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Abstract

At advanced stages of Alzheimer’s disease, cognitive dysfunction is accompanied by severe alterations of
hippocampal circuits that may largely underlie memory impairments. However, it is likely that anatomical remodeling
in the hippocampus may start long before any cognitive alteration is detected. Using the well-described Tg2576
mouse model of Alzheimer’s disease that develops progressive age-dependent amyloidosis and cognitive deficits, we
examined whether specific stages of the disease were associated with the expression of anatomical markers of
hippocampal dysfunction. We found that these mice develop a complex pattern of changes in their dentate gyrus with
aging. Those include aberrant expression of neuropeptide Y and reduced levels of calbindin, reflecting a profound
remodeling of inhibitory and excitatory circuits in the dentate gyrus. Preceding these changes, we identified severe
alterations of adult hippocampal neurogenesis in Tg2576 mice. We gathered converging data in Tg2576 mice at
young age, indicating impaired maturation of new neurons that may compromise their functional integration into
hippocampal circuits. Thus, disruption of adult hippocampal neurogenesis occurred before network remodeling in this
mouse model and therefore may account as an early event in the etiology of Alzheimer’s pathology. Ultimately, both
events may constitute key components of hippocampal dysfunction and associated cognitive deficits occurring in
Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) is a progressive
neurodegenerative disease characterized by deep impairments
of learning and memory processes. These deficits develop
along with the occurrence of main histological hallmarks such
as senile plaques composed of β-amyloid peptides (Aβ),
neurofibrillary tangles formed of hyperphosphorylated tau,
progressive synaptic and neuronal loss in specific brain
regions. The hippocampus is one of the primary targets of
these anatomical alterations and is also a key player in the
formation of declarative memory. Although behavioral assays
remain the ultimate readout of brain dysfunction in the disease,
more convenient representative measures of hippocampal

deficits have been sought for the past years. As it is the case in
patients, amyloid plaque load does not correlate with cognitive
performance in mouse models of AD [1–5]. Recently, other
markers of hippocampal functional modifications reflecting
cerebral dysfunction have been described in mouse models of
AD [6–9]. Among them, aberrant expression of the
neuromodulator neuropeptide Y (NPY) and depletion of the
activity-dependent protein calbindin D-28k (CB) are thought to
reflect hippocampal modifications induced by Aβ/human
Amyloid Precursor Protein (hAPP) toxicity and pathogenicity
[6,7,9–11]. In several mouse models of AD, the expression of
some of these functional markers was shown to correlate with
each other and with the severity of learning and memory
impairments [6,7,10]. It was hypothesized that these

PLOS ONE | www.plosone.org 1 September 2013 | Volume 8 | Issue 9 | e76497



modifications of the hippocampal circuits may actively
contribute to the observed behavioral deficits associated with
AD pathology [12]. Beside the alteration of the aforementioned
remodeling of inhibitory and excitatory circuits, abnormal adult
hippocampal neurogenesis might also contribute to the early
symptoms of AD, including the inability to store new information
[13,14]. Although the exact contribution of hippocampal
newborn neurons to learning and memory processes remains
debated, it was consistently reported that new neurons in the
adult brain contribute to cognitive processes related to
hippocampal function [15,16]. Hippocampal neurogenesis was
studied in a number of mouse models of AD that display
amyloid deposition [14,17]. Overall, these reports reveal that
hippocampal neurogenesis is altered to an extent that may
differ depending on the transgenic line that is used and the
stage of AD at the time of study. Previous reports on
hippocampal modifications in mice focused on models
depicting aggressive progression of amyloid pathology,
exhibiting dramatic increase of Aβ production and accelerated
onset of amyloid plaques formation, like APPxPS1dE9 mice
[11,18,19], hAPPJ20 mice [6–8,20] or APPxPS1Ki mice
[21,22]. Oddly, little is known about the evolution of these
markers in the Tg2576 mice, whilst it is one of the most studied
models of the disease with regards to amyloid pathology and
cognitive deficits. Tg2576 transgenic mice overexpress the
human APP isoform harboring the Swedish double mutation
[23]. At young age (<5 months) these mice show increasing
levels of soluble Aβ [3,24,25] and by 6-8 months of age, they
display high levels of both Aβ40 and Aβ42 in the brain [23].
Amyloid plaques start forming in the hippocampus and cerebral
cortex of Tg2576 mice at 9-12 months of age and continue to
increase thereafter to levels observed in AD brains [23,26],
while CSF levels of Aβ42, but not Aβ40, decrease with age and
amyloid deposition [26]. Concomitantly, Tg2576 mice develop
age-related memory deficits that are well characterized in
numerous behavioral tasks and paradigms at different stages
along the disease progression [5,23,27–31]. Undoubtedly, the
course of the pathology in Tg2576 mice, is more reminiscent of
the findings in AD patients than other mouse models mimicking
more aggressive forms of amyloid pathology, and thus should
provide new insights on the extent to which aging and
amyloidogenesis may relate to hippocampal dysfunction. To
address this issue, we evaluated expression of markers
associated with aberrant hippocampal remodeling (NPY and
CB) and we characterized adult hippocampal neurogenesis at
specific stages along the progression of the pathology in
Tg2576 mice.

Material and Methods

Ethics statement
All experiments were performed in strict accordance with the

recommendations of The European Communities Council
Directive (86/609/EEC), The French National Committee
(87/848) and the guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (NIH publication nu
85–23). In application of the European directive 2010/63/UE
and according to the ongoing French legislation at the time of

experiments, no specific approval was necessary for this study.
However, the Centre de Recherches sur la Cognition Animale
(CRCA) has received French legal approval for experiments on
living vertebrate animals (Arrêté Préfectoral dated 9-02-2011)
and this work was carried out in accordance with the Policies of
the French Committee of Ethics. Animal surgery and
experimentation conducted in this study were authorized by the
French Direction of Veterinary Services to LV (#31–238, 2005)
and CR (#31-11555521, 2002) and all efforts were made to
improve animals’ welfare and minimize animals suffering.

Transgenic mice generation and genotyping
Male mice from the transgenic line Tg2576 created by Hsiao

et al. [23,32], were used for these experiments. Tg2576 mice
carry a double mutation (Lys670-Asn, Met671-Leu [K670N,
M671L]), driven by a hamster prion protein promoter, and over-
express human APP695. Tg2576 males were bred with
C57B6/SJL F1 females (Charles River, L’Arbresle, France) and
the offspring were genotyped to confirm the presence of human
APP DNA sequence by PCR [23,32]. All experiments were
conducted in males to avoid the impact of estrus cycle onto
neurogenesis process. Transgenic mice (Tg2576) and age-
matched non-transgenic male littermates (NTg) were
maintained on a 12hrs light/12hrs dark cycle with free access
to food and water and were used at the age of 3, 5, 12 or 18
months.

