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Abstract. Amyloid-! protein precursor (A!PP) is a ubiquitous protein found in all cell types, suggesting basic and yet important
roles, which still remain to be fully elucidated. Loss of function of A!PP has been linked to abnormal neuronal morphology
and synaptic function within the hippocampus and alterations in spatial learning, suggesting a neurotrophic role for this protein.
Besides A!PP, nerve growth factor (NGF) and other neurotrophins have also been shown to finely modulate neuronal excitability,
synaptic plasticity, and cognitive functions. In addition, recent data support the hypothesis of a functional interconnection
between A!PP and NGF pathway. Here, we demonstrated that loss of A!PP function, leading to progressive decrease of choline
acetyltransferase expression in the septum, correlates with age-related impairment of long-term potentiation (LTP) in the dentate
gyrus. We next addressed whether impaired hippocampal plasticity in A!PP-null mice can be restored upon NGF treatment.
Notably, NGF, as well as Pro-NGF, can fully revert LTP deficits in A!PP-null mice through p75NTR and JNK pathway activation.
Overall the present study may unveil a new mechanism by which, in the absence of A!PP, NGF treatment may preferentially
direct p75-neurotrophin-dependent JNK activation toward regeneration and plasticity in functionally relevant brain circuits.

Keywords: Amyloid-! protein precursor, c-jun N-terminal kinase, dentate gyrus, long-term potentiation, nerve growth factor,
p75NTR

INTRODUCTION

Amyloid-! protein precursor (A!PP) is a single
transmembrane spanning protein widely distributed

1Senior authors.
!Correspondence to: Dr. Robert Nisticò, IRCCS Santa Lucia

Foundation, Via del Fosso di Fiorano, 64/65, 00143 Rome,
Italy. Tel.: +39 06 501703122; Fax: +39 06 60513244; E-mail:
r.nistico@med.uniroma2.it.

in the tissues of the central and peripheral ner-
vous systems. While a link between abnormal A!PP
metabolism and Alzheimer’s disease (AD) pathology
has been established [1], the physiological role of
A!PP remains poorly understood. The analysis of
A!PP functions in vivo shows that A!PP-null mice
have a complex phenotype characterized by weight
reduction, agenesis of the corpus callosum, hyper-
sensitivity to seizures, defects in copper and lipid
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homeostasis, impaired grip strength and locomotor
activity, abnormal neuronal morphology and synap-
tic function within the hippocampus, and deficits in
spatial learning [2–9]. Besides A!PP, neurotrophins
have also been proposed to play central roles in
higher-order activities, such as learning, memory, and
behavior [10, 11]. Nerve growth factor (NGF) is highly
expressed in major targets of the ascending projec-
tion from cholinergic basal forebrain neurons [12, 13]
that retrogradely transport NGF from hippocampal
and cortical regions to the cholinergic cell bodies of
the basal forebrain [14]. After cortical/hippocampal
release, NGF mediates its actions on cholinergic basal
forebrain neurons via the p75NTR and TrkA receptor
[15–18]. Exogenous NGF treatment increases choline
acetyltransferase (ChAT) activity and choline uptake
activities and enhances acetylcholine synthesis as
well as basal and depolarization-induced acetylcholine
release in adult rats [19]. Moreover, a critical role for
NGF in regulating hippocampal plasticity and learning
in rodents is now widely recognized [20–23]. On the
other hand, a transgenic mouse line expressing chronic
NGF deprivation displays loss of cholinergic neurons
[24] and age-dependent defects in synaptic plastic-
ity at medial perforant path–dentate gyrus synapses,
supporting the “neurotrophic unbalance” hypothesis
underlying AD-like neurodegeneration [25]. Mount-
ing evidence correlates NGF deficit to amyloidogenic
A!PP processing [26, 27].

Moreover, we and others have suggested a role
for NGF in modulating A!PP expression [28] and
signaling [29], particularly by inducing Tyr(s) phos-
phorylation on A!PP C-terminal domain [29]. In turn
and relevantly, A!PP plays a role in the activation
and localization of NGF/TrkA signaling pathway in
vivo, thereby regulating the sensitivity of neurons to
the trophic action of NGF [29]. These data support
the hypothesis of a functional interconnection between
A!PP and TrkA pathway(s) [30].

