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ProNGF, the precursor of mature nerve growth factor (NGF), is the most abundant form of NGF in the brain. ProNGF and mature
NGF differ significantly in their receptor interaction properties and in their bioactivity. ProNGF increases markedly in the cortex
of Alzheimer’s disease (AD) brains and proNGF\NGF imbalance has been postulated to play a role in neurodegeneration.
However, a direct proof for a causal link between increased proNGF and AD neurodegeneration is lacking. In order to evaluate
the consequences of increased levels of proNGF in the postnatal brain, transgenic mice expressing a furin cleavage-resistant
form of proNGF, under the control of the neuron-specific mouse Thy1.2 promoter, were derived and characterized. Different
transgenic lines displayed a phenotypic gradient of neurodegenerative severity features. We focused the analysis on the two
lines TgproNGF#3 and TgproNGF#72, which shared learning and memory impairments in behavioral tests, cholinergic deficit and
increased Ab-peptide immunoreactivity. In addition, TgproNGF#3 mice developed Ab oligomer immunoreactivity, as well as late
diffuse astrocytosis. Both TgproNGF lines also display electrophysiological alterations related to spontaneous epileptic-like
events. The results provide direct evidence that alterations in the proNGF/NGF balance in the adult brain can be an upstream
driver of neurodegeneration, contributing to a circular loop linking alterations of proNGF/NGF equilibrium to excitatory/inhibitory
synaptic imbalance and amyloid precursor protein (APP) dysmetabolism.
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ProNGF, the precursor of nerve growth factor (NGF),1,2 is the

most abundant NGF form in the brain.3 Comparedwithmature

NGF, proNGF is a preferred ligand for p75NTR than for TrkA.4

ProNGF is cleaved intracellularly to NGF by furin convertase,5

and by extracellular proteases (plasmin and metallopro-

teases).4,6,7 ProNGF has functions distinct from those of

mature NGF, as mediator of cell death in neurons, oligoden-

drocytes and cell lines expressing p75NTR.8,9 The VPS10p-

family receptor sortilin, in association with p75NTR, is a specific

proNGF receptor.10 NGF and proNGF activate distinct

transcriptional signatures in target cells, highlighting their

different bioactivities.11 Therefore, the role initially attributed

to the pro-domain, that is, assistance to proper folding,12

represents only part of a complex picture. The ratio between

expression and signaling of TrkANTR and p75NTR is critical to

determine the prevalence of a trophic or an apoptotic

signaling, respectively.13–16 Similarly, the balance between

proNGF and NGF levels and signaling in the brain is a key

determinant for brain homeostasis, with its disruption possibly

leading to neurodegeneration.17,18 Thus, it was proposed that
Alzheimer’s disease (AD) neurodegeneration could be linked
to unbalanced signaling by proNGF\NGF. Consistently,
proNGF accumulates in AD cortex,3,19 whereas TrkA expres-
sion is reduced and p75NTR expression is unaltered.20,21

However, it is not knownwhether accumulation of proNGF is a
cause or a consequence of the disease.
To directly examine the consequences of increased

proNGF expression, we generated transgenic (Tg) mice
expressing furin cleavage-resistant proNGF in early postnatal
and adult brain in a background of normal endogenous
proNGF\NGF production.

Results

Production of proNGF transgenic mice expressing
furin-resistant proNGF. To study the consequences of
an unbalanced proNGF\NGF ratio, we generated trans-
genic mice expressing furin-resistant mouse proNGF in a
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background of normal endogenous proNGF\NGF production.
The proNGF cleavage site for furin (RSKR) was mutated to
RSAA.8

The proNGF expression cassette (Figure 1a) contains the
promoter of mouse Thy1.2 gene.22 Expression from this
promoter, in the brain of transgenic mice, begins from
approximately postnatal days P6–10 and continues into
adulthood, leading to a mosaic regional and cellular distribu-
tion, varying among different founder transgenic lines.23,24An
internal ribosome entry site sequence (IRES) ensures
transcription of a bicistronic mRNA, driving coexpression of
pre-proNGF with the green fluorescent protein (EGFP)
reporter (Figure 1a). Four founder lines expressing the
transgene were identified: TgproNGF#3, #17, #36 and #72
(transgene copy number/mouse haploid genome are in
Supplementary Table S1).
Mice from the different lines had normal brain size and

overall structure, with the exception of mice TgproNGF#17,
which showed hydrocephalus and were excluded from
subsequent analyses.
Homozygous mice could be successfully derived only for

TgproNGF#72, whereas the other founders were bred as
heterozygous lines. TgproNGF#36 had reduced fertility,
which limited the availability of mice from this line.
Transgene expression was evaluated by EGFP immuno-

histochemistry (Figure 1b), as anti-proNGF antibodies do not
discriminate endogenous proNGF from transgene-encoded
proNGF (Figure 1c). All transgenic mice displayed EGFP
expression in the cortex (CTX) and hippocampus (HP; Figures
1b–d) at varying expression levels (Supplementary Table S2).
Double immunofluorescence showed that EGFP-positive cells
also express significant levels of proNGF (Figure 1d). mRNA
analysis confirmed overexpression of transgene with respect
to endogenous NGF mRNA (see below).
The proNGF content in both transgenic lines was several

fold higher than in wild type (WT; Figure 1e). The biochemical
analysis is described below.

Behavioral phenotype of TgproNGF mice: learning
and\or memory deficit. We assessed learning and memory
deficits in P90 TgproNGF#3, #72 and #36 mice by means of
the active avoidance (AA), object recognition (ORT) and
Morris water maze (MWM) tests.
In the AA test (Figure 2a), TgproNGF#3 mice showed

almost no conditioned responses in all training sessions,
revealing a dramatic impairment in avoidance acquisition, a
deficit also found in TgproNGF#36 mice, although less
pronounced. On the other hand, the avoidance responses of
TgproNGF#72mice did not differ from those ofWTmice. Poor
avoidance learning in TgproNGF#3 transgenic line is not due
to reduced locomotor activity (Figure 2b).
Because of limited availability of TgproNGF#36 mice,

subsequent behavioral analyses focusing on the character-
ization of working and spatial memory deficits were carried
out in heterozygous TgproNGF#3 and in homozygous Tgpro
NGF#72 mice.
In the habituation phase of the ORT, TgproNGF#3 showed

complete immobility in the entrance corner of the maze
(Figure 2c). In the sample phase, TgproNGF#3 explored the
two identical objects for a much shorter time than WT mice

(Figure 2d). Because of these behavioral responses, suggest-
ing increased anxiety, TgproNGF#3 were not analyzed in the
subsequent test phase of ORT. TgproNGF#72 mice showed
normal exploratory behavior in the sample phase (Figure 2d),
whereas, in the test phase (Figure 2e) they spent equal time
exploring the new and the familiar object, unlike WT mice,
which explored more the new object. Thus, TgproNGF#72
mice show working memory deficit.
Spatial learning and memory were assessed by MWM test.

