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ABSTRACT

Amyloid-B (AB) peptides, as well as a variety of other protein fragments, are derived from proteolytical
cleavage of the amyloid precursor protein (APP) and have been demonstrated to play a key role in
the pathological changes underlying Alzheimer disease (AD). In AD mouse models, altered
neurogenesis has been repeatedly reported to be associated with further AD-typical pathological
hallmarks such as extracellular plaque deposition, behavioral deficits or neuroinflammation. While a
toxic role of AB in neurodegeneration and impaired neuronal progenitor proliferation is likely and
well-accepted, recent findings also suggest an important influence of APP-derived proteolitical
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fragments like the APP intracellular domain (AICD), as well as of APP itself.

Introduction

Alzheimer disease (AD) is the most prevalent form of
dementia, with the number of patients constantly ris-
ing as a function of the demographic trend. Predic-
tions and extrapolations from data from 2005 expect,
assuming that there won’t be a major breakthrough in
prevention or therapy, a number of ~42.3 million
dementia patients worldwide in 2020, with about
4.6 million new cases every year.! The prevalence rate
rises steeply with age, with ~1% affected in the group
of people being 60 to 65 y old, but 30% affected in the
group of people aged 90 and older.

During the last 25 years, a variety of transgenic mouse
lines has been developed that partially reproduce the
major hallmark lesions of AD. On a neuropathological
level these comprise extracellular deposition of amyloid-
B (APB) peptides in the form of plaques, as well as intracel-
lular accumulation and hyperphosphorylation of tau
protein (reviewed in e.g. refs. 2, 3). While a myriad of
experimental therapeutic interventions has been reported
that describe an ambiguous situation with regard to an
amelioration of these pathological alterations, literature
on non-pharmacological treatment and prevention by
increased physical activity is more consistent.*

Numerous studies in the literature report positive
effects of physical exercise on various brain functions and

favorable influence on brain plasticity by facilitating neu-
rogenerative, neuroadaptive, as well as neuroprotective
processes. These include enhanced executive functions of
cognition and some types of learning, including motor
learning in the spinal cord among others.” It has been
demonstrated by neuroimaging approaches that aerobic
physical exercise represents a sufficient instrument to
increase hippocampal volume,® resulting in reduced hip-
pocampal atrophy in individuals at genetic risk for AD.”
This has been mainly attributed to an elevated release of
neurotrophic factors and boosted angiogenesis, both facil-
itating increased neuro- and synaptogenesis (reviewed in
ref. 8). Transgenic AD mouse models have been exten-
sively studied with respect to exercise-mediated effects on
deposition of amyloid-S (Ap) peptides and the impact on
hippocampal neurogenesis and cognitive function has
been repeatedly described (reviewed in ref. 9).

It is widely accepted that hippocampal neurogene-
sis plays a necessary role in the maintenance of learn-
ing and memory abilities depending on proper
function of the hippocampal circuitry. New-born neu-
rons in the subgranular zone (SGZ) of the dentate
gyrus (DG) become incorporated into the functional
local network and can be identified using a variety of
markers or labeling techniques (e.g., bromodeoxyuri-
dine (BrdU)) (reviewed in ref. 10). While only few
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and conflicting studies about the extent of adult hip-
pocampal neurogenesis in human AD patients are
available (reviewed in ref. ''), numerous reports on
the involvement of neurogenesis in transgenic AD
mouse models have been published in recent years.

Amyloid precursor protein (APP) processing

The human APP gene is located on chromosome 21
and alternative splicing yields 8 isoforms which are
expressed in a cell-type-specific manner, with APP695
being the most abundant transcript in neuronal cells
(reviewed in ref. 12). APP can undergo a variety of dif-
ferent cleavage steps executed by certain secretases,
which can be roughly subdivided into amyloidogenic
and non-amyloidogenic processing (reviewed in
ref. 13). In the amyloidogenic processing pathway,
APP is initially cleaved by p-secretase, leading to the
liberation of a long soluble extracellular fragment
(sAPPB) and a membrane-bound C-terminal stub
(B-CTF or C99), containing the Af sequence. Subse-
quent intramembrane cleavage by y-secretase leads to
the liberation of the AS domain, as well as of an APP
intracellular domain termed AICD (Fig. 1B). Alterna-
tively, initial cleavage by a-secretase within the ApB
domain precludes Ap peptide generation by releasing
a slightly shorter soluble APP fragment (sAPP«). Fol-
lowing y-secretase cleavage again releases the AICD