BrdU injection
To assess levels of hippocampal cell proliferation, 3, 5 or 12

months Tg2576 and NTg mice received two intraperitoneal
injections two hours apart, of 5-bromo-2-deoxyuridine (BrdU)
(100 mg/kg in 0.9% saline; Sigma, St. Louis, MO). Twenty-four
hours later, mice were deeply anaesthetized and transcardially
perfused with 0.1 M phosphate buffer (PB; pH 7.4) followed by
4% paraformaldehyde. To assess new cell survival, additional
groups of mice received three injections of BrdU (100 mg/kg)
four hours apart and were perfused 30 days later, as described
above.

Injection of the retroviral vector
The Moloneyleukemia-derived retroviral vector pCMMP-

IRES2eGFP-WPRE expressing enhanced green fluorescent
protein (MoMulV::GFP) [33] was used to study the morphology
of adult-born neurons in the hippocampus of Tg2576 and NTg
mice. This vector targets cells that are actively replicating at the
time of infection, such as neural progenitors cells located in the
neurogenic zones of the central nervous system [33]. Mice
were anesthetized (ketamine 120mg/kg, xylazine 10mg/kg) and
the viral solution was infused into the dentate gyrus bilaterally
(0.5 ml of MoMulV::GFP; coordinates relative to bregma :
anteroposterior -2 mm; lateral ±1.6 mm; ventral -2.5 mm). Mice
were perfused 14 or 28 days later, as described above.

Tissue processing and immunolabeling
After perfusion, the brains were removed, postfixed overnight

in 4% paraformaldehyde solution and transferred for at least 2
days in 0.1M PB containing 30% sucrose at 4°C. Brains were
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then rapidly frozen in -50°C isopentane. Coronal 30µm-thick
sections (or 50µm-thick for GFP staining) were obtained with a
cryostat and stored in cryoprotectant at -20°C until use. For
immunochemistry, all steps were done at room temperature.
Free-floating brain sections were rinsed in PB containing 0.9%
NaCl and 0.25% Triton X-100(PBST) before quenching
endogenous peroxidases with 3% H2O2 in 10% methanol in
PBS. For BrdU immunochemistry, sections were incubated in
2N HCl for 40 min to denature DNA and then neutralized in
0.1M borate buffer (pH 8.5) before being processed as follow.
All the sections were blocked in PBST containing 5% normal
goat serum for 60 minutes, followed by overnight incubation in
one of the following primary antibodies: rabbit anti-CB-D28k
(1:40,000; Swant, Bellinzona, Switzerland); rabbit anti-NPY
(1:5000; Sigma Aldrich, St Louis, MO, USA); monoclonal rat
anti-BrdU (1:400; OBT-0030, Harlan Seralab, Loughborough,
UK) or rabbit anti-GFP (1:1000; Torrey Pines Biolabs, Houston,
TX, USA) in PBST with 0.1% sodium azide (PBST-Az)
containing 5% normal goat serum. For GFP fluorescent
labeling only, sections were incubated the next day with Alexa
488 donkey anti-rabbit (1:500; Invitrogen, Carlsbad, CA) in
PBST before being rinsed and mounted onto slides,
coverslipped using Mowiol and stored at 4°C. For CB, NPY or
BrdU labelings, sections were incubated for 90 min in
biotinylated goat anti-rabbit or biotinylated goat anti-rat antisera
(1:400; Vector Laboratories, Burlingame, CA, USA) in PBST.
After rinses, sections were then incubated for 90 minutes in
avidin-biotin-peroxidase complex (1:500; Vector Laboratories
Elite Kit) in PBST. Peroxidase immunolabeling was developed
in 0.05 M Tris-HCl buffer (pH 7.6) containing 0.025% 3,3’-
diaminobenzidine-4 HCl (DAB; Fluka, Buchs, Switzerland) and
0.003% H2O2. NPY and BrdU stainings were revealed in black
by adding 0.06% nickel ammonium sulfate to the developing
solution. The reaction was stopped by rinses in PBST-Az.
Sections were mounted onto slides, counterstained with
Nuclear Fast Red (Vector Laboratories) for BrdU only,
dehydrated through alcohols and coverslipped.

Sections used for triple-immunofluorescent labeling of BrdU
with markers of mature (NeuN) and immature (Doublecortin,
DCX) neurons were processed for antigen retrieval (10mM
sodium citrate buffer, pH6.0, for 30min at 95°C) before DNA
denaturation, as described above. They were then incubated
for 48h at 4°C in a mix of rat anti-BrdU (1:400, OBT-0030;
Harlan Seralab), mouse anti-NeuN (1:500; MAB377, Millipore)
and goat anti-DCX antisera (1:300; C-18, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) in PBST-Az. After
several rinses in PBST, sections were incubated for 90 min at
room temperature in a mix of secondary reagents: Alexa 488-
conjugated highly cross-adsorbed donkey anti-rat (1:500;
Invitrogen), Alexa 647-conjugated donkey anti-mouse (1:500;
Invitrogen), and Alexa 555 donkey anti-goat (1:500; Invitrogen)
in PBST. Sections were rinsed intensively and mounted onto
slides, coverslipped using Mowiol and stored at 4°C.

Quantification of CB and NPY labeling
All slides were coded prior to analysis so that the

experimenter was blind to groups and genotypes until all
samples were counted. CB is expressed in dentate granule

cells and is visible in both the cell bodies and their dendrites
located in the molecular layer. NPY is expressed in a subset of
inhibitory interneurons. NPY staining is visible in the soma of
these cells, and a faint staining from the axons of these
inhibitory interneurons is visible in the molecular layer, where
they form synapses onto the dendrites of granule cells.
Quantifications were performed as previously described [31].
Briefly, CB and NPY labelings were quantified for each animal
by measuring immunoreactivity density in the molecular layer
and mossy fibers on two serial coronal sections spaced at
360µm through the dorsal hippocampus. The CA1 stratum
radiatum and the latero-posterior thalamic nucleus were used
as internal controls to normalize for variations in signal intensity
for CB and NPY, respectively. Digitized images were obtained
with a digital camera (Optronics, Goleta, CA) on a light
microscope (x10 objective, BX51 Olympus, Essex, UK) using
the Mercator Pro stereology system (Explora Nova, La
Rochelle, France). Integrated optical density (IOD) was
measured using image analysis software ImageJ (open source,
available on http://rsbweb.nih.gov/ij/index.html).

Quantification of BrdU-labeled cells
Quantification of BrdU-immunoreactive (BrdU+) cells was

conducted as previously described [15,19]. One in 6 series of
sections spaced 180µm and spanning the rostro-caudal extent
of the dorsal dentate gyrus was labeled for BrdU. Cells located
within the granule cell layer and adjacent subgranular zone,
defined as a two cell-body-wide zone along the border between
the granule cell layer and the hilus, were counted through a
x40 objective. BrdU+ nuclei intersecting the uppermost focal
plane were excluded from the count in order to avoid
oversampling. The corresponding surface area of GCL/SGZ
sampled for counting was measured using the Mercator
stereology system (Explora Nova, La Rochelle, France). The
reference volume was determined as the sum of the traced
areas multiplied by the distance between sampled sections
(180µm). Density of BrdU+ cells was then calculated by
dividing the number of labeled cells by the granule cell layer
sectional volume. The total number of BrdU+ cells was
estimated by multiplying these densities by the reference
volume.