The swimming speed of TgproNGF#3, TgproNGF#72 and
WT mice was identical (Figure 2f). In the acquisition phase,
TgproNGF#72 mice showed a similar degree of learning
than WT mice (Figure 2g), whereas learning in TgproNGF#3
mice was dramatically impaired (Figure 2g). In the retention
phase, whereas WT and proNGF#72 mice remembered
the target quadrant (Figure 2h), TgproNGF#3 mice were
unable to remember where the platform was located. Thus,
P90 TgproNGF#3 mice showed a severe learning and
memory deficit.
In conclusion, the behavioral tests showed significant

learning and memory impairments in different transgenic
lines, more pronounced in TgproNGF#3 mice.

Cholinergic deficit and neurodegenerative traits. In order
to investigate the possible mechanisms underlying memory
deficits in TgproNGF mice, the basal forebrain cholinergic
(BFC) system was analyzed in P90 mice. Choline acetyl-
transferase (ChAT) immunohistochemistry (Figure 3a)
revealed a severe deficit in TgproNGF#3 mice: the number
of ChAT-immunoreactive neurons in the medial septum was
reduced by 40% (Figure 3b). The plexus of septal cholinergic
fibers also appeared greatly reduced, and basal forebrain
cholinergic neuron (BFCN) atrophy was observed (Figure 3c).
In P90 TgproNGF#72 mice, ChAT-positive BFCNs in the

septum were not reduced or atrophic (Figure 3b). However,
TgproNGF#72 mice showed decreased cholinergic innerva-
tion in the CTX (Figure 3d, quantification in Supplementary
Figure S1A).
We conclude that TgproNGF#3 mice have a cholinergic

deficit more severe than TgproNGF#72 mice, consistent with
the more pronounced behavioral phenotype. Interestingly, no
cholinergic deficit is observed in TgproNGF#3 mice at P15
and P30, when the transgene product just starts to be
produced and to accumulate (Supplementary Figures S1B
and C and S6).
Links between imbalance in proNGF/NGF signaling in the

brain and activation of amyloid precursor protein (APP)
processing have been recently postulated.17,18 We therefore
evaluated changes in the expression of APP-derived amyloid-
b (Ab) peptide. The Ab immunoreactivity was visualized
with mAb 4G8, specific for Ab residues (17–24). In P90
TgproNGF#72 mice, a specific intracellular Ab staining was
observed in layer II of the entorhinal CTX with a fourfold
increase in the number of Ab-positive neurons (Figures 3e
and g). A specific anti-Ab amyloid immunostaining was also
observed in neurons expressing proNGF in other regions,
such as hippocampal dentate gyrus (DG) and CA1 (not
shown). In TgproNGF#3 mice, a few neurons displayed
increased mAb 4G8 immunoreactivity in the CTX (Figure 3f),
whereas at 12 months of age, Ab immunoreactivity was
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Figure 1 Production of the TgproNGF mice. (a) Schematic representation of the Thy 1.2 expression cassette. The Thy1.2 vector contains 6.5 kb of the murine thy1.2 gene,
encompassing the regulatory sequences driving the selective expression in the adult brain (exons I, II and IV responsible for expression in neurons, shown in gray). The
internal ribosome entry site (IRES) of the encephalomyocarditis (ECMV) virus enables the transcription of a bicistronic mRNA, coexpressing the mutated pre-pro-NGF and the
enhanced green fluorescent protein (EGFP) as a reporter. Scheme of NGF transcript: NGF is synthesized as pre-proNGF (the pre-sequence is the 18 amino acid (aa) long
secretory leader sequence); the pro-sequence is cleaved at specific dibasic aa sites by furin or by other proteases. In the furin-resistant mutant, the pre-proNGF cDNA
(pre: leader sequence; pro-sequence; mature NGF) is mutagenized at the dibasic aa included in the furin-recognition site RSKR to RSAA (corresponding to the sequences
� 4 to � 1 of proNGF protein). (b–d) EGFP and proNGF expression in the cortex and hippocampus of TgproNGF mice. (b) EGFP expression in the cortex of TgproNGF#72
mice. (c) Anti-proNGF immunofluorescence (in red): endogenous proNGF expression in WT mice (splenial cortex). In Tg mice (TgproNGF#3 mice), proNGF-positive neurons
are more numerous and more immunoreactive than in WT mice. Anti-proNGF staining does not discriminate between endogenous proNGF or proNGF encoded by the
transgene (rabbit polyclonal antibody). (d) In the hippocampus, high expression levels of EGFP are found in the CA1 region. EGFP reporter expression identifies neurons
coexpressing transgenic proNGF (mRNA transcript is bicistronic). Double labeling shows coexpression of EGFP (green) and proNGF (in red, staining with scFv-anti-proNGF
recombinant antibody in the format of single-chain Fv fragment (scFv)). Inset � 2.5. Scale bar: (b) 750mm, (c) 25mm, (d) 80mm. (e) Immunoprecipitation on extracts from
various brain areas (hippocampus (HP), basal forebrain (BF) and cortex (CTX)) with anti-NGF aD11 antibody, followed by western blot (WB) with anti-NGF or anti-proNGF
antibody, as described in Materials and Methods. A representative WB probed with anti-proNGF (top) or anti-NGF (bottom) is shown. M, recombinant protein marker (proNGF
top, NGF bottom); 1: IP on #72 male mouse, HP, 3 months; 2: IP on #3 male mouse, HP, 3 months; 3: IP on WT male mouse, HP, 3 months; 4: IP on #72 male mouse, BF, 3
months; 5: IP on #3 male mouse, BF, 3 months; 6: IP on WT male mouse, BF, 3 months; 7: IP on #72 male mouse, CTX, 3 months; 8: IP on #3 male mouse, CTX, 3 months: 9:
IP on WT male mouse, CTX, 3 months
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severely enhanced (see below). The Ab immunoreactivity
was also observed with other anti-Ab amyloid antibodies
(N-terminal or C-terminal antiamyloid antibodies in
TgproNGF#72 and #3 mice, respectively, data not shown).
TgproNGF mice showed no reduction of trkA(þ ) and

p75(þ ) neurons in the CTX, HP and basal forebrain (BF)
(Supplementary Figures S2A and B and S4).
Among the cells that express TrkA and p75NTR receptors,

astrocytes represent a major cellular target, where the
consequences of a proNGF/NGF imbalance could be exerted.

