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The pathogenic model of Alzheimer’s disease (AD) posits that aggregates of amyloid �, a product of amyloid precursor protein (APP)
processing, cause dementia. However, alterations of normal APP functions could contribute to AD pathogenesis, and it is therefore
important to understand the role of APP. APP is a member of a gene family that shows functional redundancy as documented by the
evidence that single knock-out mice are viable, whereas mice with combined deletions of APP family genes die shortly after birth. A
residue in the APP intracellular region, Y 682, is indispensable for these essential functions of APP. It is therefore important to identify
pathways that regulate phosphorylation of Y 682 as well as the role of Y 682 in vivo. TrkA is associated with both phosphorylation of
APP-Y 682 and alteration of APP processing, suggesting that tyrosine phosphorylation of APP links APP processing and neurotrophic
signaling to intracellular pathways associated with cellular differentiation and survival. Here we have tested whether the NGF/TrkA
signaling pathway is a physiological regulator of APP phosphorylation. We find that NGF induces tyrosine phosphorylation of APP, and
that APP interacts with TrkA and this interaction requires Y 682. Unpredictably, we also uncover that APP, and specifically Y 682, regulates
activation of the NGF/TrkA signaling pathway in vivo, the subcellular distribution of TrkA and the sensitivity of neurons to the trophic
action of NGF. This evidence suggests that these two membrane protein’s functions are strictly interconnected and that the NGF/TrkA
signaling pathway is involved in AD pathogenesis and can be used as a therapeutic target.

Introduction
Genetic evidence points to a key role for amyloid precursor pro-
tein (APP) processing in Alzheimer’s disease (AD) pathogenesis
(Hardy and Selkoe, 2002; Selkoe and Podlisny, 2002). APP is a cell
membrane protein that is sequentially cleaved by several en-
zymes. One of the APP-derived metabolites, amyloid �, is be-
lieved to play a key role in AD pathogenesis; however, so far all
attempts to validate this hypothesis clinically have failed. There
are many possible reasons for these failures, including that other

APP-derived metabolites cause the disease. Indeed, several other
APP fragments have been implicated in triggering neurodegen-
erative processes; an NH2-terminal APP fragment interacts with
DR6 (death-receptor 6) to trigger axon pruning and neuron
death (Nikolaev et al., 2009); and peptides derived from the APP
intracellular domain can promote cell death both in vitro and in
vivo (Lu et al., 2000; Passer et al., 2000; Bertrand et al., 2001;
Madeira et al., 2005; Giliberto et al., 2008).

The intracellular region of APP, and specifically the tyrosine
residue at position 682 (Y 682, using the numbering of the APP 695

isoform), has a critical role for developmental functions of APP
(Li et al., 2010; Barbagallo et al., 2011) and in regulating APP
processing (Barbagallo et al., 2010). Phosphorylation of Y 682 has
profound effects on APP protein–protein interactions. Some
proteins interact with APP only when Y 682 is phosphorylated,
others only when this tyrosine is not phosphorylated (Russo et al.,
2002; Tarr et al., 2002a; Zhou et al., 2004, 2009; Tamayev et al.,
2009). Given this crucial role of Y 682, it is conceivable that phos-
phorylation of this residue has fundamental biological and path-
ological consequences. Therefore, it is significant to identify the
mechanisms and pathways that regulate phosphorylation of Y 682

in physiological conditions. We showed that overexpression of
the nerve growth factor receptor TrkA produced phosphoryla-
tion of APP on Y 682 and altered APP processing, suggesting that
tyrosine phosphorylation of APP may functionally link APP pro-
cessing and neurotrophic signaling to intracellular pathways as-
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sociated with cellular differentiation and survival (Tarr et al.,
2002b). The finding that interruption of NGF signaling in hip-
pocampal neurons rapidly activates APP processing and causes
neuronal apoptotic death further supported this link (Matrone et al.,
2008, 2009). In this study, we asked whether the NGF/TrkA signaling
pathway is a physiological regulator of APP phosphorylation. We
find that NGF induces tyrosine phosphorylation of APP and, sur-
prisingly enough, unveils a vital role for APP in the activation and
localization of the NGF/TrkA signaling pathway.