A Non-amyloidogenic processing B Amyloidogenic processing

Figure 1. Simplified overview of APP processing. The amyloido-

8

genic APP processing pathway (right) initially generates
B-C-terminal fragments (8-CTF) by B-secretase cleavage. Further
cleavage by y-secretase leads to the release of AB peptides and
the generation of the AICD fragment (B). Alternatively, initial
cleavage by a-secretase precludes AS generation, thereby releas-
ing sAPP« and producing «-CTFs. Subsequent y-secretase cleav-
age releases the P3 fragment and also liberates the intracellular
AICD fragment (A).

fragment, as well as another small peptide named p3
with so far unknown function'’ (Fig. 1A).

Impaired neurogenesis is a common feature of AD
transgenic mouse models

Most of the reported transgenic AD mouse models
make use of overexpression of familial AD-associated
mutant genes (amyloid precursor protein (APP),
presenilin 1/2 (PSEN1/2)) and differ by expressing
either single or multiple transgenes, as well as in the
employment of different mutations and promotor con-
structs used to drive transgene expression.’ In general,
an increased age-dependent accumulation of AS pepti-
des is associated with an overall decrease in neurogene-
sis in the predominant number of studies. In one of the
earliest reports, 12-14-month-old mutant APP trans-
genic and age-matched control mice were injected
daily with the thymidine analog BrdU for 5 consecu-
tive days and were killed either one or 12 d after the
last injection. Neuropathological analysis revealed the
presence of numerous hippocampal amyloid deposits
and a stereological quantification indicated a signifi-
cant reduction in the number of BrdU-positive cells in
transgenic compared with control mice. Interestingly,
no such difference could be detected in 3-month-old
mice which had not yet developed extracellular amy-
loid deposits.'* Related observations have been subse-
quently published in aged APP/PS1AEx9 mice which
also presented reduced numbers of BrdU- or Double-
cortin (DCX)-positive cells at 9 months of age, while
no differences compared with wildtype (WT)
mice could be detected at the age of 5 months in the
absence of overt hippocampal amyloid pathology."
The widely-used Tg2576 mouse model of AD develops
an age-dependent amyloidosis in hippocampus and
cortex at 9-12 months of age. A quantification of adult
neurogenesis revealed a significantly increased number
of proliferating BrdU-positive cells in 3-month-old
Tg2576 mice in comparison to age-matched WT mice,
while 5- and 12-month-old mice showed comparable
numbers. The number of surviving BrdU-positive cells
was however significantly reduced in 3-month-old
Tg2576 mice, while again no differences could be
detected at later time points, suggesting that neurogen-
esis is altered already at time points preceding consid-
erable extracellular amyloid deposition.'®

Rodriguez and colleagues used a triple-transgenic
model expressing both mutant APP and mutant Tau



on a homozygous PSENI1 knock-in background
(3xTg). Interestingly, female 3xTg mice showed a sig-
nificant reduction in neurogenesis starting at the age
of 4 months compared with controls, which was
directly associated with the presence of intraneuronal
ApB accumulation in the CA1 region of the hippocam-
pus, while extracellular amyloid deposition started
much later at 12 months of age.'” Another model with
an early degenerative and behavioral phenotype
expresses human mutant APP on a homozygous
mutant PSEN1 knock-in background (APP/PS1KI).
These mice show a significant reduction in the num-
ber of mitotic Ki67-immunoreactive cells in the den-
tate gyrus, accompanied by an almost complete
absence of DCX-positive cells already at the age of
6 months. While numbers of Ki67- and DCX-positive
cells showed a positive correlation in PS1KI control
animals, no such correlation could be established in
APP/PS1KI mice suggesting that the exhaustive loss of
DCX-positive cells only partly reflects alterations in
multipotent progenitor cell proliferation.'® Interest-
ingly, a stereological quantification of granule cell
layer (GCL) neurons in the dentate gyrus revealed a
significant reduction in the number of GCLs in aged
(12-month-old) APP/PS1KI mice in comparison to
age-matched PSIKI control animals (-44%)."> This
might suggest that defective neurogenesis indeed plays
a role; however, it is questionable whether merely
reduced neurogenesis accounts for this dramatic cell
loss at this age, as it is known that DG neurogenesis in
rodents in general strongly decreases with aging.*

To rescue impaired neurogenesis, environmental
enrichment (EE) and enhanced physical activity have
been demonstrated to result in significantly increased
neurogenesis in the adult brains of rodents.*"*
Numerous studies reported such effects in various
transgenic AD mouse models, however with conflict-
ing results (e.g., refs. 23-26; Table 1).
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Is ApB the pivotal factor involved in impaired
neurogenesis?