Quantification of BrdU/DCX/NeuN triple-labeled cells
The relative number of mature and immature neurons among

the surviving BrdU-labeled cell population was measured in
mice sacrificed 30 days after BrdU injections. One in 12 series
of sections spaced 360µm and spanning the rostrocaudal
extent of the dorsal hippocampus was triple labeled for BrdU,
NeuN and DCX. Twenty BrdU+ cells in the dorsal dentate
gyrus from each animal were randomly chosen for analysis.
Co-expression of NeuN or DCX was assessed for each BrdU+
cell, using a confocal laser-scanning microscope (TCS SP2,
Leica, Heidelberg, Germany). The analysis was carried on over
the entire z-axis using a x100 oil-immersion objective, in a
sequential scanning mode to prevent crossover between
channels. The mean number of cells for each phenotype was
calculated by multiplying the average fraction for each
phenotype by the individual BrdU+ cell count obtained in DAB
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for each animal. Optical images for figures were obtained using
Leica confocal software.

Migration analysis of GFP+ cells
The localization and morphology of green fluorescent

protein-expressing (GFP+) cells in the dentate gyrus (DG) of
mice were analyzed 14 or 28 days post-injection (dpi) of a
retroviral vector encoding GFP. Series of 1 in 3 of 50µm thick
coronal sections were processed for GFP immunochemistry
and counterstained with Hoechst. Sections surrounding the
injection site and displaying tissue damage were discarded. A
total of 15–20 sections from at least four mice were used for
each time-point. GFP+ cells in the DG were identified as
neuron-like cells when presenting a round soma, a
conspicuous axonal projection extending toward the hilus and
spiny dendrites reaching the outer molecular layer [34]. To
evaluate radial migration of GFP+ neuron-like cells, the
granular cell layer was virtually divided into inner, middle and
outer layers and each GFP+ cell was assigned to one of these
layers, the subgranular zone (SGZ) or the hilus.

Dendritic morphology analysis of GFP+ cells
At 14 and 28dpi, 6-7 cells/mouse were analyzed by

acquisition of z-series of 50-75 optical sections at 0.5 µm
intervals, with a 40x oil lens, digital zoom of 1.7, with a TCS
SP5 (Leica Microsystem) confocal system. Three-dimensional
reconstructions of GFP+ granule cells with largely intact
dendritic trees were analyzed using Imaris XT (Bitplane, Zurich,
Switzerland). Total dendritic length, primary dendrite length,
maximal dendritic length and number of branching were
calculated automatically from three-dimensional reconstruction.
Growth of GFP+ axonal fibers was measured using Mercator
software (Explora Nova), according to a method previously
described [35].

Dendritic spine density and spine shape analysis
Dendritic analysis of GFP+ neurons located after the second

branching point was performed by acquiring z-series of 30–50
optical sections at 0.2 µm intervals, with a 63x oil lens, digital
zoom of 5, with a TCS SP5 (Leica Microsystem) confocal
system. Before analysis, files were subjected to seven
iterations of deconvolution with the Huygens Essential
deconvolution software (SVI, Hilversum, Netherlands).
Confocal images were imported into Imaris (Bitplane AG,
Zurich, Switzerland) and for analysis. Drift correction, particle
tracking, and surface tracking were done using autoregressive
tracking algorithms. Dendritic spines were defined as
protrusions from the dendritic shaft and classified based on
their shape according to Harris et al. [36]. Spines were
categorized into four types: filopodia (protrusion with long neck
and no head), thin (protrusion with a neck and head <0.6 µm in
diameter), stubby (protrusion with no obvious neck or head) or
mushroom (protrusion with a neck and a head with a diameter
>0.6 µm). Dendritic spine analysis included spine density
(number of spines/10micrometers) and morphological
classification. For NTg and Tg2576, 10 dendritic segments
(corresponding to 200–300 µm length) were analyzed from 3
mice.

Statistical analysis
Age and genotype interactions were evaluated by two-way

ANOVA for multiple comparisons using GraphPad software
(Prism, version 4). When a significant difference was found
with ANOVA, Bonferroni test was used for post-hoc analysis to
identify significant pair wise differences. Homoscedasticity of
the data was verified before any statistical analysis using
Bartlett test. When comparing two groups, unpaired two-tailed
Student t test was used. Results were expressed as mean ±
SEM. On graphs, we used *, **, *** for genotype comparisons
and #, ##, # # for age comparisons, when the p-values were p
<0.05, p <0.01 or p <0.001, respectively.

Results

Ectopic expression of the inhibitory neuropeptide Y in
the dentate gyrus of Tg2576 mice with aging

Recent data have suggested that high levels of Aβ in the AD
brain may destabilize hippocampal network activity, leading to
the remodeling of neuronal hippocampal circuits, which in turn,
may contribute to memory impairments observed in AD
[8,9,37]. These modifications of hippocampal circuits include
the development of compensatory inhibitory neuronal networks
aimed to suppress aberrant excitatory neuronal activity.
Supporting this idea, a profound remodeling of neuronal
hippocampal circuits that includes ectopic expression of the
inhibitory NPY has been identified in several mouse models of
AD [6,8,11,38], including 13 month-old female Tg2576 mice
[31]. We examined here whether such abnormal expression of
NPY may occur in Tg2576 mice as a function of their age and
severity of the disease. NPY expression was thus quantified in
the DG of Tg2576 mice at 3, 5, 12 and 18 months of age,
corresponding to milestones in the development of the disease
in this mouse model [26].

In the molecular layer of the DG, NPY expression remained
stable across aging in NTg mice but increased significantly in
18 month-old Tg2576 mice compared to younger Tg2576 mice
(transgene effect: F(1,50)=7.7, p=0.007; p<0.001, when
compared to 3, 5 and 12 month-old Tg2576 mice with ANOVA
followed by Bonferroni post-hoc) and compared to age-
matched NTg control mice (p<0.01) (Figure 1A,B). These data
are consistent with our recent report showing no change in
NPY expression in the molecular layer of 13 month-old female
Tg2576 mice [31] and thus indicate that sprouting of NPY
immunoreactive fibers may occur between 13 and 18 months
of age in these mice.