Materials and Methods
Cell culture. Hippocampal and medial septal neurons were prepared
from embryonic day 17/18 (E17/E18) mice, as previously reported (Ma-
trone et al., 2008). The hippocampus and septum were dissected in HBSS
buffered with HEPES and dissociated via trypsin/EDTA treatment. A total
of 106 cells was plated on 3.5 cm dishes precoated with poly-L-lysine. After
2 d of culturing in neurobasal medium with B-27 supplement and glu-
tamax, cytosine arabinofuranoside was added to reduce glial prolifera-
tion. Neurons were exposed to NGF (50 ng/ml) for 48 h at 3– 4 d after
plating.

Dorsal root ganglia (DRGs) and sympathetic cervical ganglia (SCGs)
were collected from either wild-type (WT) or APPYG /YG mice [postnatal
day 0 (P0) to P3]. Cells (30 � 103) were plated on slides, and neurons

were cultured for 3 d in NGF-containing
DMEM plus serum. The antimitotic agent cy-
tosine arabinose (3 �g/ml) was added 12 h after
plating. To determine the response to NGF, the
number of neurons, stained by a specific neu-
ronal marker (NeuN, Millipore Bioscience Re-
search Reagents), was assessed.

Mice and ethics statement. Mice of either sex
were on a C57BL/6 background. Mice were
handled according to the Ethical Guidelines for
Treatment of Laboratory Animals of Albert
Einstein College of Medicine. APPYG /YG gener-
ation and genotyping have been described
(Barbagallo et al., 2010). Genotyping for the
APP �/ � allele was performed as described on
the Jackson Laboratory website.

Hippocampal slices. Transverse hippocampal
slices (400 �m) were transferred to a recording
chamber where they were maintained at 29°C and
perfused with artificial CSF (ACSF) continuously
bubbled with 95% O2 and 5% CO2. The ACSF
composition (Stock solution 10�) was as follows
(in mM): 124 NaCl, 4.4 KCl, 1 Na2HPO4, 25
NaHCO3, 2 CaCl2, 2 MgSO4, and 10 glucose.

Western blotting. Equal amounts (10–30 �g)
of proteins were separated on 4–12% Bis-Tris
SDS-PAGE gels or 4–20% Tris-Gly gels (Invitro-
gen), blotted onto PVDF membranes (Millipore)
and incubated overnight with the appropriate
primary antibody. The antibodies used were as
follows: mouse monoclonal �-APP (22C11)
from Millipore Bioscience Research Reagents;
�-�tubulin antibody from Sigma; �-pTrKA (Ra-
jagopal et al., 2004) and �-TrkA, which de-
tects basal levels of Trk receptors, �-pAKT,
and �-AKT were from Cell Signaling
Technology.

Immuofluorescence. Hippocampal neurons
were fixed for 20 min in PBS containing 4%
formaldehyde and 4% sucrose, permeabilized
with 0.1% Triton X-100 (5–10 min, 20°C), and
processed for single labeling with monoclonal
�-AchE (Millipore Bioscience Research Re-
agents). Secondary antibodies coupled to Alexa
dyes (488 or 594) were from Invitrogen. Nuclei
were visualized by staining with Hoechst dye

33258 (1 �g/ml) (Sigma). Digital images were obtained with an Olympus
BX51 microscope (100� oil and 60� oil objectives) equipped with a Spot
Diagnostic Instruments camera and were collected with Spot image analysis
software. Controls were performed either by omitting the primary antibody
or by preincubating the primary antibody with the corresponding peptide.

For DRG and SCG double immunofluorescence for APP (Y188) and
TrkA (clone B3), primary antibodies were from Abcam and Santa Cruz
Biotechnology Biotec, respectively. Secondary antibodies coupled to Al-
exa dyes (488 and 594) were from Invitrogen. Slides were examined
with a confocal laser scanning microscope (SP5, Leica Microsystems)
equipped with four laser lines: violet diode emitting at 405 nm; argon
emitting at 488 nm; helium/neon emitting at 543 nm; and helium/neon
emitting at 633 nm. Confocal acquisition modality was multitrack, and
all the settings were maintained constant across different cases. For the
production of figures, brightness and contrast of images were adjusted.
Cells (derived from four independent experiments) from SCG and DRG
of both WT and APPYG/YG mice were first visually studied at the fluores-
cence microscope. Only cells displaying a healthy appearance, character-
ized by a regular cellular and nuclear pattern (the latter examined in the
Hoechst channel), and a medium-high immunofluorescence intensity of
both TrkA and APP were selected for confocal acquisition. For each cell,
particular care was taken to sample the equatorial plane of the cell, in-