The phenotype of astrocytes was therefore evaluated by glial
fibrillar acidic protein (GFAP) immunofluorescence. At P90,
TgproNGF#3 mice showed a number of astrocytes in the HP
reduced, with respect to WT mice (Figure 4a), in the DG by
B50% (Figure 4b). At P90, in TgproNGF#72mice the astrocyte
number was unchanged, compared with WT mice (Figures 4a
and b), but they appeared hypertrophic with thicker ramifica-
tions. Thus, proNGF/NGF imbalance results in alteration of
morphology and/or number of astrocytes at P90. The number of
NeuN-positive neurons was unchanged (not shown).

Figure 2 Behavioral analysis shows impairment in learning and memory in P90 TgproNGF mice. (a) Active avoidance. (b) Activity. Object recognition test: (c) habituation,
(d) sample phase and (e) test phase. Morris water maze test: (f) swimming velocity, (g) learning and (h) memory test. Bars and points are representative of mean±S.E.M. In
(a, c, d and g) *Po0.05 versus WT mice. In (e) *Po0.05 new versus familiar object. In (h) * and solid line indicate Po0.05 target quadrants versus adjacent and opposite
quadrants in WT mice. # and broken/dotted line indicate Po0.05 target quadrants versus adjacent and opposite quadrants in TgproNGF#72. y and broken line¼Po0.05 in
TgproNGF#3 mice. (h) In the retention phase, whereas WT (Kruskal–Wallis test and post hoc Bonferroni test: NE* versus NW P¼ 0.003; NE* versus SW P¼ 0.06; NE*
versus SE P¼ 0.002) and proNGF#72 mice (Kruskal–Wallis test and post hoc Bonferroni test: NE* versus NW P¼ 0.06; NE* versus SW P¼ 0.42; NE* versus SE P¼ 0.03)
remembered the target quadrant, TgproNGF#3 mice were unable to remember where the platform was located, exploring more the SE adjacent quadrant (Kruskal–Wallis test
and post hoc Bonferroni test: NE* versus NW P¼ 0.63; NE* versus SW P¼ 0.96; NE* versus SE P¼ 0.03)
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Phenotype of aged TgproNGF#3 mice. The analysis of
TgproNGF#3mice, showing the most severe phenotype among
different lines, was extended to aged animals (12 months old).

Severe deficit in the AA test (Figure 5a) as well as the
absence of changes in locomotor activity (Figure 5b)
observed in P90 mice was confirmed in aged animals.

Figure 3 (a–g) Cholinergic deficit and Ab (4G8 mAb) immunoreactivity in P90 TgproNGF#3 and proNGF#72 mice. (a) ChAT immunohistochemistry in P90 TgproNGF#3
mice: the number of ChAT-immunoreactive neurons in the medial septum is decreased in TgproNGF#3 mice as compared with WT mice (no reduction is observed in the
horizontal or vertical diagonal band of Broca). In TgproNGF#72 mice, no reduction in ChATþ neurons is observed in the septum. Quantification is shown in (b). Bars and lines
are representative of mean±S.E.M. (*Po 0.05 versus WT). BFCNs in the medial septum were counted; counting was expressed as stereological counting (at least 3–5
sections per animal, n¼ 3–7 per each animal group). In TgproNGF#3 mice, cholinergic fibers are also greatly reduced in the septum (c). Scale bar: (a) 40mm; (c) 80mm.
(d) In TgproNGF#72 mice, although the number of cholinergic neurons in the septum is unaffected, the cholinergic innervation in the cortex is significantly reduced, with a
decreased number of cholinergic varicosities. Scale bar: 80 mm. Quantification is shown in Supplementary Figure S1A. (e) Counting of 4G8-positive neurons in the layer II of
the entorhinal cortex of TgproNGF#72 and WT mice: mAb 4G8 strongly labels the superficial layers of the entorhinal cortex in P90 TgproNGF#72 mice compared with wild-type
mice (Po0.05). Cell counting was performed for each region on three squares of 150� 150mm per brain section, at least 3–5 sections per animal (n¼ 3–7 per each animal
group). (f and g) Ab immunoreactivity in P90 TgproNGF mice. Confocal microscopy of double immunofluorescence for Ab (mAb 4G8) and proNGF in TgproNGF mice. Brain
sections from P90 WT, TgproNGF#3 (f) and TgproNGF#72 (g) mice were labeled with 4G8 and anti-proNGF antibodies. 4G8 immunofluorescence signal is detected in the
cytoplasm of a few proNGF-positive neurons in TgproNGF#3 mice, inset � 1.5 zoom (f, splenial cortex). (g) Ab immunoreactivity in the entorhinal cortex (EC) of
TgproNGF#72 mice colocalizes with proNGF expression. (f and g) Scale bar: 25mm
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The freezing behavior in object and arena exploration during
the habituation phase of ORT was still present (Figure 5c)
and the test could not be taken to the end. In the MWM test,
the 12-month-old TgproNGF#3 displayed severe learning
(Figure 5e) and memory deficits (Figure 5f), as observed
at P90. These mice swam faster than aged-matched WT
mice (Figure 5d), which, similar to the freezing behavior
in the habituation phase of ORT, suggests a high anxiety
behavior.

Histological analysis of the BF nuclei demonstrated a
marked reduction in BFCNs in the medial septum and
horizontal diagonal band of Broca (Figures 6a and b); the
reduction was greater than that at P90. The average area
of residual ChAT-immunoreactive neurones was reduced
(77.6±22.3%), as well as the density of septal cholinergic
fibers (Figure 6c). BFCN atrophy was not accompanied
by decreased number of TrkA and p75NTR(þ ) neurons
(see below).