Aberrant expression of NPY in the mossy fibers has often
been associated with epileptic activity in the hippocampus or
with the occurrence of a generalized seizure in the days before
sacrifice [8,11,39]. In the present work, an overall increased
ectopic NPY expression was observed in Tg2576 mice
(genotype effect F(1,50)=24.5; p<0.001) and post-hoc analysis
revealed that this effect reached significance at 18 months
compared to age-matched NTg mice (p<0.01, Bonferroni post-
hoc) (Figure 1C). Interestingly, analysis of NPY
immunoreactivity pattern at the individual level revealed that
the proportion of Tg2576 animals that displayed a strong
ectopic NPY labeling in their mossy fibers increased with age
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(3m: 1/9, 5m: 1/6, 12m: 1/8, 18m: 3/5) (Figure 1A,C).
Consistent with these data, we previously described that a
substantial proportion of 13 month-old Tg2576 female mice
was showing aberrant expression of NPY in their mossy fibers
[31]. Moreover, NPY labeling in the mossy fibers across aging,
was positively correlated with NPY ectopic expression in the
molecular layer (r of pearson: 0.73, p<0.0001, data not
illustrated). Importantly, none of the NTg mice displayed this
aberrant NPY expression.

Reduction of the activity-related protein CB expression
in the dentate gyrus of Tg2576 mice with aging

Using other mouse models of AD, previous studies have
shown that remodeling of the neuronal hippocampal circuits is
also characterized by a depletion of synaptic activity-related

proteins that may in turn contribute to the cognitive decline
associated to AD. In particular, depletion of calcium-binding
protein CB can be observed in both the soma (granular cell
layer) and dendritic processes (molecular layer) of granule cells
in mouse models depicting an aggressive progression of the
disease [6,7,10,11,38,40,41].

Analysis of CB expression in the molecular layer of the DG
revealed a significant effect of genotype (F(1,51)=5.5; p=0.02)
and age (F(3,51)=5.5; p=0.006), as well as an age x genotype
interaction (F(3,51)=6.8; p=0.0006, two-way ANOVA) (Figure
2A,B). Whilst CB expression remained stable in aging control
mice, it decreased gradually with age in Tg2576 mice (Figure
2A, B). Eventually, 12 and 18 month-old Tg2576 mice
displayed significantly reduced levels of CB in the molecular
layer compared to age-matched NTg mice (Figure 2B).

Figure 1.  Ectopic expression of inhibitory neuropeptide Y in the dentate gyrus of Tg2576 mice with aging.  (A)
Neuropeptide Y (NPY) immunoreactivity in the dentate gyrus of 18 months-old NTg and Tg2576 mice. Albeit NPY staining was
observed in the soma of some hilar cells in both NTg and Tg2576 mice (enlargements), a massive ectopic NPY expression in the
mossy fibers running from the hilus to CA3 (arrow) was evidenced in Tg2576 mice only. (B) NPY immunoreactivity (NPY-IR) was
quantified in the molecular layer of NTg and Tg2576 mice as a function of age (in months) (n=5-10 mice/group). NPY expression
remained stable through aging in NTg mice while it increased significantly in Tg2576 mice at 18 months compared to 3, 5 and 12
month-old Tg2576 mice and compared to age-matched NTg control mice. (C) Quantification of NPY expression in the mossy fibers
of Tg2576 and NTg mice along aging. An ectopic expression of NPY was observed in the mossy fibers of several Tg2576 mice, in
proportions that increased with age, becoming statistically significant at 18 months, as shown in the scattered plot where each dot
represents a mouse. Quantitative data represent mean ± SEM in B and C. Data were analyzed by two-way ANOVA with Bonferroni
post-hoc: ###p<0.001 age effect for each genotype; **p<0.01 Tg2576 mice vs age-matched NTg, two-way ANOVA. ML: molecular
layer, GCL: granular layer, MF: mossy fibers, CA3: Ammon’s horn 3. Scale bar: A=300µm.
doi: 10.1371/journal.pone.0076497.g001
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However, these data obtained in males differ from our recent
report showing no change of CB expression in the molecular
cell layer of 13 month-old female Tg2576 mice [31].

Altogether, these findings reveal that Tg2576 display
anatomical alterations in the DG that are likely to disturb
hippocampal neuronal activity and plasticity in aging Tg2576
mice. The DG is also a neurogenic niche where new cells are
continuously generated during adulthood and contribute to
hippocampal plasticity and memory processes [42]. The
maturation and functional integration of these adult-generated
cells are sensitive to extrinsic signals available in the local
environment [43], suggesting that aberrant remodeling of
hippocampal circuits occurring during the course of AD may
impinge on adult neurogenesis [20]. We next tested this
possibility in Tg2576 mice.

Early alterations of adult hippocampal neurogenesis in
Tg2576 mice

We quantified adult hippocampal neurogenesis in Tg2576
and NTg mice aged 3, 5 and 12 months. Because hippocampal
neurogenesis declines drastically with age [44], 18 month-old
mice were not included in our study. As expected, the number
of proliferating BrdU-labeled (BrdU+) cells considerably
decreased with age in the DG of both NTg and Tg2576 mice

(p<0.001, F(2,48)=44.1; two-way ANOVA) (Figure 3A).
Interestingly, although 3 month-old Tg2576 mice exhibited
significantly more proliferating BrdU+ cells than age-matched
control NTg animals (NTg: 368.6±57.8 vs Tg2576: 587.5±56.2
BrdU+ cells/DG; p<0.01, Bonferroni post-hoc), 5 and 12 month-
old Tg2576 and NTg mice displayed similar proliferative activity
in the DG (Figure 3A). Thus, the overall age-related detrimental
effect on the number of proliferating cells was more
pronounced in Tg2576 mice than in NTg animals.

New cell survival was assessed 30 days after cell birth.
Again, the number of surviving 30 days-old BrdU+ cells in the
DG decreased noticeably with age in both genotypes
(F(2,44)=14.1; p<0.001) (Figure 3B). The number of surviving
BrdU+ cells was strongly reduced in 3 month-old Tg2576 mice
compared to age-matched NTg (3m NTg: 125.7±19.9 vs
Tg2576: 64.9±6.2 BrdU+ cells/DG, p<0.01 Bonferroni post-
hoc), while no differences were observed between genotypes
at older ages (Figure 3B). Thus, despite enhanced cell
proliferation in 3 month-old Tg2576 mice, most of these new
cells do not survive over 30 days, revealing a deeply altered
hippocampal neurogenesis at an age when Tg2576 mice are
still devoid of amyloid extracellular deposits and present no
major cognitive impairment.