In light of these results and in order to study the func-
tional relationship between A!PP and NGF-mediated
synaptic plasticity, we first evaluated the septal
cholinergic neuronal activity in A!PP-null mice and
age-matched controls. Then, we investigated whether
in the absence of a functional NGF/TrKA-mediated
signaling pathway in A!PP-null mice, exogenous
application of NGF can rescue long-term potentiation
(LTP) deficit, and searched for possible target proteins
involved in such mechanism(s). Our study was per-
formed in the dentate gyrus (DG), since expression of
NGF and its receptors is relatively high in this brain
region [31, 32].

MATERIALS AND METHODS

Mice and ethics statement

The generation of A!PP-null mice has been
described previously [4]. Male homozygous A!PP-
null or wild-type (WT) controls (C57BL/6J and 129Sv
cross) of approximately 6 and 12 months of age were
used in this study. All mice were anaesthetized by
inhalation of 2-bromo-2-chloro-1,1,1-trifluoroethane
and sacrificed in accordance with the international
guidelines on the ethical use of animals from the Euro-
pean Communities Council Directive of 24 November
1986 (86/609/EEC). The brain was quickly removed
from the skull and the septum and hippocampus were
dissected on ice.

Western blot

Western blot experiments were performed on protein
extracts prepared from the septum and on vibratome-
cut parasagittal hippocampal slices (400 "M thick),
from which the DG was isolated by microdissection
from the rest of the hippocampal tissue. Next, mouse
DG slices were incubated for 60 min in artificial cere-
brospinal fluid (ACSF) containing (mM): 124 NaCl,
2.5 KCl, 1.25 NaH2PO4, 1.3 MgSO4, 2.4 CaCl2, 26
NaHCO3, and 10 glucose. DG slices were exposed
to NGF (200 ng/ml), proNGF (200 ng/ml), and K252a
(200 nM) in a time ranging from 5 to 20 min (in Fig. 1C
we reported western blot analysis on DG slices after
15 min of NGF incubation). We used 4 mice for each
genotype and 4 slices for each experimental condi-
tion. Samples after the treatment were immediately
homogenized in tissue homogenization buffer (Qia-
gen) and the whole lysate were spun at 10,000 g for
30 min. Equal amounts (30 "g) of proteins were sep-
arated on 4–12% Bis-tris SDS-PAGE gels (Lonza),
blotted onto PVDF membranes (Millipore). Western
blot analysis were performed by using: mouse mon-
oclonal #-A!PP (22C11), synapsin and p-synapsin
from Chemicon; actin and #-p75 from Sigma; #-JNK,
#-pTrKA, and #-TrkA from Cell Signaling Tech-
nology; #-p-JNK from Covance; and ChAT from
Abcam.

Electrophysiology

For electrophysiological recordings, hippocampal
slices (400 "M thick) were kept submerged at 30"C
and superfused (2–3 ml/min#1) with oxygenated (95%
O2, 5% CO2) ACSF. Presynaptic stimulation was
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Fig. 1. Age-related reduction of DG-hippocampal innervation and relative NGF-dependent impairment of synaptic plasticity in dentate gyrus of
A!PP-null mice. A) Analysis of ChAT expression in samples of septal nuclei from 6 and 12 month-old mice. Data were normalized on the basis
of the correspondent actin values and expressed as % of control values (WT mice). p-values were determined by using a two-tailed unpaired
Student t-test (*p < 0.05). B) Each point represents the mean ± SEM of the field excitatory postsynaptic potential (fEPSP) amplitude expressed
as a percentage of the mean control from 6 and 12 month-old WT and A!PP-null mice. Arrow indicates application time point of conditioning
stimulus train. Slices from 12 month-old A!PP-null mice potentiated to a significantly lesser extent than those from age-matched WT controls
(p < 0.05). C) Hippocampal slices from WT and A!PP-null mice of 12-month-old of age were treated (with NGF or NGF + K252a or K252A or
Pro-NGF) for 15 min and lysates were analyzed by western blot with: #-p-TrkA, #-synapsin, #-p-synapsin antibodies, #-JNK, #-p-JNK, #-p75
antibodies, and actin. Corresponding western blot optical density analysis were reported on the right. Data were normalized on the basis of the
correspondent actin values and expressed as % of control values (WT or A!PP-null mice). Data are expressed as the mean ± SEM of three
different experiments (*p < 0.05; **p < 0.01). Statistical analysis was performed with ANOVA, followed by the Newman–Keuls test. Statistical
significance was accepted at the 95% confidence level (p < 0.05).