Figure 4 GFAP immunoreactivity in 3-month-old TgproNGF#3 and proNGF#72 mice. (a) Glial fibrillar acidic protein (GFAP) immunofluorescence in the dentate gyrus of
P90 TgproNGF mice: in TgproNGF#3 mice, astrocytes are decreased compared with WT mice. Inset � 2.5. In TgproNGF#72 mice the number of astrocytes is unchanged;
however, astrocyte branches appeared thicker. (b) Quantification of astrocytes in the hilar region of the dentate gyrus of the hippocampus in P90 TgproNGF mice (*Po0.001
versus WT). Bars and lines are representative of mean±S.E.M. (a) Scale bar: 100mm. Cell counting was performed for each region on three squares of 150� 150mm per
brain section, at least 3–5 sections per animal (n¼ 3–7 per each animal group). (c and d) GFAP immunoreactivity reveals astrocytosis in the hippocampus of 12-month-old
TgproNGF#3 mice. (c) Increase of GFAP-positive cells in the cortex (entorhinal cortex (EC)) and dentate hilar region (DG) of TgproNGF#3 mice hippocampus (Po0.05).
(d) High (hilus of the dentate gyrus) and low magnification of the hippocampus of 12-month-old TgproNGF#3 and WT mice. Note the increase in GFAP immunoreactivity in the
TgproNGF#3 mice. Inset � 2. (c) Bars and lines are representative of mean±S.E.M. (d) Scale bar: 100mm (left panels) and 300mm (right panels). Cell counting was
performed for each region on three squares of 150� 150 mm per brain section, at least 3–5 sections per animal (n¼ 3–7 per each animal group)
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In the 12-month-old TgproNGF#3 mice, diffuse and
vascular (Figure 6d) staining for Ab peptide was observed in
the CTX and HP, along with a high number of cells showing
high intraneuronal staining. Confocal microscopy study
showed that the increase in intracellular Ab was, very often,
localized to proNGF-positive neurons, suggesting a direct link
between proNGF expression and intracellular Ab production
(Figure 6e). The Ab-oligomeric species are considered the
early and more toxic species formed as a consequence of
aberrant APP processing.25 The presence of Ab-oligomeric
species in TgproNGF#3 mice was investigated, exploiting
ScFvA13, a recombinant single-chain antibody fragment
specifically recognizing Ab(1–42) oligomers (AbO), with high
selectivity and specificity for Abmonomers or fibrillar forms.26

In the brains of APP\PS1 (ref. 27) and AD11 (ref. 28)
transgenic mice (used as positive controls for human and
mouse Ab oligomers, respectively), ScFvA13 (anti-AbO)
detects clusters of AbO immunoreactivity in the CA1
hippocampal region (Figure 6f). In TgproNGF#3 mice, the
anti-AbO specifically stains the HP (mainly CA1) and the EC
(particularly layer II) (Figure 6f). The AbO immunoreactivity is
absent in WT mice (Figure 6f), or if the anti-tag antibody is
omitted (Supplementary Figure S3A).

Tau-related neuropathology, linked to its abnormal phos-
phorylation pattern, accompanies Ab-related neurodegenera-
tion in AD. No evidence for changes in phospho-tau
immunoreactivity was detected in the brain of 12-month-old
TgproNGF#3 mice by Anti-phospho-tau (mAbAT8) immuno-
histochemistry (Supplementary Figure S3B).
The phenotype of glial cells in 12-month-old TgproNGF#3

mice was studied by GFAP immunofluorescence, revealing
both a higher number of astrocytes and a more ramified
morphology (Figure 4d), particularly in cortical and hippo-
campal regions (quantification in Figure 4c). This is opposite
to the reduction observed at P90 (Figures 4a and b), showing
that ages of 3 and 12months correspond to different stages of
the neurodegeneration induced by proNGF imbalance in
these mice.
Finally, we examined the overall expression of TrkA,

p75NTR and sortilin receptors in TgproNGF#3 mice. Western
blot analysis from three brain areas (BF, HP and CTX)
showed that the levels of p75NTR and sortilin receptors in
TgproNGF#3 were not significantly different from WT mice
(Supplementary Figure S2C). Immunofluorescence revealed
an overall normal pattern of trkA and p75 expression
(Supplementary Figure S4).

Figure 5 Learning and memory impairment in 12-month-old TgproNGF#3 mice. (a) Active avoidance. (b) Activity. Object recognition test: (c) habituation. Morris water
maze test: (d) swimming velocity, (e) learning and (f) memory test. Bars and points are representative of mean±S.E.M. In (c and e) *Po0.05 versus WT mice. In (f) * and
solid line indicate Po0.05 target quadrants versus adjacent and opposite quadrants in WT mice. The 12-month-old TgproNGF#3 display severe learning (e) and memory
deficits (f). During the probe phase of MWM, TgproNGF#3 explored more, although not in a statistically significant manner, the SW quadrant (Kruskal–Wallis test plus
Bonferroni post hoc test P¼ 0.09)
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Hippocampal synaptic function and spontaneous
epileptic-like events in TgproNGF mice. To verify whether
the memory deficits observed in TgproNGF#3 mice correlate
with defects in synaptic plasticity, or disequilibrium of the
hippocampal synaptic networks, an electrophysiological
study was performed. At hippocampal CA1 synapses, no
significant differences in stimulus–response curves
(Figure 7a) and in paired-pulse facilitation (Figure 7b) were
observed between TgproNGF#3 and control mice, indicating

that neither basal transmission nor short-term plasticity was
affected in this region. Next, long-term potentiation (LTP)
induced by high-frequency stimulation was studied. The
magnitude of potentiation measured 50–60min after the
conditioning train was not significantly different in
TgproNGF#3 (147%±8%) and WT mice (162±10%;
P40.05; Figure7c).
A common denominator at the electrophysiological level

