamics are believed to
provide the structural basis for spine formation and for the rear-
rangements that are necessary for plasticity of the postsynaptic
terminals of mature excitatory synapses (Halpain, 2000; Matus,
2000).

F-actin is essential for the development and maintenance of
young synapses (Zhang and Benson, 2001). Moreover, actin is
thought to be involved in the formation of new, active presynap-
tic terminals in response to stimulation, which is important for
some forms of long-term facilitation (Hatada et al., 2000;
Krucker et al., 2000; Colicos et al., 2001). Within mature syn-
apses, actin appears to localize to the periphery of synaptic vesicle
clusters and just outside of the active zone at the endocytic zone
(Hirokawa et al., 1989; Cremona and De Camilli, 1997; Brodin et
al., 2000; Dunaevsky and Connor, 2000; Morales et al., 2000). The
appearance of actin in these regions appears to be coupled to
synaptic activity (Brodin et al., 2000).

We showed here that both APP and FE65 localize to presyn-
aptic terminals in vitro and in vivo by immunofluorescence and
subcellular fractionation, respectively. Immunofluorescence
demonstrated that APP and FE65 localize to synapses that con-
tain synaptophysin. We also confirmed with time-lapse imaging
of living neurons that FE65 localizes to synaptobrevin-containing
presynaptic terminals. The higher resolution afforded by the frac-
tionation approaches revealed that within synapses APP and
FE65 localize to different organelles than synaptophysin. On the
basis of the molecular weight of the APP in synaptosome frac-
tions and on our ability to localize APP to nerve terminals by
immunofluorescence with either N-terminal or C-terminal anti-
bodies, it is likely that there is a substantial pool of full-length
APP that is capable of interacting with FE65 in synapses. We
confirmed that FE65 from synapses interacts with APP by per-
forming coprecipitations. Overall, our data are consistent with a
role for an APP/FE65 complex in synapses.

We have shown previously that the APP/FE65 complex regu-
lates the motility of non-neuronal cells (Sabo et al., 2001). The
function of the APP/FE65 complex in synapses might be related
to its role in regulation of membrane motility. A more dynamic
neuronal membrane could more easily respond to environmen-
tal cues by facilitating morphological change. This might be es-
pecially important for dynamic phenomenon, such as synapse
formation and synaptic plasticity. Although there is no gross ab-
normality in the neural development of FE65 knock-out mice
(A. F. Ikin and J. D. Buxbaum, unpublished observations), there
are two additional FE65 genes (FE65L and FE65L2) that might
compensate for loss of FE65. Interestingly, it has been shown that
APP knock-out mice exhibit decreased expression of synaptic
markers (Dawson et al., 1999) and deficits in synaptic maturation
within the cortex (Heber et al., 2000).

Morphological changes, such as those seen during motility,
require coordination of cytoskeletal and membrane dynamics.
Recent evidence links membrane dynamics important for motil-
ity to actin cytoskeletal dynamics through Rab5. Rab5 mediates
phorbol ester-induced cell motility and actin cytoskeleton reor-
ganization (Imamura et al., 1998). In addition, active Rab5 in-
duces reorganization of the actin cytoskeleton, lamellipodia for-
mation, and stimulation of cell migration (Spaargaren and Bos,
1999). Interestingly, Rab5 regulates membrane traffic between
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the plasma membrane and early endosomes (Bucci et al., 1992;
Zerial, 1993; de Hoop et al., 1994; Fischer von Mollard., 1994),
and actin is thought to be important for endocytosis at presyn-
aptic terminals (Cremona and De Camilli, 1997; Brodin et al.,
2000). At synapses, Rab5 localizes both to synaptic vesicles and to
unique, possibly endocytic, multilamellar organelles (Ikin et al.,
1996). APP has been shown previously to localize to these multi-
lamellar organelles (Ikin et al., 1996). We have shown here that
APP and FE65, which regulate cell motility, are enriched in the
Rab5-containing synaptic organelles that are distinct from syn-
aptic vesicles. Perhaps the Rab5-, APP-, and FE65-containing
organelles link cytoskeletal and membrane dynamics in the nerve
terminal. The presence of APP and FE65 in these organelles but
not in other synaptic membranes implies that the APP/FE65
complex might be involved in this connection.
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