applied to the medial perforant pathway of the DG
using a bipolar insulated tungsten wire electrode, and
field excitatory postsynaptic potentials were recorded
at a control test frequency of 0.033 Hz from the middle
one-third of the molecular layer of the DG with a glass
microelectrode. LTP was evoked by high-frequency
stimulation (HFS) consisting of eight trains, each of
eight stimuli at 200 Hz, and an intertrain interval of
2 s, with the stimulation voltage increased during the
HFS to elicit an initial EPSP of the train of double the
normal test EPSP amplitude. Measurements of LTP
were made at 60 min post-HFS. All solutions contained
100 "M picrotoxin (Sigma, Italy) to block GABA-A

($-aminobutyric acid A)-mediated activity. NGF and
Pro-NGF were perfused on slices at concentrations
ranging from 50 to 200 ng/ml for 20 min following a
30 min stable baseline. Since we did not observe any
difference in responses between these concentrations,
data were pooled together. TrkA inhibition experiment
was performed using K252a (Calbiochem) [33], con-
tinuously applied at a concentration of 200 nM. The
highest non-toxic concentration of K252a was prelim-
inarily tested in A!PP littermate mice, in the presence
or absence of NGF (data not shown). Electrophysiolog-
ical data are presented as mean ± SEM and normalized
with respect to a 20 min baseline. n indicates the
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number of hippocampal slices. On average, two slices
per animal were used for recordings.

Statistical significance for all of the experiments pre-
sented was evaluated by an unpaired Student t-test.
Statistical significance was accepted at the 95% confi-
dence level (p < 0.05).

RESULTS

Age-related reduction of ChAT expression
in the septum of A!PP-null mice

Several data indicate a correlation between choliner-
gic neuron degeneration in the central nervous system
and a reduced support of NGF [34]. In particular, deficit
in NGF signaling was previously linked to atrophy and
loss of cholinergic neurons in AD11 mutant mice [24].
Notably, we have recently reported that the lack of
A!PP activity induces a defect in NGF/TrkA signaling
in the hippocampus [29]. This evidence prompted us
to analyze the expression levels of ChAT in the sep-
tum of 6 and 12 month-old WT and A!PP-null mice.
Remarkably, we show that ChAT expression progres-
sively decreased from 6 to 12 months of age only in
A!PP-null mice, but not in WT mice (Fig. 1A).

Synaptic plasticity deficit in A!PP-null mice

Next we examined the outcome deriving from
reduced ChAT expression in the septum of 12 month-
old A!PP-null mice by analyzing synaptic plasticity
in the DG, a brain region receiving cholinergic inputs
from the septal area. Previous studies examined the
formation of LTP within the CA1 region of the hip-
pocampus in brain slices from A!PP-null mice [3, 34].
Indeed, it was shown that 10 month-old mutants exhib-
ited normal basal synaptic transmission and impaired
LTP following theta-burst stimulation [3, 34]. Here, we
examined LTP at medial perforant pathway to granule
cell synapses (PP-DG) in 6 and 12 month-old trans-
genic mice compared to age-matched controls. The
response of 6 month-old transgenic slices to condition-
ing stimulus trains was not different from that of their
WT controls. For these animals, LTP at 60 min was
202 ± 12% for WT (n = 7) and 195 ± 5% for trans-
genic (n = 8) mice (Fig. 1B). In contrast, slices from
12 month-old transgenic mice were significantly less
responsive to conditioning trains than were slices from
age-matched WT controls. For these animals, LTP at
60 min was 183 ± 13% for WT (n = 9) and 142 ± 13%
for transgenic (n = 11) mice (Fig. 1B). The differences

we observed in LTP at perforant pathway synapses
were not due to changes in basal synaptic transmis-
sion since input-output relationships were similar for
mutant and control mice (data not shown).

