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The hippocampus in Alzheimer’s disease is burdened
with amyloid plaques and is one of the few locations
where neurogenesis continues throughout adult life.
To evaluate the impact of amyloid-� deposition on
neural stem cells, hippocampal neurogenesis was as-
sessed using bromodeoxyuridine incorporation and
doublecortin staining in two amyloid precursor pro-
tein (APP) transgenic mouse models. In 5-month-old
APP23 mice prior to amyloid deposition, neurogen-
esis showed no robust difference relative to wild-type
control mice, but 25-month-old amyloid-depositing
APP23 mice showed significant increases in neurogen-
esis compared to controls. In contrast, 8-month-old
amyloid-depositing APPPS1 mice revealed decreases in
neurogenesis compared to controls. To study whether
alterations in neurogenesis are the result of amyloid-
induced changes at the level of neural stem cells,
APPPS1 mice were crossed with mice expressing
green fluorescence protein (GFP) under a central ner-
vous system-specific nestin promoter. Eight-month-
old nestin-GFP � APPPS1 mice exhibited decreases in
quiescent nestin-positive astrocyte-like stem cells,
while transient amplifying progenitor cells did not
change in number. Strikingly, both astrocyte-like and
transient-amplifying progenitor cells revealed an ab-
errant morphologic reaction toward congophilic
amyloid-deposits. A similar reaction toward the amy-
loid was no longer observed in doublecortin-positive
immature neurons. Results provide evidence for a
disruption of neural stem cell biology in an amyloi-
dogenic environment and support findings that neu-

rogenesis is differently affected among various trans-
genic mouse models of Alzheimer’s disease. (Am J Pathol

2008, 172:1520–1528; DOI: 10.2353/ajpath.2008.060520)

Neurogenesis in the mammalian brain continues through
adulthood and into old age primarily in the subventricular
zone of the lateral ventricles, the olfactory bulb and the
granular cell layer (GCL) of the hippocampus.1–3 GCL
neurons are generated in high numbers in young animals
and despite a significant decrease with progressive age,
neurogenesis continues until senescence.4,5 The func-
tion of neurogenesis in the hippocampus remains elusive,
but growing evidence suggests its importance for certain
memory tasks that are also strongly affected in Alzhei-
mer’s disease (AD).2,6

The neuropathological characterization of AD involves
a progressive deposition of �-amyloid (A�) protein in the
brain parenchyma, often accompanied by A� deposition
in cerebral blood vessels with an accompanying vascular
angiopathy.7,8 It has been suggested that other hall-
marks of AD, ie, an increased inflammatory response,
neurofibrillary tangles, dystrophic neurites, neuron loss,
or cognitive deficits are triggered by the aggregation and
accumulation of A� and that this combined insult influ-
ences the cognitive outcome.9

The hippocampus is one of the regions of the AD brain
most heavily burdened with amyloid plaque and is also
one of the few locations in the adult brain where neuro-
genesis continues throughout adult life. Several attributes
of adult hippocampal neurogenesis suggest that amyloid
deposition may influence neurogenesis. Proliferative am-
plification of neural progenitor cells occurs within the
microvascular niche,10 an area prone to amyloidogenesis
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and affected in virtually all AD cases.11–15 Numerous
growth factors are known to be up-regulated in vicinity of
amyloid plaques16–18 and the same growth factors are
also known to be potent modulators of neural stem cell
activity.19–24 Conversely, inflammation that accompanies amy-
loid deposition25 may negatively impact neurogenesis
given the potent down-regulation of neurogenesis ob-
served in pro-inflammatory environments.26,27

In the present study, two APP transgenic mouse mod-
els were used to evaluate the potential impact of A�
deposition on neural stem cell biology. Extending previ-
ous research that reported both increases and de-
creases in mouse models of cerebral amyloidosis,28–32

we found that neurogenesis is differentially affected de-
pendent on the mouse model studied. In very old APP23
mice a severalfold increase in newborn neurons com-
pared to age-matched wild-type (WT) mice was found
while adult amyloid-depositing (APPPS1) mice revealed a
decrease in neurogenesis. Cross-breeding of the APPPS1
mouse model with mice expressing nestin-driven green
fluorescence protein (GFP) suggested deficits in neuro-
genesis already at the level of the nestin-positive hip-
pocampal stem cells.