Figure 1. NGF triggers phosphorylation of APP via the TrkA receptor. A, Primary cortical neurons from WT mice were treated
with 50 ng/ml NGF for the indicated time periods. Lysates from treated neurons were immunoprecipitated with an �-APP antibody
(IP-�-APP). Immunoprecipitants and whole lysates were analyzed by Western blot with an �-phospho Tyr antibody (�-pY,
pY99). B, In a reciprocal experiment, lysates from treated or untreated neurons were immunoprecipitated with an �-pY antibody.
Immunoprecipitants and whole lysates were analyzed by Western blot with an �-APP and an �-pTrkA antibody. C, Immunoflu-
orescence analysis performed with anti-acetylcholinesterase antibody (anti-AchE, red) of cultures exposed or not to NGF for 48 h.
Nuclei are marked in blue. Cholinergic neurons account for�20 –25% of the overall population. NGF exposure does not modify the
number of cholinergic neurons. D, Hippocampal slices were treated for 10 min with NGF and treated as in B. E, Two distinct TrKA
inhibitors, CEP-2563 (CEP) and K-252a (Matrone et al., 2009), prevented APP phosphorylation. F, Quantization of triplicate exper-
iments as shown in E shows that this inhibition is statistically significant (N � 4, Newman–Keuls test).

Matrone et al. • APP Regulates TrkA J. Neurosci., August 17, 2011 • 31(33):11756 –11761 • 11757



dentified through fast scanning along the z-axis
and by selecting the focal plane where the nu-
cleus displayed the larger diameter.

Immunoprecipitation. For immunoprecipi-
tation, protein samples were added to
Dynabeads-ProteinG, according to the proce-
dure described by the manufacturer (Invitro-
gen), and were eluted with 0.1 M citrate buffer,
pH 2.3. pH was adjusted by adding Tris/HCl 2
M. Immunoprecipitation with �-pTyrosine an-
tibody was performed with pY99 or pY20 anti-
bodies (30 �g/100 �l of Dynabeads-ProteinG)
from Sigma. For TrkA immunoprecipitation,
we used �-TrkA antibody (clone B3) from
Santa Cruz Biotechnology.

Statistical analysis. Values are expressed as
the mean � SE. Statistical analysis was per-
formed with ANOVA, followed by the New-
man–Keuls test. Statistical significance was
accepted at the 95% confidence level (p �
0.05).

Results
NGF induces Tyr phosphorylation
of APP
To test whether NGF triggers phosphory-
lation of APP on Tyr residues in physio-
logical conditions, we treated primary
hippocampal neurons with 50 ng/ml NGF
for the indicated time periods (Fig. 1A).
Lysates from treated neurons were immunoprecipitated with an
�-APP antibody, and precipitants were analyzed by Western blot
analysis with an �-pTyr (�-pY) antibody. As shown in Figure 1A,
we detected a protein of molecular mass similar to mature APP
that is immunoprecipitated by the �-APP antibody and is phos-
phorylated on Tyr residues. This phosphorylation is detectable 10
min after NGF exposure and persists for at least 24 h (Fig. 1A). In
reciprocal experiments, we found that APP is immunoprecipi-
tated by the �-pY antibody from samples treated with NGF (Fig.
1B). The evidence that the TrkA receptor is phosphorylated upon
NGF treatment indicates that the NGF/TrkA signaling pathways
is properly activated in this experimental setting (Fig. 1B). In
addition, the phosphorylation was very rapid and long lasting,
indicating a direct and sustained NGF effect and further support-
ing the specificity of the NGF/TrkA signaling involvement.
These results strongly suggest that NGF treatment induces
APP phosphorylation on tyrosines in primary neuronal cells.