Figure 2.  Late depletion of calbindin expression in dentate gyrus of Tg2576 mice.  (A) Brain sections of 12 month-old NTg
and Tg2576 mice immunolabeled for calbindin (CB). (B) CB expression was evaluated in the molecular layer of the dentate gyrus
and remained stable through the aging process in NTg mice (n=6-9 mice/group). In Tg2576 mice, CB expression decreased
gradually with aging starting at 5 months compared to 3 month-old Tg2576. Compared to age-matched NTg mice, 12 and 18 month-
old Tg2576 mice displayed strongly reduced CB expression. Quantitative data represent mean ± SEM in B. Data were analyzed by
two-way ANOVA with Bonferroni post-hoc: #p<0.05; ###p<0.001 age effect for each genotype; *p<0.05; **p<0.01 Tg2576 mice vs
age-matched NTg, two-way ANOVA. ML: molecular layer, GCL: granular layer. Scale bar: A=250µm.
doi: 10.1371/journal.pone.0076497.g002
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Reduced numbers of mature new neurons in the
hippocampus of young Tg2576 mice

To further characterize which cell types are missing among
the surviving hippocampal new cells of 3 month-old Tg2576
mice, we evaluated the maturational stage of each surviving

BrdU+ cell in the DG. Triple fluorescent immunolabeling
against BrdU and markers of mature (NeuN) and immature
(DCX) neurons was analyzed by confocal microscopy (Figure
3C). Doublecortin (DCX) is a microtubule-stabilizing factor
expressed early during neuronal differentiation which
expression is down-regulated concomitantly with the

Figure 3.  Altered adult hippocampal neurogenesis in 3 month-old Tg2576 mice.  (A) New cell proliferation was measured in
the dentate gyrus of NTg and Tg2576 mice at different ages (n=8-11 mice/group). Mice from both genotypes exhibit overall
decreased numbers of BrdU-labeled (BrdU+) cells in the dentate gyrus along aging, reflecting age-related reduction in cell
proliferation. At 3 months, Tg2576 display enhanced proliferative activity compared to age-matched NTg mice. (B) BrdU was
injected in 3 month-old mice and numbers of surviving BrdU+ cells were evaluated 30 days after (n=7-9 mice/group). These
numbers decreased with age in both genotypes. Moreover, the number surviving BrdU+ cell was drastically reduced in Tg2576 mice
injected at 3 months of age compared to age-matched NTg. (C) Confocal analysis was used to score the co-expression of
doublecortin (DCX, red) and NeuN (blue) in 30 day-old BrdU+ cells (green) NTg and Tg2576 mice injected at 3 months of age
(n=7-9 mice/group). The merged image depicts a BrdU+/DCX+/NeuN- immature neuron. (D) Distribution of BrdU+ cells among cell
phenotypes, for both genotypes. Compared to NTg, a significantly smaller number of BrdU+ cells co-labeled with the neuronal
marker NeuN in Tg2576 mice. Quantitative data represent mean ± SEM in A, B and D. Data were analyzed by two-way ANOVA with
Bonferroni post-hoc: #p<0.05; ##p<0.01; ###p<0.001 age effect for each genotype; **p<0.01; ***p<0.001 Tg2576 vs age-matched
NTg. Scale bar C=40µm.
doi: 10.1371/journal.pone.0076497.g003
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appearance of the neuron-specific nuclear protein (NeuN) [45].
To examine whether neuronal maturation of new cells is
impacted by the presence of hAPP in Tg2576 mice, we
quantified the fractions of surviving BrdU+ cells that
coexpressed DCX, NeuN or neither marker (Table 1, left
columns). In 3 month-old Tg2576 mice, we found that four
weeks after cell division, a significantly smaller proportion of
BrdU+ cells expressed the mature neuronal marker NeuN
compared to age-matched NTg (transgene effect : F(1,13)=6.5
p=0.01, p<0.01, Bonferroni post-hoc). Consequently, over 50%
of the BrdU+ cell population expressed none of the neuronal
markers in 3 month-old Tg2576 mice. The impact of hAPP on
new neurons fate was the strongest at young age as no
significant changes were observed in the proportions of BrdU+
cells expressing NeuN, DCX or neither marker in 5 and 12
month-old Tg2576 mice compared to age-matched controls
(Table 1, left columns). One possible explanation for this is that
the maturation of adult-born granule cells may be delayed in
the brain of young Tg2576 mice.

However, because significantly fewer BrdU+ cells survived
30 days in 3 month-old Tg2576 mice compared to age-
matched NTg animals (as reported in Figure 3B), we further
expressed the triple-labeling quantification data in a way that
takes into consideration the difference in new cell survival
among mice genotypes. Thus, we calculated for each
individual, the corresponding mean number of BrdU+ cells
expressing NeuN, DCX or neither marker. Data are expressed
as group mean, for each age and genotype in the Table 1 (right
columns). Regarding 3 month-old mice, we found that the
number of BrdU+ cells expressing a mature neuronal
phenotype (BrdU + /DCX-/NeuN+ cells) was noticeably
diminished in Tg2576 mice compared to age-matched NTg
(transgene effect: F(1,44)=26.7 p<0.001; p<0.001, ANOVA,
Bonferroni post-hoc) (Figure 3D, Table 1). In contrast, numbers
of BrdU+ cells that expressed an immature neuronal phenotype
(BrdU + /DCX + /NeuN- cells) or neither phenotypic marker
(BrdU + /DCX-/NeuN- cells) were not significantly different
between genotypes (Figure 3D, Table 1). Hence, the massive
reduction of new neurons being added to the DG during

adulthood could contribute to the progressive hippocampal
dysfunction seen in this AD mouse model. This result also
reveals that altered production of new granule cells occurs
early in the course of the disease.

Migration of adult-born hippocampal neurons
Maturation and functional integration of adult-born granule

cells are known to be sensitive to extrinsic signals from the
local hippocampal environment [46]. Their proper positioning
within the granular cell layer is crucial for adult-generated
neurons to adopt mature morphological features and integrate
the network. To examine new cell migration and morphology in
3 month-old Tg2576 mice, we used a retroviral vector encoding
enhanced green fluorescent protein (GFP) to label adult-
generated hippocampal cells (Figure 4A). Migration of new
neurons was evaluated by counting the number of GFP-labeled
(GFP+) neurons located within the DG (see methods).
Analyses were carried out 14 and 28 days post-injection (dpi)
of the viral vector corresponding to critical stages of new
neurons maturation [35]. Migration of GFP+ neurons within the
granular cell layer did not vary between genotypes at any post-
injection time-point (Table 2), with about 75% of GFP+ cells
localized within the inner third. The remaining GFP+ cells were
found in the subgranular zone, where the progenitors lie, or
had reached the middle third of the granular cell layer in
proportions that were not different across genotypes. Very few
GFP+ neurons were positioned in the outer third at these
delays (<4%). These data indicate that hAPP/Aβ
overexpression in Tg2576 mice does not affect the positioning
nor the relative distribution of newborn cells within the layers of
the dentate gyrus. Thus, the reduced number of mature newly
born neurons in Tg2576 mice could not be attributable to
improper migration of these cells within the granular cell layers.

Morphological maturation of adult-born hippocampal
neurons

Morphological development of newborn cells is another
critical parameter for their functional integration into

Table 1. Phenotypic distribution of BrdU-immunoreactive cells in the dentate gyrus 30 days after BrdU injection.