Materials and Methods

Animals

In a first experiment adult (5-month-old) and aged (25-
month-old) female APP23 transgenic mice and corre-
sponding non-transgenic, mostly littermate, WT control
mice were used.33 APP23 mice express KM670/671NL
mutated human APP under a murine Thy-1 promoter
element (“Swedish mutation”). Mice have been gener-
ated on a B6D2 background and in the following, have
been backcrossed with C57BL/6J mice for more than ten
generations. Five-month-old mice were selected as pre-
depositing mice since amyloid deposition in this line
starts at 6 to 8 months of age.33 Twenty-five month-old
mice were selected because at this age, robust and high
amyloid-deposition is observed in the hippocampus and
because this age approximates the mean life span of
C57BL/6J mice.34 In a second experiment 8-month-old
APPPS1 transgenic mice (line 21) and corresponding WT
control mice were used (most of the mice were litter-
mates; male and female mice were included in the study
since no gender difference in terms of cerebral amyloid-
osis is found in this line).35 APPPS1 mice express both
KM670/671NL mutated human APP and L166P mutated
human presenilin (PS1) under the Thy-1 promoter ele-
ment. Mice have been generated on a C57BL/6J back-
ground. Eight-month-old mice were selected since they
revealed qualitatively an amyloid load comparable to that
seen in aged APP23 mice. In a third experiment, APPPS1
mice were crossed with transgenic mice expressing en-
hanced GFP under a CNS-specific nestin promoter ele-
ment.36 For this latter analysis eight-month-old mice, all
females, were selected. Nestin-GFP mice have initially
been generated on a B6D2 background but were back-
crossed to C57BL/6J for at least three generations before

crossing to the APPPS1 mice. All experimental proce-
dures were in accordance with the veterinary office reg-
ulations of the Land Baden-Württemberg in Germany.

5-Bromo-2-Deoxyuridine Treatment

5-Bromo-2-deoxyuridine (BrdU) was obtained from
Sigma (Taufkirchen, Germany). During the first 7 days of
the experiment animals received daily i.p. injections of 50
�g BrdU/g body weight at a concentration of 10 mg/ml in
0.9% NaCl. Mice were sacrificed 3 weeks after the last
BrdU injection.

Tissue Preparation

Mice were anesthetized with an overdose of 0.8% ket-
amine and 1% xylazine in 0.9% NaCl, transcardially per-
fused with PBS followed by ice-cold 4% paraformalde-
hyde in 0.1M PBS. Brains were removed and post-fixed at
4°C in 4% paraformaldehyde, dehydrated in 30% su-
crose, and frozen. Coronal serial 40 �m sections were cut
with a microtome and collected in cryoprotectant (30%
glycerol, 45% ethylene glycol in PBS) and stored at
–20°C until use.

Immunohistochemistry

Free-floating sections were processed for immunohisto-
chemistry as described elsewhere.10,37 Briefly, sections
were washed in tris-buffered saline (TBS) and blocked
with 3% goat or donkey serum (Vector Laboratories Inc.,
Burlingame, CA) in 0.3% Triton-X-100 (Fisher, Fair Lawn,
NJ). The sections were incubated overnight with primary
antibodies at 4°C in 2% serum and 0.3% Triton-X-100,
washed three times with TBS and incubated for 3 hours
with biotin-conjugated secondary antibodies. After re-
peated TBS washing, sections were stained by complex-
ing with avidin-biotin and diaminobenzidine (DAB) or SG
blue (Vectastain ABC Elite Kit; Vector Laboratories). Sec-
tions were mounted on precleaned glass microscope
slides (Superfrost Plus; Langenbrinck, Teningen, Ger-
many), dehydrated with an alcohol series, cleared in
xylene, and coverslipped in a xylene-soluble mounting
medium (Pertex; medite GmbH, Burgdorf, Germany).

For immunofluorescence, a similar protocol was fol-
lowed but with fluorophore-coupled secondary antibod-
ies. After 3 hours of incubation with secondary antibod-
ies, sections were repeatedly washed in TBS, mounted,
and coverslipped in polyvinyl alcohol with 2,5% 1,4-
diazabicyclo(2.2.2)octane (DABCO, Sigma) or Vectash-
ield (Vector Laboratories) for GFP fluorescence.