Taken together, most of the studies suggest that hippo-
campal accumulation of AB peptides in the form of
extracellular deposits has a strong impact on neural
progenitor cells. This view might reflect the observation
that disturbance of neurogenesis in most models only
becomes obvious upon substantial amyloid plaque
deposition, with the consequence that potential con-
founding effects of APP overexpression have been
largely neglected. To investigate the role of AS in more
detail, a transgenic mouse model has been recently
established, which expresses human mutant APP selec-
tively in mature forebrain neurons under the control of
an inducible CAMKIIx promotor construct. This allows
discrimination between effects caused by extracellular
release of AB or APP fragments on the one hand and
the impact of human APP expression within dividing
neuronal precursor cells on the other.”” Abundant
amyloid plaques could be detected in both forebrain
and dentate gyrus after gene activation for a period of
6 months. A detailed analysis using BrdU injections
and subsequent quantification after 7 or 30 d to assess
recently born and survival of immature neurons respec-
tively, revealed no differences between transgenic and
control mice. The unaltered proliferation and survival
of adult-born hippocampal neurons despite of the
proximity to amyloid pathology and APP-overexpress-
ing neighboring neurons in this model suggests that
APP expression within neural progenitor cells might
have a crucial influence.”’ In support of this hypothesis,
substantial human mutant APP expression has been
reported in dentate gyrus granule cells of e.g, APP/
PS1KI mice already at 2 months of age'” or in neuro-
spheres isolated from TgCRNDS transgenic mice.*®
Another recent study addressed the question
whether AB or APP is accountable for neurogenesis

Table 1. Selection of different AD and DS mouse models in which impaired neurogenesis has been reported.

Transgenic Effect of PA/

mouse model Mutation APP Mutation PS1 Promoter Plaque onset ~ Neuron loss  Neuro-genesis EE on NG Reference

Tg2576 Swedish - Hamster Prion Protein 12m no 1 2316

3xTg-AD Swedish M146V Thy1 (APP, Tau) 6m na. 1 1 17,24
PS1 knock-in

APP;516/PSTKI  Swedish, London ~ M233T, L235P Thy1 (APP) 2m V(6m) ! s 18253233
PS1 knock-in

Tg4-42 - - Thy1 (AB4-42) - V(5m) na. 2635

TTA/APP Swedish, Indiana - CaMKllo-TTA <6m na. s na. 7

APP-wt - - PDGF - na 1 1 37

Ts65Dn trisomic - - - n.a. 1 0 424
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disturbance. The authors found impaired neurogenesis
in the dentate gyrus of hAPP-I5 mice, a model overex-
pressing wildtype human APP under the control of the
PDGEF-B promotor. This impairment was more distinct
than in hAPP-J20 mice, a model expressing mutant
APP with the Swedish and Indiana mutations at com-
parable mRNA levels, which in addition to hAPP-I5
mice harbours strongly increased levels of AB peptides.
Deletion of Cystatin C in hAPP-J20 mice led to a sig-
nificant reduction in AB levels, however, no influence
on the number of DCX-positive neurons in the dentate
gyrus could be detected suggesting that A was not the
major factor accounting for impaired hippocampal
neurogenesis in this model.”

Neuron loss in transgenic AD mouse models

While most of the available transgenic AD models, at
least to a certain degree, reflect major pathological
hallmarks of AD such as abundant extracellular amy-
loid-B peptide deposition or neuroinflammation, a
convincing neurodegenerative phenotype with quanti-
fiable neuron loss is mostly lacking.>® Extensive neu-
ron loss in the CAl region of the hippocampus has
been described in the APP/PS1KI model,*! leading to
a loss of ~30% neurons already at the age of 6 months
compared with PS1KI control mice and a significant
reduction of the volume of the CAl pyramidal cell
layer to a comparable extent.>* This cell loss is inti-
mately linked to the intraneuronal accumulation of
AP peptides. Analyses in other brain regions like fron-
tal cortex revealed comparable results. While APP/
PS1KI mice show a comparable extracellular plaque
load in frontal cortex and thalamus at an age of
12 months, neuron loss was only evident in the cortex
where neurons overexpress human mutant APP and
accumulate significant amounts of intraneuronal Ap
peptides. No such neuron loss could be detected in the
thalamus, a brain region also harbouring massive
extracellular amyloid pathology, however, in the
absence of APP expression and intraneuronal Ap
accumulation.” To assess whether cognitive stimula-
tion and enhanced physical activity might have an
influence on behavioral alterations and neuron loss,
APP/PS1KI mice were maintained under EE or stan-
dard conditions starting at 2 months of age. Surpris-
ingly, no beneficial effects on working memory,
extracellular A8 plaque load, neuron loss, as well as
hippocampal neurogenesis could be detected.*”