between mouse neurodegeneration models of different kinds,

Figure 6 Cholinergic deficit and Ab immunoreactivity in 12-month-old TgproNGF#3 mice. (a) ChAT immunohistochemistry in the septal region of 12-month-old
TgproNGF#3 mice: ChAT-immunoreactive neurons are decreased in TgproNGF#3 mice compared with WT mice. Scale bar: 400mm. (b) Quantification of ChAT-
immunoreactive neurons in the medial septum and horizontal diagonal band (*Po0.05 versus WT). Bars and lines are representative of mean±S.E.M. BFCNs in the medial
septum were counted and counting was expressed as stereological counting. (c) ChAT immunofluorescence: septal cholinergic fibers (in red) also appear greatly reduced.
Scale bar: 50mm. (d) In the cortex, marked diffuse Ab immunoreactivity (mAb 4G8) was detected in 12-month-old TgproNGF#3 mice with respect to WT mice. The arrow
points to an immunoreactive vessel. Scale bar: 100 mm (d). (e) Brain sections from 12-month-old WT and TgproNGF#3 mice were labeled for Ab (mAb 4G8; red channel) and
anti-proNGF (green channel), nuclei, blue channel. The Ab immunofluorescence signal is higher in the cytoplasm of proNGF-positive neurons, although it is also detectable in
some proNGF-negative neurons (splenial cortex). Inset � 1.6. Scale bar: 25mm. (f) scFvA13 recombinant antibody (in the format of single-chain Fv fragment (ScFv)) specific
for oligomeric amyloid species26 markedly stains the CA1 region of the hippocampus of 1-year-old APP�PS1 transgenic mice (with Ab oligomeric (AbO)-immunoreactive
clusters) and anti-NGF AD11 mice. The bound ScFv antibody is detected through its Sv5 tag, with an anti-tag antibody. Scale bar: 100mm. In 12-month-old TgproNGF#3 mice,
scFvA13 markedly decorates both the entorhinal cortex and the hippocampus in comparison with WT brain. AbO immunoreactivity is not seen in sections if the anti-tag
antibody is omitted (Supplementary Figure S3A). Scale bar: 250mm
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including FAD-derived models, based on the amyloid
mechanism, and models based on neurotrophic deficits, is
an imbalance in excitatory and inhibitory pathways29–31 and
a normal CA1 LTP.29,32 For this reason, the presence
of spontaneous epileptic-like seizures was investigated in
the limbic area of TgproNGF mice, with field recordings in
combined entorhinal cortex (EC)–hippocampal slices, using
a 64-channels multi-electrode array device.33,34 Although

no repetitive epileptic-like events were observed in
EC–hippocampal slices from WT mice (15 slices from 4
animals), repetitive spontaneous interictal-like events were
detected in 8 out of 18 EC–hippocampal slices from
TgproNGF#3 mice (n¼ 4; Figure.7d). These events occurred
synchronously either in the whole rhinal CTX and HP
(n¼ 4 slices) or confined to rhinal CTX (n¼ 2 slices) and HP
only (n¼ 2 slices).

Figure 7 Electrophysiological analysis on the hippocampus of TgproNGF mice. Synaptic function in area CA1 and spontaneous epileptic-like events in the
EC–hippocampal area of 12-month-old Tg proNGF#3 and TG proNGF#72 mice. (a) Input–output relation of fEPSPs as a function of presynaptic fiber volley size was similar for
both TgproNGF#3 (n¼ 8) and control mice (n¼ 9). (b) Comparison of paired-pulse facilitation (PPF) in TgproNGF#3 (n¼ 7) and control slices (n¼ 8). Data are presented as
the mean (±S.E.M.) facilitation of the second response relative to the first response. (c) Superimposed pooled data showing the normalized changes in field potential slope
(±S.E.M.) in control (n¼ 9) and TgproNGF#3 (n¼ 7) mice induced by high-frequency stimulation (HFS) protocol. (d and e) Multi-electrode array recordings from an
EC–hippocampal slice of a TgproNGF#3 (d1) and a TgproNGF#72 (e1) mouse, placed over 64 planar electrodes, detectable in transparency through the slice. Colored dots
indicate position of the electrodes, whose voltage signals appear in the respective panels 2 and 3. (d2 and e2) Simultaneous recordings from each of the 64 electrodes.
Colored areas highlight voltage traces detected by the corresponding electrodes in (d1 and e1) respectively. (d3 and e3) Continuous recordings from the perirhinal cortex
(PRh), entorhinal cortex (EC), CA1, dentate gyrus (DG) and CA3 hippocampal area. Each trace is color coded according to the position of its corresponding electrode in
(d1 and e1) respectively. No repetitive epileptic-like events were observed in EC–hippocampal slices from WT mice (15 slices from 4 animals). (d) Repetitive spontaneous
interictal-like events were detected in 8 out of 18 EC–hippocampal slices from TgproNGF#3 mice (n¼ 4). (e) In TgproNGF#72 mice, repetitive spontaneous interictal-like
events were found in each one of the slices recorded (n¼ 15 from 3 animals)
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Age-matched TgproNGF#72 mice were tested for the
presence of spontaneous epileptic-like discharges in
EC–hippocampal slices. Similar to what was observed in
TgproNGF#3 mice, repetitive spontaneous interictal-like
events were found in each of the slices recorded (n¼ 15
from 3 animals), being confined to the sole hippocampal
area, with no clear recruitment of nearby entorhinal networks
(Figure 7e).

ProNGF and NGF levels in TgproNGF mice. TgproNGF#3
and TgproNGF#72 mice share various phenotypic end points
(behavioral deficits, cholinergic neurons or fiber boutons
reduction, increase in Ab peptide immunoreactivity), but the
overall severity of the phenotype is much stronger in
TgproNGF#3 than in TgproNGF#72 mice. We therefore
investigated whether these differences could be ascribed to
different transgene expression levels or to different relative
levels of proNGF and NGF.
The relative expression of proNGF-mRNA in TgproNGF#3

and TgproNGF#72mice, versusWTmice, was determined by
real-time-PCR on RNA from different brain areas (CTX, HP

and BF), with primers specific for endogenous and transgenic
proNGF mRNA (Figure 8a). As expected, a much higher
amount of total proNGF mRNA (including both endogenous
and transgenic proNGFmRNA using P1 primer) was detected
in both TgproNGF lines as compared with WT mice
(Figure 8a, green bars). The levels of endogenous proNGF
transcript (identified with primer P2B) in TgproNGF mice are
similar to those in WT mice (Figure 8a, blue bars). Therefore,
the large increment in total proNGF transcript levels in Tgmice
is wholly attributable to the transgene (directly measured with
primer P2A encompassing the mutagenized consensus site
for furin Figure 8a and Supplementary Table S3A and B).
Although a higher transgene copy number is oftenmore prone
to negative regulation of expression,23 this was not the case in
TgproNGF#72 mice. Surprisingly, the level of total proNGF
mRNA is higher in the transgenic line TgproNGF#72, showing
a milder phenotype, than in TgproNGF#3.
This apparent paradox prompted us to evaluate the levels of

proNGF and mature NGF protein (Figure 1e). Anti-NGF
immunoprecipitation (IP) with anti-NGF aD11mAb,35 followed
by western blot (challenged with anti-NGF or anti-proNGF