Primary antibodies were used at the following concen-
trations: rat anti-BrdU (1:1000; Accurate, Westbury, NY),
goat anti-doublecortin (1:500; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), mouse anti-NeuN (1:1000; Chemi-
con Int., Temecula, CA), guinea pig anti-GFAP (1:1000;
Advanced ImmunoChemical, Inc., Long Beach, CA), rab-
bit anti-S100� (1:2000; Swant, Bellinzona, Switzerland),
rabbit anti-Ionized calcium binding adaptor molecule
1(Iba-1; Wako Chemicals, Neuss, Germany), and rabbit
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anti-A� (NT11/12;.33). As secondary antibodies Biotin-
SP, Cy5, Cy3 (Vector Laboratories), or Alexa 488, Alexa
568 (Molecular Probes, Inc., Eugene, OR) conjugated
goat or donkey IgG at a dilution of 1:500 were used.

For BrdU antigen retrieval, sections were treated for 30
minutes with 2 M HCl at 37°C followed by repeated
washing with TBS. For immunofluorescence co-labeling
experiments with BrdU, sections were first stained for
NeuN and GFAP, and then fixed for 10 minutes in 4%
paraformaldehyde, followed by antigen retrieval process-
ing and staining for BrdU.

Histochemistry

Fibrillar A� was visualized by staining free floating sec-
tions with 0.005% thioflavine S (Sigma) for 1 minute.
Alternatively, mounted sections were incubated in 0.5%
Congo red (Sigma) in NaCl-saturated 80% ethanol.

Quantification of Cell Number and Plaque Load

For the stereological analysis of the total number of BrdU
and doublecortin (DCX)-positive cells in the GCL of
APP23 mice, every sixth section through the hippocam-
pus was immunohistochemically stained, and BrdU and
DCX-positive cell numbers were estimated under light
microscopy using the ‘Optical Fractionator’ probe of Mi-
crobrightfield Stereo Investigator software (MicroBright-
Field, Williston, VT). Cells were included in the analysis, if
located inside or within one cell diameter of the GCL.

For phenotyping of BrdU-positive cells, double or triple
immunofluorescence was used, with anti-BrdU, anti-
NeuN, and/or anti-GFAP antibodies. Cells were scored
using a Zeiss 510 Meta confocal microscope (Jena, Ger-
many). Careful analysis of the z-plane was used to avoid
scoring closely juxtaposed cells as double-positive.38

One hundred BrdU-positive cells per animal were exam-
ined. However, in older animals, where BrdU labeling
was often very low,4 20 to 100 cells per animal were
analyzed. To determine the number of double-labeled
cells, the percentage of BrdU-positive cells co-labeled
with a specific lineage marker was multiplied with the
total number of BrdU-positive cells in the GCL estimated
in the stereological analysis.

The number of stem cells in the GCL of GFP-APPPS1
and GFP-wt mice was estimated using a variant of the
optical fractionater technique as previously described.4

Every sixth section throughout the entire hippocampus
was stained immunohistochemically for GFP and ana-
lyzed under the light microscope. The total number of
cells was estimated by multiplying the counted cell num-
ber with the reciprocal of fraction of the sampled region.
GFP-positive cells were classified as quiescent astro-
cyte-like or transient amplifying cells, if the orientation of
the dendritic processes were either perpendicular or hor-
izontal, respectively, and if the cell body was located in
the subgranular zone.39

Amyloid load was estimated on every sixth A�-immu-
nostained section through the entire dentate gyrus (in-
cluding the GCL, molecular layer and CA4) using the

‘Area Fraction Fractionator’ probe of Microbrightfield Ste-
reo Investigator software using a similar protocol as pre-
viously described.40 The region was determined accord-
ing to a mouse brain atlas.41

Statistical Analysis

Statistical analysis was performed using analysis of vari-
ance (Statview 5.0 for Macintosh). Throughout the paper
the mean � SEM is indicated. Statistical significance was
accepted as P � 0.05.