  Fraction of BrdU+ cells expressing Mean number of cells

Age at BrdU injection Genotype Neither marker (%) DCX (%) NeuN (%) BrdU+/DCX-/NeuN- BrdU+/DCX+/NeuN- BrdU+/DCX-/NeuN+
3m NTg 31.7±6.7 6.7±1.7 61.6±8.3 39.8±6.3 8.4±1.3 77.5±12.2
 Tg2576 56.3±10.3 20.0±7.4 23.7±3.8** 36.5±3.5 13.0±1.2 15.4±1.5***
5m NTg 43.3±15.9 36.7±24.5 20.0±10.4# 36.0±6.4 30.4±5.4### 16.6±2.9###
 Tg2576 53.1±11.0 12.4±5.1 34.4±11.5 23.2±4.9 5.4±1.1 15.0±3.2
12m NTg 65.0±12.6 19.2±9.6 15.8±7.4## 26.1±3.6 7.7±1.1 6.4±0.9###
 Tg2576 66.7±3.3 18.3±4.4 15.0±2.9 18.9±4.6# 5.2±1.3# 4.2±1.0

BrdU-positive (BrdU+) cells were phenotyped by colabeling with markers specific for postmitotic neurons (NeuN) or immature neuronal precursors (DCX). The percentage of
each phenotype as a fraction of the total BrdU population (left columns) and the corresponding mean number of cells are indicated (right columns). Analysis of percentage of
colabeled BrdU+ cells allows us to determine whether the neuronal maturation process is altered with aging and/or with the APP transgene (left column), without taking into
account potential alteration of the survival rate. Thus, mean numbers of immature and mature BrdU-positive neurons (right column) were also estimated by multiplying the
fraction of BrdU+ cells from each phenotype, by the total number of surviving BrdU+ cells. Data represent mean ± SEM. Significance values indicated for individual pairs are
as follows: **p<0.01 ***p<0.001 vs age-matched NTg, #p<0.05 ##p<0.01 ###p<0.001 age effect for each genotype (ANOVA with Bonferroni’s post hoc).
doi: 10.1371/journal.pone.0076497.t001
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Figure 4.  Impaired morphological development of new granule neurons in 3 month-old Tg2576 mice.  (A) Confocal images
(left) illustrating typical retrovirally GFP-labeled (GFP+, green) neurons 28 days post-injection (dpi) in the dentate gyrus of 3 month-
old NTg and Tg2576 mice (neuronal marker NeuN, red) and their corresponding 3D reconstruction (right) illustrating the arborization
and branching points of GFP+ neurons. (B) No difference was found in the total dendritic length of GFP+ neurons from NTg and
Tg2576 mice (n=3-6 mice/group and 15-20 GFP+ cells/group). (C) The length of the primary dendrite was measured as indicated in
inset. At 28dpi GFP+ neurons in Tg2576 mice exhibited a shorter primary dendrite compared to NTg mice (n=3-4 mice/group,
n=20-25 GFP+ cells/group). (D) Number of branching points was counted in 14 and 28dpi GFP+ neurons (n=3-4 mice/group, 20-25
GFP+ cells/group). At 28dpi, GFP+ neurons exhibited less branching points in Tg2576 mice compared to NTg mice. (E) Maximal
dendritic length of GFP+ neurons as quantified as illustrated in inset. At 28dpi, Tg2576 mice displayed shorter maximal dendritic
length compared to NTg (n=3-4 mice/group and n=20-25 GFP+ cells/group). (F) Maximal projection of z-stacks confocal images
illustrating dendritic segments from 28dpi GFP+ neurons, from which dendritic spines were counted and classified as stubby (S),
filopodia (F), thin (T) or mushroom (M) according to morphological criteria described in the methods. (G) Spine density estimated
from 28dpi GFP+ neurons (n=3 mice/group, 4-8 segments/mouse, 200-300µm of dendritic segments analyzed/mouse) was reduced
in 3 month-old Tg2576 mice compared to NTg. (H) Among all classes, the density of thin spines was reduced in Tg2576 mice
compared to NTg. (I) Confocal image depicting mature neurons (NeuN, red) and 28 day-old new neurons (GFP, green) in the
dentate gyrus. Axons of GFP+ neurons (arrow) extending into the CA3 region are clearly visible, allowing the measurement of
axonal length. (J) At 28dpi, axons of GFP+ neurons appeared shorter in Tg2576 compared to NTg mice. Data in B, C, D, E, G, H, J
represent mean ± SEM. Data were analyzed by two-way ANOVA with Bonferroni post-hoc: *p<0.05; ***p<0.001 Tg2576 vs NTg.
Scale bars: A (left)=50µm, (right)=30µm F=2µm, I=500µm.
doi: 10.1371/journal.pone.0076497.g004
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hippocampal circuits and consequently, their survival [16,47].
We thus analyzed dendritic arborization and axonal growth of
14 and 28 days-old GFP+ cells harboring neuron-like
anatomical features, in 3 month-old Tg2576 and NTg mice
(Figure 4). Total dendritic length of GFP+ neurons, that can be
used as a rough index of neuronal morphology, was similar in
both genotypes at 14dpi (NTg: 193.2±12µm vs Tg2576:
196.4±16.3µm, p>0.05, Bonferroni post-hoc) but seemed to be
reduced in Tg2576 mice at 28dpi, although it remained under
significance (NTg: 575.4±62 µm vs Tg2576: 469.5± 45.1 µm,
p>0.05, Bonferroni post-hoc) (Figure 4B). To further
characterize the potential changes that may occur in new
neurons, we evaluated dendritic complexity of GFP+ neurons
from their 3D reconstructions (Figure 4A). Thus, we measured
the length of the primary dendritic branch of GFP+ neurons,
which corresponds to the distance between the soma and the
first dendritic branching point. Although similar across
genotypes at 14dpi, it was shorter in Tg2576 compared to NTg
mice at 28dpi (NTg: 40.9±4.4µm vs Tg2576: 21.7±2.0µm,
p<0.001, Bonferroni post-hoc) (Figure 4C). The number of
branching points on GFP+ neurons at 14dpi was the same
regardless of mice genotype (NTg: 4.2±0.4 vs Tg2576:
4.4±0,4µm, p>0.05, Bonferroni post-hoc), but was significantly
reduced in Tg2576 mice at 28dpi (NTg: 5.8±0.7 vs Tg2576:
4.1±0.4, p<0.05, Bonferroni post-hoc) (Figure 4D). The
maximal dendritic length of GFP+ neurons, representing the
distance from the soma to its farthest neuritic extension, was
similar in both genotypes at 14dpi (Figure 4E) (NTg:
91.3±2.8µm vs Tg2576: 92.4±4.1µm, p>0.05, Bonferroni post-
hoc). However, at 28dpi, maximal dendritic length was shorter
in Tg2576 compared to NTg mice (NTg: 219.7±4.5µm vs
Tg2576: 175.5±6.7µm, p<0.001 Bonferroni post-hoc).
Altogether, these observations are indicative of a reduced
dendritic development of adult-born neurons in Tg2576 animals
compared to controls. Consequently, new granule neurons in
Tg2576 mice may not receive the totality of the perforant path
inputs from the entorhinal cortex. Because dendritic spines are
the predominant synaptic sites of granule neurons to receive
excitatory inputs, spine density and shape also reflect
integration of newly born neurons into the neuronal network.
Adult-generated neurons start forming dendritic spines at 16dpi
[35]. We therefore quantified the density of dendritic spines on

Table 2. Localization of adult-born GFP-labeled neurons in
the dentate gyrus of young mice.