A direct link between intraneuronal AS accumula-
tion and subsequent neuron loss in distinct brain
regions has been also established in mouse models like
TBA2.1°* or Tg4-42,” engineered to directly overex-
press mutant AS peptides in the absence of mutant
APP overexpression. These models use the neuron-
specific Thyl-promotor to overexpress the N-terminal
truncated A species AB3-42 or AP4-42 and are
characterized by extensive CA1 neuron loss and asso-
ciated behavioral deficits.>*>® In the Tg4-42 model,
enhanced physical activity using enriched housing in
cages equipped with running wheels resulted in an
amelioration of CAl neuron loss, accompanied by a
significantly increased overall dentate gyrus granule
cell number and a concomitant increase in the num-
ber of DCX-positive cells in the DG.*®

So far, no accumulation of A peptides within den-
tate gyrus neurons has been reported in any of the
mouse models that have been studied. The fact that
many of the models that show alterations in neuro-
genesis also express substantial levels of mutant APP
within this brain region (Fig. 2), might at least render
such a mechanism possible. In support of this hypoth-
esis, both AB40 and AB42 peptide secretion has been
demonstrated in neural progenitor cells isolated from
TgCRNDS8 mice, which show higher cytotoxicity in
comparison to control cells derived from non-trans-
genic control animals.*®

APP expression and its impact on neurogenesis

In addition to overexpression of mutant human APP as
mentioned before, transgenic overexpression of human
wildtype APP also has an impact on hippocampal neuro-
genesis. In comparison to WT mice, young mice overex-
pressing APP under the control of the platelet-derived
growth factor (PDGF) promotor showed a significantly
reduced number of BrdU-labeled cells in the dentate
gyrus, when housed under standard conditions. Enriched
housing in larger cages equipped with running wheels,
tubes and nesting material restored neurogenesis to nor-
mal levels.>” Retroviral expression of B-CTF, an APP
fragment generated by amyloidogenic processing
through pB-secretase, resulted in significantly reduced
glutamatergic connectivity of dentate gyrus granule cells
at 21 d post infection, as well as a decreased dendritic
length. Interestingly, overexpression of a-CTF resulted in
similar defects, indicating that human APP overexpres-
sion can compromise dendritic development via
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Figure 2. APP and AS might impair neurogenesis in APP/PS1KI mice. Abundant APP immunoreactivity in granule cells of the dentate
gyrus and plaque-associated dystrophic neurites in 6-month-old APP/PS1KI mice (A). AB staining is mainly restricted to extracellular
deposits in an adjacent section (B). Doublecortin (DCX)-immunoreactivity is almost lacking in APP/PS1KI mice (C), but clearly detectable

in an age-matched wildtype animal (D).

amyloidogenic and non-amyloidogenic processing.*®
Genetic loss-of-function studies provide further support
to the notion that APP is capable of regulating neuronal
progenitor proliferation. Wang and colleagues investi-
gated whether APP deficiency affects neurogenesis by
administering BrdU in 4-6-month-old APP knockout
(APP™7) mice. Interestingly, APP™"~ mice showed
enhanced proliferation of dentate gyrus progenitor cells,
but an impaired maintenance of newborn neurons.™

No detrimental effect on neurogenesis could be
established in mice carrying human APP with the
Swedish double mutation, which has been inserted in
a homozygous fashion into the endogenous gene
locus (“knock-in”). These mice do not develop
detectable extracellular amyloid pathology up to an
age of 20 months. Only a “double knock-in,” com-
bining mutant APP with an introduction of the
FAD-linked P264L mutation in the endogenous
mouse PSEN1 gene, resulted in a long-lasting
impairment in neurogenesis with concomitant amy-
loid deposition.*” This suggests that either APP
overexpression and/or A accumulation in the
hippocampus is needed to induce disturbances in
neuronal progenitor proliferation.