It is likely that the NGF signaling in primary hippocampal
neuronal cultures (Fig. 1A,B) is due to the cholinergic afferent
population, which is considered one of the most responsive NGF
populations (Siegel et al., 1999) and accounted for �20 –25% of
the overall population in our experimental conditions (Fig. 1C).
We speculated whether such NGF-dependent APP phosphorylation
may occur also in hippocampal slices, where most of the neuronal
connections are preserved, and in septal nuclei slices (data not
shown), which are considered to be the major cholinergic output of
the CNS (Hartikka and Hefti, 1988). Ten minutes of NGF exposure
induced APP phosphorylation on Tyr residues in hippocampal slices
as well as in septum slices. Again, a band corresponding to mature
APP is immunoprecipitated by the �-pY antibody in samples treated
with NGF, and this phosphorylation is synchronous with the activa-
tion of TrkA (Fig. 1D). Activation of TrkA is necessary to mediate
Tyr phosphorylation of APP, since the TrkA inhibitors CEP-2563
and K-252a prevented phosphorylation of APP (Fig. 1E,F). Thus,
NGF/TrkA signaling mediates Tyr phosphorylation of APP in two

anatomical regions known to be involved in Alzheimer pathogene-
sis. Altogether, the results indicate that activation of TrkA by NGF
produces phosphorylation of APP on one or more tyrosine residues
under physiological conditions. Although it is conceivable that
TrkA, a receptor with tyrosine kinase activity, directly phosphory-
lates APP, phosphorylation of APP may also be mediated by other
kinases that are activated by TrkA.

APP regulates NGF-mediated TrkA activation and the
sensitivity of neurons to the trophic action of NGF
APP contains three tyrosine residues in the cytoplasmic tail (Y 653,
Y 682, and Y 687 of the APP 695 isoform). The latter two are included
in the APP-Y 682ENPTY 687 sequence, which is instrumental for
the association with the phosphotyrosine-binding domains of the
APP interacting proteins identified to date (King and Scott
Turner, 2004). We, and others, have previously shown that over-
expression of TrkA as well as the constitutively active form of the
tyrosine kinase Abl induces phosphorylation of APP on Y 682

(Zambrano et al., 2001; Tarr et al., 2002b), suggesting that this
tyrosine is the phosphorylation target of the NGF/TrkA signaling
pathway. To test this hypothesis, we have taken advantage of an
APP Y 682G knock-in (KI) mouse, in which Y 682 has been mu-
tated into glycine, to understand the physiological functions of
Y 682 in vivo (Barbagallo et al., 2010). Hippocampal slices pre-
pared from either APPYG/YG mice or WT littermates were treated
with NGF. The APPYG/YG mutant is not phosphorylated on Tyr,
10 min after NGF treatment (Fig. 2A), suggesting that Y 682 is

Figure 2. APP and Y 682 are necessary for activation of TrkA by NGF. A, Hippocampal slices from WT and APPYG/YG mice were
treated with NGF for 10 min (�NGF). Lysates from treated or untreated slices were immunoprecipitated with an �-pY antibody.
Immunoprecipitants and whole lysates were analyzed by Western blot with an �-APP and an �-pTrkA antibody. B, C, Lysates from
WT, APPYG/YG, or APP �/ � (KO) hippocampal slices treated with NGF were analyzed using antibodies against pTrkA, TrkA, pAKT,
AKT, APP, and �-tubulin (�-tub.).

Table 1. Neuronal nuclei assessment in APP WT and APPYG/YG mice

DRGs SCGs

Ctrl �NGF Ctrl �NGF

APP WT 14,13 � 4.52 52.97 � 12.1 24.5 � 3.39 165 � 33.29
APP yg/yg 12.9 � 1.48 11.3 � 1.65 26.47 � 9.53 33.3 � 13.6

Data are given as the mean�SEM of four slides per condition of four independent experiments. Ctrl, Neurons plated
in absence of NGF; �NGF, neurons exposed to NGF for 3 d.
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either the phosphorylation target of the NGF/TrkA signaling
pathway or that it is necessary for phosphorylation of other Tyr
residues of APP by TrkA. However, and surprisingly, we found
that TrkA phosphorylation induced by NGF was absent in AP-
PYG/YG mice (Fig. 2A, bottom). Lack of TrkA phosphorylation

did not depend on reduced TrkA ex-
pression by APPYG/YG mice (Fig. 2 B)
and suggests that TrkA signaling is impaired
by the mutation at Y682. This prediction was
confirmed by the finding that NGF fails to ac-
tivate downstream signaling molecules, such
as Akt, in APPYG/YG mice (Fig. 2B).