  Localization of GFP+ neurons (in %)

Days post-injection Genotype SGZ GCL inner GCL middle GCL outer
14dpi NTg 9.6±3.6 86.1±4.0 4.0±1.0 0.3±0.3
 Tg2576 8.5±4.7 74.8±6.9 16.7±11.4 0±0.0
28dpi NTg 2.8±1.4 74.1±8.9 19.5±7.7 3.6±2.3
 Tg2576 9.7±6.4 74.2±3.6 13.7±6.1 2.1±1.2

Distribution of GFP+ neurons (in %) in the dentate gyrus of mice injected with the
retroviral vector at 3 months of age and sacrificed either 14 or 28 days post-
injection (dpi). Data represent mean ± SEM. SGZ: subgranular zone; GCL:
granular cell layer of the dentate gyrus.
doi: 10.1371/journal.pone.0076497.t002

GFP+ neurons at 28dpi and observed significantly less spines
on Tg2576 mice dendrites than in age-matched control mice
(NTg: 9.9±0.37 vs Tg2576: 6.5±0.46 spines/10µm, p<0.001,
unpaired t test) (Figure 4F,G). These findings, in line with our
data on dendritic arborization, suggest that new neurons
maturation is delayed in 3 month-old Tg2576 mice. Moreover,
reduced spine density may reflect impaired connectivity of new
neurons in Tg2576 mice. To examine this further, we classified
the spines into four morphological types based on their
morphology: stubby, filopodia, thin and mushroom (see
methods) [48,49]. We found a significant reduction of thin
spines density on 28dpi GFP+ neurons in Tg2576 mice (Figure
4H) (NTg: 4.8±0.32 vs Tg2576: 3.2±0.40 thin spines/10µm;
p<0.001, Bonferroni post-hoc). Densities of stubby, filopodia
and mushroom spines present on 28dpi GFP+ neurons
seemed to decrease in Tg2576 mice, although it did not reach
significance (Figure 4H). Thus, reduced spine density of new
neurons in Tg2576 mice appears to be merely related to
changes in the density of labile, immature spines rather than to
changes in the population of stabilized mushroom spines
(Figure 4H). Thus, 28 days after their birth, new neurons in
Tg2576 mice hold a reduced potential for synaptic integration
compared to new neurons in control mice.

Finally, axonal growth of new neurons was estimated by
measuring axonal projections of 14 and 28dpi GFP+ cells
towards the CA3 region in 3 month-old mice (Figure 4I). In both
genotypes, axonal fibers grew significantly between 14 and
28dpi (time effect: F(1,14)=36.8; p<0.001) (Figure 4J).
However, GFP+ axonal fibers were significantly shorter in
Tg2576 compared to NTg at 28dpi (NTg: 1484±34.7µm vs
Tg2576: 1150.8±130.2µm, p<0.05, Bonferroni post-hoc)
(Figure 4J). As a result, axons of GFP+ cells in control mice
reach a farther area into CA3 at 28dpi compared to Tg2576
mice. Taken together, these data reveal that the morphological
development of new granule neurons is impaired in Tg2576
mice and as a consequence, their functional integration into
hippocampal circuitry may be compromised.

Discussion

This study revealed that Tg2576 mice, an AD mouse model
expressing the hAPP form carrying the Swedish mutation
develop a complex pattern of changes in the dentate gyrus of
their hippocampus that appears with aging. Among those, a
severe alteration of adult hippocampal neurogenesis was
identified as an early event in the etiology of AD in these mice,
preceding excitatory and inhibitory networks remodeling in the
dentate gyrus. Ultimately, these changes may constitute key
components of hippocampal dysfunction and may contribute to
the cognitive deficits observed in Tg2576 mice.

Hippocampal anatomical modifications have been reported in
several mouse models of AD. Most studies focused on mouse
lines mimicking a severe form of the pathology associated with
dramatic increase of Aβ production and accelerated onset of
amyloidosis, such as APPxPS1dE9 mice [11,19], hAPP-J20
mice [6,8,20] or APPxPS1Ki mice [22]. However, aging being
the main risk factor for AD, we used here the well-described
Tg2576 mouse model to examine whether the occurrence of
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hippocampal network alterations relates to typical stages of the
disease progression. Indeed, Tg2576 mice are known to
develop slow progression of age-dependent amyloidosis and
cognitive deficits mimicking the human pathology by several
aspects, which allowed us to examine hippocampal damage at
ages that correspond to key stages of the pathology.

Recently, several studies have described hAPP/Aβ-
dependent modifications in the hippocampus of AD mouse
models [8,9,11,38,50]. Among them, variations in the
expression of NPY are known to reflect imbalances between
excitatory and inhibitory neuronal activities in the hippocampus
[51,52]. Here, we explored the level and pattern of NPY
expression as a function of age and disease severity in Tg2576
mice. Aberrant NPY expression was not observed in the
molecular layer of Tg2576 mice before 18 months of age,
extending our recent findings showing intact NPY expression in
the molecular layer of 13 month-old Tg2576 females [31].
Expression of NPY in the molecular layer originates from hilar
GABAergic interneurons [8], which in normal conditions inhibit
the dendrites of granule cells [53]. Therefore, the sprouting of
NPY fibers observed in aged Tg2576 mice is likely to enhance
granule cells inhibition, which in turn, may participate to
cognitive deficits in these mice. However, we observed a
subpopulation of younger Tg2576 individuals that displayed
ectopic NPY expression in their mossy fibers, which is one of
the most frequent pattern of morphological changes described
in the rodent hippocampus in association with electrically or
chemically induced seizures [39,52,54]. Interestingly, this
subpopulation of mice tends to grow with age and disease
severity.

Our data also pointed out a decrease in the expression of the
activity-related protein CB in the dentate gyrus of Tg2576 mice.
A reduction of CB expression was observed in Tg2576 mice
granule cells starting at 5 months and worsening with age.
Around 6 months of age, insoluble forms of the Aβ peptide
become detectable in Tg2576 mouse’s brain, in quantities that
increase thereafter [5,26], likely reflecting a transition in the
progression of the pathology in this model. Although the link
between amyloidogenesis and CB reduction is still unclear, it
was reported that reduction of CB levels in the dentate gyrus of
hAPP-J20 mice depended on the relative abundance of soluble
oligomers but not on the amount of amyloid plaques [6]. CB
loss is relevant of functional alteration, as demonstrated by its
tight correlation with spatial learning deficits in hAPP-J20 mice
[6] and its association with seizure phenotype in APPxPS1
mice [11]. We have previously found that CB levels were not
affected in the molecular layer of 13 month-old Tg2576 females
[31], suggesting that the progression of the disease might differ
between males and females. Sex influence on cerebral amyloid
pathology has been described in these mice, but it was
reported that 15-19 month-old females were more severely
affected than males [55], an argument which does not support
our findings.