Figure 8 Expression of proNGF transgene (mRNA and protein). (a) ProNGF mRNA expression in brain areas (cortex (CTX), hippocampus (HP) and basal forebrain (BF))
of TgproNGF#72 and #3 mice by real-time quantitative RT-PCR. Schematic representation of the recognition sites of PCR primers used for quantitative real-time RT-PCR on
endogenous and mutagenized proNGF nucleotide sequences. The specificity of real-time primers for endogenous proNGF mRNA and\or mutagenized proNGF mRNA
encoded by the transgene is shown. Fold increase in proNGF expression (relative proNGF expression ratio) in TgproNGF#3 versus WT mice (left panel). High amount of
proNGF mRNA is detected in 3-month-old TgproNGF#3 mice. Fold increase in proNGF expression (relative proNGF expression ratio in TgproNGF#72 versus WT mice) (right
panel). High amount of proNGF mRNA is detected in P90 TgproNGF#72 mice. Bars and lines are representative of mean±S.E.M. (b and c) Analysis of proNGF and mature
NGF in specific brain areas (CTX, HP and BF) of TgproNGF#72 and #3 mice by immunoprecipitation and western blot. Immunoprecipitation on extracts from various brain
areas (HP, BF and CTX) was performed with anti-NGF aD11 antibody, followed by western blot (WB) with anti-NGF or anti-proNGF antibody. After anti-NGF
immunoprecipitation, the proNGF bands, in western blot probed with anti-proNGF, and the NGF bands, in the western blot probed with anti-NGF antibody, were quantified. The
resulting intensities were normalized against the area of the bands, and then compared with an internal standard of recombinant proNGF and NGF. Loaded samples were in
the linear range of detection. Comparison between proNGF (b) and NGF (c) amounts in TgproNGF#72, #3 and WT are reported in the histograms
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primary antibodies, Figure 1e), on extracts from various brain
areas (CTX, HP and BF) from TgproNGF and WT mice
revealed that proNGF content in both transgenic lines was
much higher than in WT. Also, the levels of mature NGF were
high in both transgenic lines, whereas in WT mice the band
corresponding to mature NGF was undetectable (Figure 1e),
as previously reported.3,36 ProNGF and NGF bands were
identified by MALDI-TOFmass spectrometry (Supplementary
Figure S5A, Supplementary Table S4). The densitometric
analysis of immunoprecipitated proNGF and NGF showed
that homozygous TgproNGF#72 mice presented higher
levels of not only proNGF but also NGF with respect to
TgproNGF#3 (Figure 8B and C), although the proNGF\NGF
ratio was comparable in the two lines (Supplementary Figure
S5B). Thus, in TgproNGF#72 mice a higher NGF cortical and
hippocampal content is associated with a milder phenotype,
even in the presence of a high proNGF level. Conversely, in
TgproNGF#3 mice, lower levels of mature NGF are unable to
compensate for the neurodegeneration-inducing effects of
proNGF. ProNGF and NGF levels were also determined at
P30, before the onset of cholinergic deficit, showing that both
proNGF and NGF start to accumulate (Supplementary Figure
S6) in both Tg lines; when IP enrichment is omitted (not
shown), only proNGF is visualized. Noticeably, whereas
proNGF and NGF levels increase over time, from P30 to
P90 in different brain areas, in the CTX, NGF level decreases
over time by a 0.6 factor, concomitantly to the increase of
proNGF and the onset of cholinergic deficit.

Discussion

Growing evidence relates an increase in proNGF to aging and
neurodegenerative diseases, such as AD.3,19

In the AD11 anti-NGF mice,28 selective neutralization of
mature NGF versus proNGF by the transgenic antibodies35

leads to a progressive Alzheimer’s-like neurodegeneration,
suggesting that imbalance in proNGF/NGF levels is an
upstream driver of neurodegeneration.17 Consistently, cross-
ing AD11 to p75NTR gene knockout mice rescues cholinergic
deficit and decreases Ab accumulation.18

However, a direct proof for a causal link between increased
proNGF signaling and Ab-related neurodegeneration is
lacking. In order to fill this gap and to gain a deeper insight
into the functions of proNGF in the brain, we generated
transgenic mice expressing furin-resistant proNGF. The study
was focused on the line showing the strongest phenotype,
TgproNGF#3. Salient aspects of its phenotype were con-
firmed, in milder forms, in the independent line TgproNGF#72.
Of the other founders, the transgenic line TgproNGF#36
showed reduced avoidance responses, but a severely
impaired fertility prevented further analysis. TgproNGF#17
mice presented hydrocephalus, and therefore were not
analyzed further; interestingly, congenital hydrocephalus in
children is associated with increased NGF-immunoreactive
proteins (thus, NGF or proNGF) in the liquor.37

TgproNGF#3 mice displayed a neurodegenerative
phenotype characterized by severe learning and memory
impairments, cholinergic deficit, increased APP processing
into the Ab amyloidogenic pathway and electrophysiological
evidence of spontaneous epileptic-like events. At variance

with the acute intracerebroventricular proNGF injections in
rodents,38,39 chronic exposure to high proNGF levels deter-
mines signs of AD neurodegeneration in transgenic mice.
Although no abnormal tau pathology was found, a significant
positivity for Ab and oligomeric Ab species was detected. A
marked increase in diffuse Ab immunoreactivity was found
throughout the CTX and HP of TgproNGF#3 mice, either
because of increased APP processing or impaired Ab peptide
clearance. A specific antibody probe26 for the oligomeric state
of Ab (1–42), the most synaptotoxic forms of Ab peptide
(AbO),25,40 revealed specific AbO immunoreactivity in the EC
(layer II) and in hippocampal pyramidal neurons, especially in
the CA1 region. Of note, APP/Ab dysmetabolism in EC
neurons is the starting cause of transsynaptic deficits in the
cortical–hippocampal network in mouse models.41