Next, we asked whether APPYG/YG mu-
tation abolishes NGF/TrkA signaling by
either a loss or a gain of function mecha-
nism. We answered this question by ana-
lyzing APP-null mice. Of note, the Y 682G
mutation acts like a null allele when the
essential function of APP in development
are analyzed in vivo (Li et al., 2010; Bar-
bagallo et al., 2011). Consistent with this,
we found that NGF-dependent TrkA acti-
vation is also impaired in APP�/ � hip-
pocampal slices, indicating that APP plays
an important role in TrkA signaling and
that this function requires Y 682 (Fig. 2C).
Moreover, no significant differences were
observed in p75 expression and process-
ing (data not shown).

We then tested whether the role of APP
in TrkA signaling had functional conse-
quences. NGF exerts a trophic activity on
DRG and SCG neurons, which express
high levels of TrkA (Table 1). Notably,
DRG and SCG neurons isolated from
APPYG/YG mice were insensitive to this
trophic function of NGF (�NGF) and an
extensive neuronal loss was assessed when
compared with the corresponding �NGF
samples from WT mice (table 1).

APP interacts with TrkA, and both
modulate their cellular distribution
To dissect the molecular and biochemical
mechanism by which APP regulates TrkA
signaling, we tested whether APP and TrkA
physically interact in vivo, under physiolog-
ical condition. To this end, we prepared
protein samples from septum of WT,
APPYG/YG, or APP�/ � mice. Samples were
immunoprecipitated with an �-TrkA an-
tibody and analyzed by Western blot with
an �-APP antibody. As shown in Figure
3A, a fraction of endogenous TrkA is
complexed to endogenous APP in mouse
brain. Interestingly, the APPYG/YG mutant
does not interact with TrkA, although
APPYG/YG mice express normal amounts of
APP,suggestinganessentialroleforY682 inthe
APP/TrkA interaction. However, the lack of
any selective �-TrkA antibody fails to rule out
the possibility that TrkB also may be involved
in these events.

Next, we determined whether APP regulates the subcellular
distribution of TrkA. For this, we prepared from both WT and
APPYG/YG mice primary neuronal cells derived from the DRGs
(Fig. 3) and SCGs (data not shown). In WT mice, at low magni-
fication, TrkA immunofluorescence was distributed on neuronal

Figure 3. APP interacts with TrkA and regulates TrkA cellular distribution. A, Protein samples from septum of WT, APPYG/YG, or
APP �/ � mice were immunoprecipitated with an �-TrkA antibody and analyzed by Western blot with an �-APP antibody. B–G,
Confocal microscopy of a double immunofluorescence for TrkA (green channel) and APP (red channel) in DRGs of WT (B–D) and
APPYG/YG (E–G) mice. In WT mice (B–D), TrkA and APP immunofluorescence appeared homogeneously distributed on the cellular
membrane particularly enriching the proximity and the neuritic domains (B, arrows). TrkA-immunostained vesicles (C, D, arrows)
were clearly visible on the cellular surface and neuritic domains. Colocalization between TrkA and APP was restricted to the
proximity of and along the neuritic domain (A, B, asterisks). E–G, Note in APPYG/YG mice the intracytoplasmatic and perinuclear
accumulation of TrkA and APP immunofluorescence and the decrease of immunoreactivity in neuritic structures (G, arrows). Some
TrkA-positive vesicles are still present on the cellular membrane (E, F, arrows). APP and TrkA colocalization appeared to increase in
the intracytoplasmic domain (E, F, asterisks) and to decrease in neuritic structures (G, asterisks). Scale bars: B, E, 5 �m; C, D, F, 2
�m; G, 3 �m.
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cell bodies and at high intensities along neurites. At high magni-
fication, TrkA immunofluorescence, localized in vesicles of small
and homogeneous size, showed a preferential distribution on the
cellular membrane or immediately beneath (Fig. 3B,D, arrows).
Of particular interest, TrkA staining was increased in proximity
to and along the neuritic domains, and neurites displayed a grain-
ier or beaded appearance with the tendency to organize in clus-
ters (Fig. 3B, arrows). These clusters filled the neurites, and
sometimes it was possible to observe a certain number of TrkA-
positive vesicles organized in a row, suggesting an anterograde
transport through cytoskeletric structures (Fig. 3C,D). The dis-
tribution pattern of APP was slightly different than that of TrkA.
APP-immunopositive vesicles appeared less structurally defined
and of more variable size (Fig. 3B–D). As for TrkA, APP also
appeared to increase in immunoreactivity in proximity and along
the neuritic domains, and showed a preferential membrane dis-
tribution (Fig. 3B–D, arrows). The increase and accumulation of
both APP and TrkA immunoreactivity in proximity and along
neurites (Fig. 3B) suggest the presence of an intense trafficking
toward the cellular peripheral structures (axonal terminals,
spines), where both proteins may exert their primary functions.
Colocalization between TrkA and APP appeared to be selectively
confined to the proximity of and along neuritic domains (Fig.
3B–D, asterisks).