NGF and Pro-NGF rescue synaptic plasticity
deficit in 12 month-old A!PP-null mice

Following the DG-LTP deficit in 12 month-old
A!PP-null mice, we searched for possible target pro-
teins involved in such mechanism(s). For this, we
performed western blot analysis on DG slices from
12 month-old WT and A!PP-null mice, focusing
on proteins involved in synaptic plasticity such as
synapsin and JNK [35, 36]. No differences were found
in the expression levels of p75NTR, p-TrKa/TrKa,
p-JNK/JNK, and p-synapsin/synapsin in naı̈ve slices
from WT and age-matched A!PP-null mice. We next
examined the potential role of NGF in modulating
both JNK and synapsin phosphorylation. Our results
show that NGF exposure does not induce signifi-
cant differences in synaptophysin and synaptotagmin
phosphorylation levels both in WT and in A!PP-
null mice (data not shown). However, an increase in
the synapsin phosphorylation level is evident 5 min
after NGF exposure in A!PP-null mice (Fig. 1C),
whereas no significant modification was detected in
the corresponding littermate samples. Since TrkA sig-
naling was impaired in A!PP-null mice [29], we
investigated the possibility that NGF may exert such
protective effect via p75NTR receptor. Western blot
analysis carried out on DG slices indicated that NGF
exposure fails to induce significant modification in
p75NTR expression (Fig. 1C) and processing (data not
shown) both in aged WT and A!PP-null mice. In addi-
tion, a significant NGF-dependent increase in JNK
and synapsin phosphorylation levels was evident in
A!PP-null mice but not in the corresponding littermate
samples (Fig. 1C). Relevantly, and consistent with our
previous data showing that the NGF/TrkA signal is
impaired in A!PP-null mice [29], the TrkA inhibitor
K252a, which has no effect per se on each parame-
ter tested, fails to antagonize the NGF-dependent JNK
and synapsin phosphorylation, indicating that such
effect might occur via p75NTR receptor (Fig. 1C).
Finally, we investigated whether the rescuing effect
observed under NGF treatment could also be repli-
cated with Pro-NGF, the unprocessed form of NGF
that selectively binds p75NTR. Accordingly, west-
ern blot analysis revealed that Pro-NGF was able to
significantly increase JNK and synapsin phosphory-
lation in A!PP-null mice, while it did not alter the



Journal Identification = JAD Article Identification = 112108 Date: September 29, 2012 Time: 11:50 am

L.R. La Rosa et al. / NGF Rescues Synaptic Plasticity in A!PP-Null Mice 5

phosphorylation status of the same proteins in WT
mice (Fig. 1C).

Following the biochemical analysis, we examined
the potential of NGF to rescue the DG-LTP impairment
in 12 month-old A!PP-null mice. Bath-applied NGF,
at a concentration not affecting baseline transmis-

sion per se, was unable to significantly influence LTP
magnitude in WT mice (168 ± 11%, n = 7) (Fig. 2A),
but significantly reversed LTP deficit in A!PP-null
mice (189 ± 11%, n = 9) (Fig. 2B). Relevantly, and
consistent with our previous data showing that the
NGF/TrkA signal is impaired in A!PP-null mice

Fig. 2. DG-LTP impairment in 12 month-old A!PP-null mice is restored by NGF and Pro-NGF. A) NGF (200 ng/ml), either alone or in
combination with K252a (200 nM), did not alter LTP levels in 12 month-old old WT (p > 0.05), whereas in (B), it significantly rescued LTP
deficit in A!PP-null mice (p < 0.05) even when co-applied with K252a (200 nM). K252a was continuously perfused during recordings and
never influenced the magnitude of LTP per se in both genotypes (p > 0.05). Bar indicates the exposure time to NGF. In these, and subsequent
experiments, picrotoxin (100 "M) was always present throughout recordings. C) Pro-NGF (200 ng/ml) superfusion did not influence LTP
magnitude in 12 month-old WT (p > 0.05), but significantly reversed LTP deficit in A!PP-null mice (p < 0.05) (D). Bar indicates the exposure
time to Pro-NGF. E) Bar graph summarizes LTP (mean ± SEM) measured at 60 min post-HFS in slices from 12-month old WT and A!PP-null
mice under the different experimental conditions described above (*p < 0.05).
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[29], the TrkA inhibitor K252a failed to antagonize
the NGF-mediated LTP rescue in A!PP-null mice
(174 ± 11%, n = 9), indicating that such effect might
occur via an alternative pathway involving p75NTR