Results

Increased Cell Proliferation and Neurogenesis in
the GCL of Aged APP23 Mice

The incorporation of BrdU in the S-phase of mitotic cell
division was used to monitor proliferative activity in the
GCL. The effect of age (5 months vs. 25 months) and
genotype (WT versus transgenic mice) on the number of
newly generated cells in the dentate GCL of APP23 mice
was estimated using unbiased stereological methods
(Figure 1, A and B). Analysis of variance revealed a
significant effect of age [F(1,20) � 11.16; P � 0.01] and
an age and genotype interaction [F(1,20) � 4.89; P �
0.05; n � 6/group]. In young 5-month-old mice there was
no statistical difference between transgenic mice and WT
mice, although transgenic mice appeared to have less
BrdU-positive cells. In aged 25-month-old mice, a signif-
icantly higher number of BrdU-positive cells was found in
the GCL of transgenic compared to control mice [t(10) �
4.95; P � 0.001], reaching almost the level of adult
5-month-old APP23 mice (Figure 1, A and B). Stereologi-
cal estimation of the amyloid load in the dentate gyrus of
25-month-old mice was 14.0 � 1.9% (see also Figure 2A)
while no amyloid deposition was found in the 5-month-old
APP23 mice, demonstrating that the amyloidogenic envi-
ronment of aged APP23 mice was accompanied by in-
creased proliferative activity in the dentate gyrus.

To determine whether this increased proliferation re-
flects neurogenesis, BrdU labeling was combined with
confocal microscopy and fluorescent multiple labeling for
the neuronal marker NeuN and the glial marker GFAP. In
5-month-old APP23 mice no difference in the total num-
ber of BrdU and NeuN co-labeled cells was found (Figure
1, C and D). There was also no difference in the fractions
of BrdU-positive cells co-labeling with NeuN in trans-
genic and WT mice (71.4% � 5.3% and 67.0% � 5.9%,
respectively; P � 0.05). In contrast, aged APP23 re-
vealed a six-fold higher number of total newborn neurons
compared to WT mice [t(10) � 2.73; P � 0.05; n �
6/group] (Figure 1, C and D). The fraction of BrdU cells
expressing NeuN also appeared greater however did not
reach significance in aged APP23 mice compared to WT
animals (10.9% � 4.0% vs. 3.7% � 0.8%; P � 0.05). The
percentage of BrdU-positive cells co-labeled for GFAP
was low in both 5-month-old (0.9% � 0.6% and 2.4% �
1.2% in WT and transgenic, respectively) and 25-month-
old animals (1.4% � 0.9% and 4.3% � 1.3% in WT and
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transgenic, respectively) resulting in very few BrdU-la-
beled astrocytes in the GCL. In 5-month-old APP23 ani-
mals no significant difference was observed in newborn
glia between transgenic and WT mice (6.5 � 3.6 and
5.1 � 3.3 newborn astrocytes per GCL, respectively),
while in 25-month-old animals significantly more newborn

glia cells were found in transgenic compared to WT con-
trol mice (12.3 � 3.5 vs. 1.3 � 1.0, newborn astrocytes
per GCL, respectively; P � 0.05).

Because the incorporation of BrdU into dividing cells
takes place after systemic administration of BrdU, it can-
not be excluded that A�-induced changes in the vascular
system influence the uptake of BrdU. Moreover, BrdU
labeling has also been attributed to A�-induced cell-
cycle processes in post-mitotic neurons rather than neu-
rogenesis.42,43 Thus, we sought to confirm our results
with an additional marker of neurogenesis. Neuroblasts
committed to the neuronal lineage express DCX during
their last divisions but subsequently down-regulate DCX
as NeuN is up-regulated during neuronal maturation.44,45

DCX is therefore an excellent marker to monitor the abun-
dance of immature neurons within the hippocampal den-
tate (Figure 1, E and F). analysis of variance revealed
significant effects of age [F(1,20) � 143.6; P � 0.001],
genotype [F(1,20) � 8.38; P � 0.01], and age � geno-
type interaction [F(1,20) � 11.2; P � 0.01; n � 6/group].
Five-month-old APP23 mice showed significantly fewer
DCX-positive cells than age-matched controls [t(10) �
3.13; P � 0.05] (Figure 1, E and F). In contrast, aged
25-month-old APP23 mice showed a significant increase
in DCX-positive cells compared to age-matched controls
[t(10) � 4.23; P � 0.01] (Figure 1, E and F), supporting
the conclusion that an amyloidogenic environment stim-
ulates neurogenesis and/or survival of newborn neurons.