In APPYG /YG mice, at low magnification, TrkA immunofluo-
rescence resembled the distribution pattern observed in WT
mice. However, at high magnification several marked differences
were evident. The TrkA prevalent membrane distribution shown
in WT mice was lost in APPYG /YG mice in favor of a more intra-
cytoplasmic, clearly perinuclear, distribution pattern (Fig. 3E).
The loss of an organized distribution pattern was also clearly
evident when analyzing the neuritic domains where a marked
reduction of TrkA immunofluorescence can be observed. Very
often, only few labeled grains, distantly interspaced, and orga-
nized in a row, could be followed (Fig. 3G), suggesting the dis-
ruption of the TrkA cytoskeletric transport. As for TrkA, APP
immunoreactivity was highly decreased from the cell membrane
and neuritic domains, while it appeared to increase in the intra-
cellular and perinuclear regions (Fig. 3E–G). the colocalization
pattern between TrkA and APP appeared to be switched from the
proximity of and along neuritic domains (Fig. 3B–D, asterisks) in
WT mice to the intracellular and perinuclear regions (Fig. 3E–G,
asterisks) in APPYG/YG mice. Altogether, these results suggest that
in APPYG/YG mice both TrkA–APP interaction and cellular distri-
bution are affected.

Discussion
This study was initiated to determine whether NGF/TrkA signal-
ing promotes phosphorylation on APP on tyrosine residues un-
der physiological conditions, and to determine whether Y 682 is
the primary target. We answered the first question conclusively
by showing that NGF treatment triggers APP Tyr phosphoryla-
tion via activation of TrkA. To address the second question, we
studied the APP-KI mutant APPYG/YG, which bears a mutation in
Y 682. However, we could not determine whether Y 682 is the TrkA
phosphorylation target since NGF/TrkA signaling is strongly re-
duced in APPYG/YG hippocampal samples. This observation, and
the finding that TrkA signaling is also compromised in APP-null
hippocampal samples, unveiled an unexpected role of APP in
NGF/TrkA signaling. The evidence that neuronal cells from
APPYG/YG mice are insensitive to the trophic function of NGF
underlined the functional relevance of this role. TrkA and APP
interact in brain, and this association is dependent on Y 682. Im-

munofluorescence studies suggest that APP regulates peripheral
export of TrkA and that this function is impaired in APPYG/YG

mutant mice. Indeed, localization of both TrkA and APP is al-
tered in APPYG/YG neurons. This evidence further underlines the
functional relationship between APP and TrkA, although it does
not clarify whether the localization of these proteins is changed
because the interaction is abolished or whether the interaction is
abolished because the localization of APP is altered by the YG
mutation. Since plasma membrane TrkA is accessible to NGF, the
data suggest that APP regulates NGF/TrkA signaling by regulat-
ing the surface levels of TrkA.

This evidence, together with previous findings involving the
NGF/TrkA signaling axis in the regulation of APP processing
(Tarr et al., 2002b; Matrone et al., 2008, 2009), suggest that the
functions of these two membrane proteins are strictly intercon-
nected, and that the NGF/TrkA signaling pathway may be in-
volved in the deregulation of APP processing that causes AD and
be used as a therapeutic target to correct such a deregulation. It
would also be important to test whether the APP mutation
causing familial Alzheimer disease alters the NGF/TrkA sig-
naling pathway and whether such alterations have a patho-
genic role in AD.
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