In good agreement, impaired proliferation of neu-
ronal precursors has been also reported in the Ts65Dn
mouse model of Down syndrome (DS), as well as in
the DG of DS fetuses, when compared with controls.*!
DS is caused by a triplication of chromosome 21,
which involves an elevation of the APP gene dose.
Ts65Dn mice contain 3 copies of most of the genes of
murine chromosome 16 that are homologues for
human chromosome 21 genes. A combination of envi-
ronmental enrichment and enhanced physical exercise
starting in young mice resulted in a strongly increased
neurogenesis rate in the dentate gyrus comparable to
that of euploid mice.** In addition to an increased
gene dose of full-length APP, levels of fragments
derived from proteolytical APP processing are also
elevated in Ts65Dn mice* and likely also in mouse
models with APP overexpression. A normalization of
the triplicated APP expression using APP shRNA
lentiviral particles led to a restoration of neuronal
maturation and differentiation and increased neurite-
outgrowth to normal levels in a dose-dependent
manner.**

On the contrary, there is also accumulating evi-
dence that at least soluble secreted sAPP possesses
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neutrophic properties and exerts growth factor-like
functions that also impact neurogenesis. Caille and
colleagues have demonstrated that sAPP binds to EGF
receptor expressing cells in the subventricular zone
(SVZ) of the lateral ventricle, while sAPP infusion
increases the number of EGF-responsive progenitors
via raising their proliferation. This effect could be
reversed by decreasing APP expression or blocking
SAPP secretion.”” In support of this observation,
Lopez-Toledano and Shelanski reported increased
proliferation and differentiation of neuronal precursor
cells in the dentate gyrus of 3-month-old APP-overex-
pressing J20 mice. This effect was reverted in an
age-dependent manner, coinciding with increasing AS
peptide levels.*®

Role of the AICD fragment in altered neurogenesis

The APP-derived AICD fragment has been demon-
strated to form a transcriptionally active complex with
the nuclear adaptor protein Fe65 and the histone acetyl-
transferase Tip60.”” Studies using chromatin immuno-
precipitation (ChIP) detected AICD in transcriptional
complexes on promotors of target genes such as neprily-
sin (NEP) or the Sonic Hedgehog (Shh) receptor Patched
(PTCHI) (reviewed in ref. 48). A functional ligand of
APP named TAGI has been identified that promotes the
release of AICD in a y-secretase-dependent manner. The
TAG1-APP signaling pathway negatively modulates neu-
rogenesis via Fe65, while an increase in neurogenesis
could be demonstrated in TAGI-null mice that could be
reverted by AICD expression. This confirms that AICD
is able to act as a negative modulator of neurogenesis as
one of its potential physiologic functions.*

Ts65Dn mice show a defective responsiveness to Shh,
representing an important mitogen responsible for con-
trolling cell division during neurodevelopment. Trisomic
neural precursor cells derived from Ts65Dn mice have
been demonstrated to exhibit increased expression levels
of the Shh receptor Ptchl, resulting in suppression of
Smoothend (Smo), a second receptor involved in this sig-
naling pathway.* Elevated AICD levels, and therefore
increased AICD binding to the Ptchl promotor, resulted
in Ptchl overexpression while Ptch1 silencing using anti-
sense oligonucleotides lead to a restoration of cell prolif-
eration in trisomic neural precursor cells.*’ In support of
this observation, a recent study has been demonstrated
that y-secretase inhibitor treatment normalized AICD
levels and restored impaired neurogenesis and Sonic

Hedgehog signaling in Ts65Dn-derived neurospheres.™
The crucial role of AICD is underscored by an age-
in BrdU
DCX-immunoreactive cells in the dentate gyrus of AICD

dependent decrease incorporation and
transgenic mice. While neuronal differentiation was
unaffected, proliferation and survival of progenitor cells
was strongly reduced. Long-term treatment using anti-
inflammatory drugs like ibuprofen or naproxen rescued
impaired neurogenesis, leading to the assumption that
neuroinflammation is also a critical contributor.”

Conclusion

Impaired neurogenesis is a common feature of
transgenic AD mouse models that are based on overex-
pression of mutant APP. While neurotrophic and
growth-promoting functions are ascribed to the large
secreted N-terminal portion of APP, other APP-derived
proteolytic fragments like AICD and Ap are believed to
exert suppressing properties with regard to hippocam-
pal neurogenesis. While the presence of extracellular
Ap deposits coincides with impaired neurogenesis in a
variety of transgenic AD mouse models, the potential
role of intraneuronal AS peptides or soluble A species
is currently less clear and warrants further studies.
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