Decreased Cell Proliferation and Neurogenesis
in the GCL of Adult APPPS1 Mice

Eight-month-old APPPS1 mice and corresponding age-
matched WT controls were selected. The amyloid load in
the dentate gyrus of APPPS1 mice was 4.16 � 0.4%. In
contrast to the APP23 mouse model with diffuse and com-
pact amyloid, APPPS1 mice revealed predominantly com-
pact amyloid deposits (Figure 2B).

Both, the number of BrdU-positive cells and the num-
ber of BrdU-positive cells co-labeled with NeuN were
decreased in APPPS1 mice compared to age-matched
WT control mice. However both comparisons did not
reach statistical significance (P � 0.05; n � 6/group;
Figure 3,A and B). In contrast, the decrease in the num-
ber of DCX-positive cells reached statistical significance
in APPPS1 as mice compared with the control mice
[t(13) � 2.17; P � 0.05; n � 7 to 8/group] (Figure 3C).

Figure 1. Neurogenesis in the GCL of adult and aged APP23 mice. A: Three
weeks after BrdU injections no difference was found in the number of
BrdU-positive cells in the GCL in 5-month-old (adult) APP23 mice (6 mice/
group). In contrast, in 25-month-old (aged) APP23 mice, number of BrdU-
positive cells were significantly increased compared to aged-matched WT
mice (6 mice/group; *P � 0.001). B: Most BrdU-positive cells (closed
arrows) were found close to the SGZ of the dentate gyrus. In the aged APP23
mice additional BrdU-positive cells were found in the periphery of amyloid
plaques (asterisk) and identified as microglia cells (open arrows). C: When
BrdU-positive cells were phenotyped using the neuronal marker NeuN no
significant difference was again found between adult APP23 and WT mice (6
mice/group). In aged APP23 mice a significantly higher number of newly
generated neurons was found compared to WT (6 mice/group; *P � 0.05). D:
This phenotyping was done by capturing multiple confocal images in the
Z-dimension, allowing the evaluation of the co-localization of different mark-
ers in all three dimensions. (Green: NeuN; Red: BrdU; Blue: GFAP). E: To
estimate the numbers of immature neurons adjacent sections were stained for
DCX. In adult APP23 mice the pool of DCX-positive cells was smaller
compared to WT mice (6 mice/group; *P � 0.05). In aged APP23 mice the
population of immature neurons was significantly increased compared to WT
mice (6 mice/group; *P � 0.001). This increase in the aged APP23 mice was
most pronounced in the caudal pole of the dentate gyrus. F: Representative
micrographs of DCX-positive cells in the GCL. Asterisks indicate amyloid
plaques. Scale bar: 50 �m in B and F; 10 �m in C.

Figure 2. Amyloid deposition in APP23 and APPPS1 mice. Immunohisto-
chemical staining for A� in the hippocampus of a 25-month-old APP23
mouse (A) and of an 8-month-old APPPS1 mouse (B). Note the high
amyloid load in the dentate gyrus in both mouse models at that age. Scale
bars � 200 �m.
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Note that the DCX-positive immature neurons extended
dendrites close to and past amyloid plaques without
showing significant attraction to the amyloid deposits
(Figure 3, D–H).

One disadvantage of this rapidly amyloid-depositing
mouse model is that virtually at the time when postnatal
development of the dentate gyrus is complete, first amy-
loid deposits are already present (8 to 12 weeks of age).

Nevertheless, we injected 6-week-old APPPS1 mice and
WT control mice with BrdU and mice were analyzed 3
weeks later. No decrease in the number of newly gener-
ated cells was observed. In fact there was a trend toward
an increase in the number of BrdU-positive cells in the
GCL of the dentate gyrus in APPPS1 mice compared to
the WT control mice (3600 � 268 vs. 2815 � 207 cells;
n � 4 to 5/group; P � 0.05).