Neurodegeneration in TgproNGF#3 mice is characterized
by astrocytic atrophy in 3-month-old mice, and by astrocytosis
and marked alteration of astrocyte morphology in aged mice.
In neurodegeneration models, early stages are often asso-
ciated with atrophy of astroglia, whereas later, astrocytosis
and astrocyte activation contribute to the neuroinflammatory
component of neurodegeneration.42,43 Noteworthy, it was
shown that proNGF produced by reactive astrocytes in
response to oxidative stress promotes motoneuron death in
a p75NTR-dependent manner.44

Global multi-electrode array analysis in EC–hippocampal
slices demonstrated spontaneous epileptic-like events in the
CTX and HP of TgproNGF#3 mice and HP of TgproNGF#72
mice. Interestingly, both Down syndrome (DS) and AD are
characterized by increased seizure activity29,30,45–47 and
abnormal excitatory\inhibitory(E/I) balance.48 Of note, in the
adult HP of anti-NGF AD11 mice, a shift of GABAergic
signaling to the depolarizing direction is observed.31 Proneur-
otrophin secretion was reported in BF astrocytes after kainic
acid-induced seizures.49 We therefore envisage a negative
cycle whereby elevated proNGF alters the E/I balance in the
HP that, in turn, further contributes to elevate secretion of
proNGF by astrocytes.
A shift toward amyloidogenic metabolism of APP can affect

NGF metabolism, decreasing proNGF processing and
inducing NGF degradation, switching the balance in favor of
the precursor.6,7 Here, we provide evidence for the reciprocal
arm of a vicious circle, demonstrating that experimentally
increasing proNGF triggers cholinergic deficit and amyloid-
related neurodegeneration. ProNGF and amyloid metabolism
might thus interplay in bidirectional way as part of a circular
loop: the increase in proNGF induces an amyloidogenic
metabolism of APP, with Ab oligomer formation, and vice
versa (Supplementary Figure S7). Elevation of proNGF levels
and E/I imbalance, leading to spontaneous epileptic-like
events, also form a negative feedback cycle that can be part
of the same vicious cycle, leading to neurodegeneration
(Supplementary Figure S7).
We conclude that high levels of proNGF determine a

comprehensive neurodegenerative phenotype.
Some AD mouse models accumulate proNGF, suggesting

that accumulation is an effect of the disease;50 this paper
shows that accumulation of proNGF itself might cause
downstream behavioral dysfunction, which parallels the
degree of cholinergic deficit. Interestingly, mild cognitive
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impairment (MCI) and AD patients show alteration in proNGF-
mediated pathways during AD progression,51 and loss of
NGF\trkA signaling in conditional KO mice is not sufficient to
induce cognitive impairment.52 This underlines the importance
of proNGF to NGF imbalance for the progression of
neurodegeneration.17,18 Our results provide valuable informa-
tion on the consequences of increasing proNGF levels, as
observed in pathological conditions,21,51 even if the levels of
proNGF observed in the derived transgenic mice are higher
that the twofold increase of proNGF observed in AD brains.3 It
is noteworthy that in the TgproNGF#72 line, showing a milder
phenotype, the level of mature NGF in the CTX is higher
compared with TgproNGF#3 mice. It will be interesting to
evaluate whether perisomatic glia is involved in promoting a
trophic outcome, mediated by NGF and trkA, in TgproNGF#72
mice (by means of increased matrix metalloproteinase (MMP)
production and extracellular cleavage of proNGF, as
described53). We did not observe increased hippocampal
p75NTR levels, as recently described in AD.54

The phenotype observed in TgproNGF#3 mice is tied to a
specific transgene expression effect, as no cholinegic deficit is
observed at P15 and P30, when both proNGF and NGF start
to accumulate (Supplementary Figure S6). Noticeably, the
level of NGF in the CTX decreases over time in both Tg lines,
concomitantly to the increase of proNGF and the onset of
cholinergic and behavioral phenotype. Thus, a relatively high
proNGF level for a short time is not sufficient to determine the
cholinergic and behavioral phenotype, at least at P30. Rather,
its persistence over time, and the relative concurrent levels of
mature NGF, appear to be relevant for the onset of the
observed phenotype.
Our findings are significant in light of reports indicating

elevated levels of proNGF in the brains of AD patients,3,19 and
further validate the therapeutic concept of increasing levels of
mature NGF as a strategy to treat AD.55

Materials and Methods
Plasmid construction and generation of transgenic mice.
The mouse pre-proNGF cDNA (obtained as described in Paoletti et al.56)
was mutagenized at the furin cleavage site8 and placed under the trans-
criptional control of the mouse Thy1.2 promoter, driving brain-specific
expression in postnatal and adult transgenic mice.22,57 The transcriptional unit
also contains the EGFP gene, cloned downstream the furin-resistant pre-proNGF
(see Supplementary Methods). After isolation of the DNA fragment encompassing
the whole transcriptional unit, transgenic mice were generated by pronuclear
DNA injection of zygotes C57Bl/6xDBA/2 F2 generation using standard
procedures58 (see Supplementary Methods for details).

Animal handling and experiments. All experiments with mice were
performed according to the national and international laws for laboratory animal
welfare and experimentation (EEC council directive 86/609, 12 December 1987).
Mice were kept under a 12-h dark to light cycle, with food and water ad libitum.

Behavioral analysis. Mice were kept under a 12-h dark to light cycle, with
food and water ad libitum. Experiments were performed according to the national
and international laws for laboratory animal welfare and experimentation (EEC
council directive 86/609, 12 December 1987).

Active avoidance: The same apparatus was used to measure active
avoidance and spontaneous locomotor activity.59 The apparatus was computer
controlled and consisted of eight shuttle boxes, each divided into two 20� 10 cm
compartments, connected by a 3� 3 cm opening. In avoidance training, a light
(10 W) was switched on alternately in the two compartments and used as a
conditioned stimulus (CS). The CS preceded the onset of the unconditioned

stimulus (US) by 5 s and overlapped it for 25 s. The US was an electric shock
(0.2 mA) applied continuously to the grid floor. The intertrial interval was 30 s. An
avoidance response was recorded when the animal avoided the US by running
into the dark compartment within 5 s after the onset of the CS. If animals failed to
avoid the shock, they could escape it by crossing during the US. Mice were
subjected to four daily 100-trial avoidance sessions.