Hippocampal network rearrangements as evidenced by NPY
sprouting and CB depletion in Tg2576 mice are thought to
reflect compensatory mechanisms triggered by abnormal
network activity. This remodeling became clearly visible at 12
months, an age when Tg2576 mice start forming amyloid

plaques in the hippocampus and cortex [23,26] and display well
described memory impairments [30]. Whether this remodeling
resulted from chronic and long-lasting exposure to abnormal
activity only, or whether elevated hippocampal levels of soluble
oligomeric Aβ also triggered it, remains to be determined.
Supporting the latest possibility, electrophysiological recordings
in wild-type brain slices have shown increased excitability and
abnormal depolarization in cortical and hippocampal cells when
slices were pre-incubated with fibrillar Aβ1-42 peptide [11].
Similar observations were made from slice recordings of
pyramidal cells of APPxPS1 transgenic mice [11]. Moreover, in
vivo studies showed that soluble Aβ including monomers and
oligomers also increases the fraction of hyperactive neurons in
the hippocampus of AD mouse model [56]. Futhermore,
clusters of hyperactive neurons were observed at the vicinity of
amyloid plaques [57]. Taken together, these data suggest that
abnormal pattern of NPY and CB expression in the
hippocampus of Tg2576 mice might reflect compensatory
inhibitory response to Aβ-induced aberrant excitatory neuronal
activity [58].

We next investigated how these local network
rearrangements in Tg2576 mice, may impact adult
neurogenesis, a form of hippocampal plasticity involved in
memory processes [42,47]. Despite being a widely used model
of AD, no extensive report is available regarding adult
neurogenesis during aging and disease progression in the
Tg2576 mouse line [59,60]. We demonstrated here that
hippocampal neurogenesis was quantitatively and qualitatively
altered as early as 3 month-old in Tg2576 mice, when these
animals mimic a prodromal stage of AD pathology [23]. In the
dentate gyrus of young Tg2576 mice, despite high proliferative
activity, only few new neurons survived, suggesting that the
local environment may be deleterious to young neurons. In
Tg2576 mice, it was previously reported that proliferation is
decreased in the dentate gyrus of 3-, 6-, and 9 month-old
transgenic mice [59]. However, these data based on a 3 days
long BrdU injection protocol are likely to reflect short-term
survival of BrdU+ cells rather than cell proliferation per se [59].
Other studies on the effect of amyloid peptide on cell
proliferation in the adult brain have led to conflicting
observations likely due to the use of different isoforms and
aggregation states of Aβ [61–63]. Our data suggest that
elevated levels of soluble oligomers in young Tg2576 mice
[3,24,25] stimulated the proliferation of neural progenitors and
altered their differentiation and maturation into neurons. More
importantly, whilst surviving new neurons in Tg2576 mice
achieve normal migration within the granule cell layer, we
found that they display shorter dendritic arborization, limited
axonal growth and fewer dendritic spines at 28dpi. Whether
such altered morphology reflects a delay or a defect in their
maturation remains to be determined. However, such
conspicuous reduction of their dendritic arbor combined with
their limited axonal projection likely impairs new neurons
capacity to receive synaptic inputs. Consequently, it might
compromise their functional integration into the hippocampal
network. Indeed, the specific contribution of adult-born neurons
to memory processes relies on their capacity to display highly
plastic properties during the critical period of their development
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(between 14 and 28dpi) [47]. During this time-window, new
neurons in the hippocampus of Tg2576 mice showed fewer
dendritic spines and shorter axonal projection that likely
jeopardize their connectivity and thus, their recruitment into
neuronal networks that sustain memory. These morphological
alterations might also compromise their ability to survive. Thus,
rather than being a side effect of the pathology, altered
hippocampal adult-neurogenesis, early in the course of AD
progression, may contribute to the alterations of hippocampal-
dependent synaptic plasticity and memory processes
previously reported in Tg2576 mice [23,64]. Morphological
deficits of adult-born granule neurons at late stages of their
maturation were also observed in young hAPP-J20 mouse
models of AD [65]. However, even though hAPP-J20 animals
are free of amyloid plaques at this age, they already display
high levels of soluble Aβ as well as aberrant NPY sprouting.
Here, using Tg2576 mice, we show that impaired neurogenesis
may anticipate these changes in NPY expression.

We found that new neurons morphology was altered prior to
amyloid plaque formation in 3 month-old Tg2576 mice. In line
with our data, it was shown that mature cortical and
hippocampal neurons in Tg2576 mice also displayed dendritic
spine loss, prior to plaque deposition [64,66–70]. Furthermore,
it was found that modulating Aβ levels using a γ-secretase
inhibitor in 3 month-old Tg2576 mice led to the rescue of
hippocampal dendritic spines alterations and memory
performances [64]. While these findings support the hypothesis
that Aβ would be responsible for such changes, directly or
indirectly, the possibility that a cell-autonomous effect, driven
by hAPP expression itself, contributes to the alteration of
hippocampal neurogenesis, cannot be excluded. In line with
this idea, the chronic expression of different variants of hAPP in
neuronal progenitor cells of the hippocampus, was found to
delay dendritic growth, independently of the amyloidogenic
capacity of hAPP [71]. Thus, further work should help
determine to which extent, abnormal neurogenesis in 3 month-
old Tg2576 mice may be related to the presence of hAPP itself
or to high levels of soluble Aβ.

Aside from these APP-related processes, other mechanisms
may play a part in the early disruption of neurogenesis that we

observed in the hippocampus of young Tg2576 mice. Although
never explored in Tg2576 mice, a deficit in parvalbumin
inhibitory interneuron function [9] or number [72] has been
reported in other mouse models of AD. Furthermore, it was
recently shown that the release of GABA from hippocampal
parvalbumin interneurons maintained adult neural stem cells in
a quiescent state, and that specific inactivation of these
interneurons led to increased cell proliferation [73]. These
observations suggest that similar mechanisms could contribute
to the early perturbation of adult neurogenesis seen in Tg2576
mice. It also suggests that some imbalance between
GABAergic and glutamatergic transmission might occur before
deep anatomical remodeling can be observed.

In summary, Tg2576 mice exhibit a remodeling of their
inhibitory and excitatory circuits in the dentate gyrus that takes
place along disease progression while altered hippocampal
neurogenesis accounts for an early hallmark of the disease in
this model. Ultimately, these modifications are likely to
contribute to the mechanisms that lead to memory deficits in
these mice. Recent advances in the detection of neurogenesis
in the living brain may open new avenues for the use of this
marker to detect AD in patients at earlier stages [74].
Moreover, our data also indicate that despite altered, adult
hippocampal neurogenesis persists throughout age and
disease progression, indicating that strategies designed to
stimulate neurogenesis in vivo may be suitable in the AD brain.
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