Alterations of Neural Stem Cells in Close Vicinity
of A� Deposits

Next we intended to study whether these alterations in
neurogenesis in the two mouse models are the result of a
change in number of nestin-positive neural stem cells.
Nestin is an intermediate filament protein expressed in
neural stem and progenitor cells.10,46,47 However, con-
sistent with previous reports of a striking age-related
decrease in stem cells in the subventricular zone48 and
poor detection of mouse nestin with commercially avail-
able antibodies we could not detect reliably nestin-posi-
tive cells in any of the transgenic mouse models. Thus,
we thought to improve detection of stem cells by crossing
the faster developing APPPS1 mouse model with mice
expressing GFP under a nestin promoter.36 Double trans-
genic APPPS1 � nestinGFP (APPPS1-GFP) and corre-
sponding WT-nestinGFP littermate mice (WT-GFP) were
analyzed again at 8 months of age.

Nestin-positive stem cells, identified with an antibody
to GFP, were located at the subgranular zone (SGZ) and
often extended small but very dense trees of dendritic-
like processes perpendicular to the GCL into the inner
molecular layer (Figure 4A).49 These putative neuronal
stem cells have been described as radial astrocytes50 or
as quiescent astrocyte-like “Type-1” cells,51,52 and are
characterized by co-expression of nestin and GFAP, but
lack of S100� or DCX expression (results not shown).
Remarkably, a striking morphological alteration of these
quiescent astrocyte-like stem cells in the molecular layer
of GFP-APPPS1 mice as compared with WT-GFP mice
was observed. The tree of processes perpendicular to
the GCL was strongly attracted toward amyloid deposits
with a thickening and hypertrophy of processes aber-
rantly contacting A� plaques (Figure 4, B–D). Estimates
of total nestin-GFP-positive quiescent astrocyte-like stem
cells in amyloid-depositing 8-month-old GFP-APPPS1
mice showed a significant reduction in number com-
pared to GFP-WT control mice [t(13) � 4.84; P � 0.05;
n � 7 to 8 per group] (Figure 4E). In the GFP-APPPS1
mice 34 � 8% of all nestin-GFP-positive astrocyte-like
stem cells revealed an aberrant morphological
phenotype.

As neural stem/progenitor cells begin to differentiate,
GFAP expression is extinguished and cells adopt a mi-
gratory-like morphology with a major axis tangential to the
GCL. These cells have been referred to as “Type-II”
cells51,52 or D cells53 and represent a transient amplifying
population of neural progenitor cells. These GFAP-nega-
tive and nestin-positive cells were also found to extend
aberrant processes to amyloid deposits (Figure 4, B–D),

Figure 3. Neurogenesis in the GCL of adult APPPS1 mice. A: Three weeks
after BrdU injections a decrease was found in the number of BrdU-positive
cells in the GCL in 8-month-old APPPS1 mice compared to age-matched WT
control mice (6 mice/group). However this decrease was statistically not
significant. B: When BrdU-positive cells were phenotyped using the neuronal
marker NeuN a similar not significant decrease was found. C: In contrast the
decrease in the number of DCX-positive immature neurons reached statistical
significance (7 to 8 mice/group; *P � 0.05). Distribution and morphology of
DCX-positive cells in the control mice (D) and APPPS1 mice (E). Amyloid is
stained with Congo red. Note that DCX-positive dendrites are neither at-
tracted nor sprout to the amyloid plaques (E–H). Scale bar � 50 �m.
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but their total number did not differ between GFP-AP-
PPS1 and GFP-WT mice [t(13) � 0.53, P � 0.05] (Figure
4F). In the GFP-APPPS1 mice 27 � 5% of these transient
amplifying cells revealed an aberrant morphological
phenotype.

Discussion

In the present study we investigated neurogenesis in the
context of cerebral amyloidosis using two transgenic
mouse models both on a B6 congenic background.
APP23 transgenic mice overexpress APP harboring the
Swedish mutation (APPSwe) at levels seven-fold over en-
dogenous mouse APP and develop amyloid deposition in
the hippocampus at 8 to 10 months of age.33 APPPS1
mice also overexpress APPSwe at levels three-fold over
endogenous mouse APP, but additionally express mu-
tated PS1.35 While APP23 mice generate more A�1–40
than A�1–42, APPPS1 mice generate severalfold more of
the highly amyloidogenic A�1–42 compared to A�1–40
and thus develop cerebral amyloidosis in hippocampus
as early as 8 to 12 weeks. Moreover, APPPS1 mice de-
velop predominant compact parenchymal amyloid de-
posits while APP23 mice develop diffuse and compact
amyloid in both parenchyma and vasculature. The
present results reveal a significant increase in neurogen-
esis in aged amyloid-laden 25-month-old APP23 mice
compared to age-matched control mice, whereas in
8-month-old amyloid-depositing APPPS1 mice, a de-
crease of neurogenesis was found as compared with
age-matched control animals.