Morris water maze: To establish whether proNGF mice show deficits in spatial
memory, the Morris water maze test was used. A circular water tank made from
aluminum (diameter: 120 cm) was filled to a depth of 30 cm with water (23±21C)
and rendered opaque by the addition of a small amount of white children finger
paint. Four positions around the edge of the tank were arbitrarily designated north
(N), south (S), east (E) and west (W), which provided four alternative start
positions and also defined the division of the tank into four quadrants: NE, SE, SW
and NW. A circular clear plastic escape platform (diameter 10 cm) was submerged
0.5 cm below the water surface and placed at the midpoint of one of the four
quadrants. Mice were trained for four trials per day (with an intertrial interval of
30 min). The start position (N, S, E or W) was pseudorandomized across trials.
The hidden platform remained in the NE quadrant. Mice were allowed up to 60 s to
locate the escape platform, and their escape latency was recorded. At the end of
the first trial of the first day, if the mice did not find the platform, they were placed
for 20 s on the platform.

On the fifth day, the mice received a single probe trial, during which the escape
platform was removed from the tank, and the swimming path of each mouse was
video recorded over 60 s while it searched for the missing platform. The time spent
in each quadrant was calculated.

Visual object recognition test (vORT): The apparatus consisted of a
square arena (60� 60� 30 cm) constructed in PVC with black walls and white
floor. The objects to be discriminated were made of plastic and glass and were too
heavy to be displaced by the mice. The box and objects were cleaned up between
trials to stop the build-up of olfactory cues.

During the first day (habituation phase), mice received two sessions of 5-min
duration in the empty box to help them habituate to the apparatus and test
room. The second session was delayed 30 min with respect to the end of the
first one.

The next day, each mouse was placed in the box and exposed to two
identical sample objects (objects A1 and A2) for 10 min. This trial was called
‘sample phase’. The experimenter measured the total time spent exploring
each of the two objects. After a 24-h retention interval, the experimenter removed
both objects and replaced one of the two by its identical copy (A3; so to ensure that
there was no carryover of olfactory cues) and the other object (object B). Then, the
mice were placed back in the box and exposed to the familiar object A3 and to a
novel test object B for further 7 min. The objects were placed in the same locations
as the previous ones. The experimenter measured again the total time spent
exploring each of the two objects (‘test period’). All trials were recorded using a
video camera connected to Any-maze software version 4.5 (Stoelting, Wood Dale,
IL, USA).

Statistical analysis for behavioral data. All values of behavioral tests
are expressed as mean±S.E.M. of 6–12 animals per group. AA data were
evaluated by a two-factor analysis of variance (ANOVA) for repeated measures,
the factor being the transgenic line (between-subject factor) and daily sessions
(within-subject factor). Locomotor activity data were analyzed using one-way
ANOVA. The post hoc comparisons were carried out using Fisher’s test. MWM
(at all ages), immobility and the sample phase of the ORT at 3 months of age were
analyzed using one-way ANOVA. The post hoc comparisons were carried out
using the Bonferroni test. The comparison between new and familiar object in the
ORT at all ages and the sample phase of the ORT at 12 months of age were
analyzed by paired t-test. The statistical significance was set at Po0.05 in all the
analyses.

Histological analysis. After behavioral analysis, proNGF and WT mice were
anesthetized with an excess of 2,2,2-tribromethanol (400 mg/kg) and intracardially
perfused with a saline solution following a 4% solution of paraformaldehyde in
phosphate-buffered saline (PBS). Brains were postfixed for 24 h and then
transferred in 30% sucrose/PBS solution and sectioned on a sliding freezing
microtome (Leica, Wetzlar, Germany). Next, 40mm coronal sections were
collected in 0.05% sodium azide/PBS in 1.5 ml tubes and stored at 41C until
usage. Immunoperoxidase and\or immunofluorescence were performed as
described in Supplementary Methods.
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Electrophysiology. WT and TgproNGF#3 mice (12 to 14 months old) were
anesthetized by inhalation of 2-Bromo-2-Chloro-1,1,1-trifluoroethane and killed by
decapitation. Experiments were carried out in accordance with the Declaration of
Helsinki Principles and followed international guidelines on the ethical use of
animals from the European Communities Council Directive of 24 November 1986
(86/609/EEC). All experimental procedures are described in detail in
Supplementary Method and in references 33 and 60.

RNA isolation and real-time qRT-PCR. RNA was isolated, quality
controlled and RNA was subjected to quantitative real-time RT-PCR (qRT-PCR)
as described in Supplementary Methods. Primers for qRT-PCR are described in
Supplementary Methods; Section 5: RNA isolation and Real-Time qRT-PCR.

Immunoprecipitation and western blot. Different brain areas (CTX, HP
and BF) were isolated from WT and heterozygous TgproNGF#3 male mice. For
each experiment, a pool of four animals was used and analyzed. Each pool
of cerebral areas was homogenized with 2 ml of Lysis buffer per g of tissue
(Lysis buffer: Tris HCl 0.1 M, NaCl 0.4 M, SDS 0.1%, Triton X-100 1%).
The homogenates were incubated in ice for 30 min and then centrifuged for
30–40 min at 15 000� g at 41C. The total amount of protein in the supernatant
was quantified by Bradford Assay (SIGMA-Aldrich, St Louis, MO, USA).

The same amount of total protein samples (4 mg) was immunoprecipitated with a
large excess of anti-NGF aD11 antibody before western blot. The whole samples
after IP were loaded onto the gel (criterion, 4–12% BIS-Tris, 12þ 2) for western
blotting. The primary antibody used was anti-proNGF (Alomone, Jerusalem, Israel)
and the secondary antibody was goat anti-rabbit HRP conjugated (Jackson, West
Grove, PA, USA). Recombinant proNGF and NGF were used as control; loaded
samples were in the linear range of detection.

The membrane was then stripped and incubated with the primary antibody,
anti-NGF M20 (Santa Cruz, Heidelberg, Germany).

The intensity of the bands on the western blots from three separate experiments
was measured by densitometric analysis using the software of the Kodak scanner.
The net intensity was normalized against the internal area of each band and then
compared with an internal standard of NGF or proNGF.
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