receptor (Fig. 2B). Notably, application of K252a was
ineffective to influence the magnitude of LTP per se
in WT (167 ± 5%, n = 6), even in the presence of
bath-applied NGF (180 ± 6%, n = 6), and in A!PP-null
mice (136 ± 11%, n = 6) (Fig. 2A, B). To support the
possibility that p75NTR could mediate the protective
action of NGF, we investigated whether the same res-
cuing effect could also be replicated with Pro-NGF,
the unprocessed form of NGF that selectively binds
p75NTR [37]. Accordingly, Pro-NGF, while it did not
alter LTP levels in WT (175 ± 5%, n = 7) (Fig. 2C), it
was able to significantly recover LTP deficit in A!PP-
null mice (183 ± 9%, n = 8) (Fig. 2D). Data obtained
are summarized in Fig. 2E.

DISCUSSION

In the 1980 s, in line with the neurotrophic fac-
tor hypothesis, the idea emerged that a loss of NGF
in AD brain may account for the loss of choliner-
gic function. However, no change was found in NGF
mRNA levels in AD cerebral cortex and hippocampus
compared with normal brain [38]. Furthermore, mea-
surements of NGF protein in AD brain unexpectedly
showed either significant or non-significant increases
in the cerebral cortex and hippocampus [39], although
NGF levels in the cholinergic basal forebrain (ChBF)
were decreased [40]. One explanation for this decrease
in ChBF NGF levels might be a failure in retrograde
transport of NGF from target tissues to the cell bodies
[41]. On the basis of this evidence, the reduction of
ChAT expression found in the septum might correlate
with the age-dependent synaptic plasticity impairment
observed in 12 month-old A!PP-null mice. Within this
framework, a recent report suggests that age-dependent
defects of synaptic function restricted to hippocampal
DG are the consequence of chronic NGF deprivation,
as exemplified by the AD11 mouse model [25]. On the
other hand, intraseptal NGF infusion enhanced cholin-
ergic neuronal markers and facilitated hippocampal
LTP [20].

It is generally assumed that the protective role of
NGF is essentially mediated by TrkA signal, whereas
ligand-dependent activation of p75NTR promotes a
complex set of signals often associated with neurode-
generation [42]. However, a rather complex form of
neurotrophin signaling regulation is recently emerg-

ing. Accordingly, p75NTR is expressed in adult dentate
progenitor cells [43], being an important regulator
of hippocampal neurogenesis [44]. Remarkably, mice
deficient in p75NTR display a selective deficit for
NMDA receptor–dependent long-term depression [45]
and impaired performance in hippocampus-dependent
tasks [46]. Western blot analysis carried out on DG
slices confirmed the presence of p75NTR receptor both
in 12 month-old WT and A!PP-null mice and no
age-dependent difference in p75NTR expression lev-
els or processing was detected. JNK protein is a
molecular target of p75NTR signaling [43], and under
specific conditions it can mediate regeneration [47]
and synaptic plasticity processes [48]. Accordingly,
our data indicate a significant increase in JNK and
synapsin phosphorylation levels and a reversal of DG-
LTP impairment upon NGF exposure in A!PP-null
mice, which is not evident in the corresponding lit-
termate samples. These results occur via activation of
p75NTR, in fact Pro-NGF, the unprocessed form of
NGF that selectively binds p75NTR [37], is equally
effective as NGF in rescuing synaptic plasticity in 12
month-old transgenic mice.

Our data, suggesting that exogenous NGF and
Pro-NGF fully revert LTP deficit in 12 month-old
A!PP-null mice, might disclose an unconventional
mechanism mediated by p75NTR/JNK pathway by
which NGF exerts a protective effect. Of note, a
developmental stage-dependent switch of function for
p75NTR mediating survival or death has previously
been described in neurons [49]. Understanding this
complex relationship between A!PP and neurotrophin
signaling may prove important in further elucidating
the pathogenesis of AD.
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