Previous results on the effect of cerebral amyloidosis
on neural progenitor proliferation in the hippocampus of
transgenic mice have been inconsistent. Initially, two
studies reported a decrease in neurogenesis in APP
transgenic mice. However, mice were analyzed before or
at the time amyloid deposition starts, namely at 9 months,
for the Tg2576 mouse line, and at 12 to 14 months in
another APPSwe transgenic mouse line.29,32 Unfortu-
nately, in neither of these studies DCX and/or NeuN were
used as markers to determine the neuronal fate of the
increased BrdU-labeled cells. A third study reporting
decreased neurogenesis used homozygous 12-month-
old PDAPP mice harboring the APP V717F mutation
(APPInd).28 In these mice the amyloid load in the hip-
pocampus was high, but strikingly, the neurogenic
SGZ and the hilus of the dentate gyrus was clear of
amyloid deposition. In contrast, a fourth study using
transgenic mice that harbor both the APP Swedish and
the Indiana mutation (APPSwe Ind) found a two-fold in-
crease in neurogenesis, both in pre-depositing and
amyloid-depositing 12-month-old mice.30

Contrary to the mouse models used in these previous
studies, aged APP23 mice exhibit robust amyloid depos-
its in the neurogenic SGZ and its neighboring hilus, GCL,
and molecular layer (see Figure 2). Thus, our results
suggests that a micro-environment with chronic amyloid
deposition can lead to a significant increase in neurogen-
esis, consistent with investigation of the postmortem AD
brain where an increased expression of markers of pro-
liferation and immature neurons in the hippocampus has
been reported.54 It is known that amyloid deposits stim-
ulate the local accumulation of several growth factors that
are potent regulators of neurogenesis such as brain-
derived neurotrophic factor, vascular endothelial growth
factor, fibroblast growth factor, and cystatinC.16–18,55 A
neurogenic effect of A� peptide on hippocampal neural

Figure 4. Neural stem cells in the GCL interact with amyloid plaques. A:
Adult nestin-positive stem cells in the GCL of aged 8-month-old GFP-WT
mice. Quiescent astrocyte-like stem cells (open arrows) were located along
the GCL, with their cell body in the SGZ and dendritic-like processes in the
molecular layer perpendicular to the GCL. In contrast, transient amplifying
precursor cells (closed arrows) in the SGZ displayed a horizontal orienta-
tion. B: In GFP-APPPS1 mice, amyloid deposits (Congo red staining in red)
strongly attracted these dendritic-like processes of quiescent astrocyte-like
(open arrows) and transient amplifying cells (closed arrow). C: High
magnification of the typical morphological alterations of a quiescent astro-
cyte-like cell attracted to A� (red). Note the thickened main branch of the tree
of processes (closed arrow) and the thickened fibers in close vicinity to the
plaque (open arrows). D: Transient amplifying cells were found to react to
the presence of A� similar to quiescent astrocyte-like cells with thickened
processes (closed arrows) and aberrant dendritic-like processes sheathing
the amyloid plaque with dystrophic bouton-like structures (open arrow). E:
Stereological estimates of quiescent astrocyte-like stem cells revealed a sig-
nificant reduction in 8-month-old GFP-APPPS1 as compared with age-
matched GFP-WT mice control mice (n � 7 to 8 mice/group; *P � 0.05). F:
No difference occurred in the number of transient amplifying progenitor cells
in GFP-APPPS1 compared to GFP-WT mice. Scale bars: 50 �m in B; 10 �m in
D. A and B and C and D have the same magnification.
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stem cells has also been reported.56 The elevation in
neurogenesis in a chronic amyloidogenic environment
may also represent an endogenous neural replacement
response to neurodegeneration and dysfunction rather
than a direct response to amyloidogenesis. Indeed, neu-
rogenesis in the hippocampus is stimulated in response
to a variety of insults such as cerebral ischemia, seizure
or neurotoxic lesions.57–60 In both AD patients and aged
APP23 mice, neuronal cell loss in the hippocampus has
been reported.61,62

In light of these results the observation of a decrease in
neurogenesis in APPPS1 mice was rather unexpected
but confirms a recent study that also used APP/PS1 trans-
genic mice.63 Possible explanations for the different ob-
servations between APP23 and APPPS1 mice include
that (i) a more chronic amyloid environment is necessary
to stimulate neurogenesis (APP23 mice were analyzed at
25 months of age, vs. 8 months for the APPPS1 mice); (ii)
the nature of the deposited amyloid species are impor-
tant (both A�1–40 and A�1–42 in APP23, mainly A�1–42
in APPPS1); (iii) the amyloid deposition in the vasculature
is important (significant amyloid angiopathy in APP23,
virtually no vessel amyloid in APPPS1); (iv) the level of
APP overexpression is important (seven-fold in APP23,
three-fold in APPPS1); and (v) the additional expression
of mutated PS1 is the reason for the decrease in neuro-
genesis in the APPPS1 mice although previous studies
using mutated PS1 transgenic mice (in the absence of
cerebral amyloidosis) reported either no change or an
increase in neurogenesis.31,64

In an effort to study whether the observed changes in
neurogenesis are already reflected at the level of nestin-
positive stem cells, we found for the amyloid-depositing
8-month-old APPPS1 mice that quiescent astrocyte-like
stem cells were reduced in numbers compared to WT
mice, while the number of amplifying stem cells remained
unchanged. Transient amplifying cells are believed to be
the more differentiated and more proliferative progeny of
quiescent astrocyte-like cells,51–53 suggesting that amy-
loid deposition in APPPS1 mice promotes an increase in
the ratio of transient amplifying/quiescent astrocyte-like
cells. Such a relative increase in transient amplifying
stem cells may be seen as compensatory response,
which however after all still results in a reduced number
of DCX-positive immature neurons and neurogenesis in
the APPPS1 mice. Thus, our results suggest that neuro-
genesis in 8-month-old APPPS1 mice is disturbed at the
level of the development of immature neurons.

The observation of grossly altered morphology and ab-
errant attraction of nestin-positive progenitor cells, but no
longer of DCX-positive immature neurons, to amyloid de-
posits was unexpected. Previous research has shown that
dendrites become thinned and undergo spine loss in vicin-
ity of amyloid deposits without showing significant attrac-
tion, wheras axons reveal aberrant sprouting toward the
amyloid with the formation of dystrophic boutons.65–67 The
present aberrant attraction of the nestin-positive progenitor
cell toward the amyloid deposits is however in its nature
neither fully typical for axons nor dendrites. It implies and
supports the idea that neurogenesis in APPPS1 mice is
impaired at the transition of nestin-positive progenitor cells

to DCX-positive immature neurons. The latter is also plau-
sible since recent studies have shown that the integration of
newborn neurons into functional neural circuits is critically
dependent on the appropriate and cell-specific synaptic
input signals2,6,68,69 that are disturbed in an amyloidogenic
environment.

Such aberrant neurogenic responses of nestin-positive
stem cells in an amyloidogenic environment raises cau-
tions about the idea of promoting neurogenesis by stem
cell replacement therapy in AD, or by endogenous stim-
ulation of neurogenesis.70 Thus, it may not be enough to
stimulate neurogenesis per se in AD but rather to find a
strategy to sustain survival and to promote proper devel-
opment and integration of immature neurons into func-
tional neural networks.

The present work did not allow to firmly establish
whether the increased neurogenesis observed in the
aged 25-month-old APP23 mice is compensatory or is
aberrant and dysfunctional. Previous behavioral experi-
ments have shown impairment in hippocampus-depen-
dent memory tasks in aged APP23 mice and thus neuro-
genesis apparently is not sufficient to overcome the
neural dysfunction induced by cerebral amyloidosis in
these mice.71,72 Similar to the APPPS1 mice, neurogen-
esis in a microenvironment severely affected by amyloid
deposition may be dysfunctional despite the expression
of NeuN/BrdU, which indicates that the newly generated
cells have developed a more mature neuronal pheno-
type. In future studies, it might be interesting to ablate
neurogenesis in aged APP23 mice to study whether such
treatment improves or harms hippocampal function in
such mice.
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