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ABSTRACT: Amyloid β-peptide (Aβ) accumulation is a key characteristic of Alzheimer’s disease (AD); therefore, mouse
models of AD exhibiting Aβ pathology are valuable tools for unraveling disease mechanisms. However, the overexpression of Aβ
precursor protein (APP) used in previous mouse models may cause Aβ-independent artifacts that influence data interpretation.
To circumvent these problems, we used an APP knock-in (KI) strategy to introduce mutations to the mouse APP gene to
develop a new generation of AD mouse models. These new models, termed APPNL‑F and APPNL‑G‑F, have endogenous APP levels
and develop robust Aβ amyloidosis, which induce synaptic degeneration and memory impairments. Thus, we suggest that these
novel APP KI mice will serve as important tools to elucidate molecular mechanisms of AD.
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Even though Alzheimer’s disease (AD) was first described
over 100 years ago, a disease-modifying treatment has not

yet been developed for this disease, which accounts for the
majority of dementia in the elderly. The main risk factor for AD
is aging; taking the rapidly increasing life span into account, the
need for a cure is obviously high. To elucidate AD mechanisms,
a number of mouse models have been developed. However, the
majority of these are transgenic (Tg) mouse models which
employ overexpression paradigms. This unphysiological
production of proteins most likely induces artifacts that hinder
the interpretation of the data obtained from these mice.
Therefore, our laboratory has generated a new generation of
mouse models of AD, using a knock-in (KI) approach that
circumvent the drawbacks of the overexpression models.
The brains of AD patients are characterized by two

pathological hallmarks: aggregates of amyloid β-peptide (Aβ),
which form extracellular plaques, and intracellular accumulation
of hyperphosphorylated protein tau, so-called neurofibrillary
tangles (NFTs). Although the molecular link between Aβ and
tau has yet to be elucidated, the amyloid cascade hypothesis
postulates that increased Aβ levels precedes tau aggregation,
especially in the cortical region.1 This is supported by the fact
that familial AD mutations in Aβ precursor protein (APP) or in
either presenilin 1 (PS1) or PS2, the catalytic entities of γ-
secretase that proteolytically process APP to Aβ, increase Aβ or
the Aβ42/40 ratio leading to both Aβ plaques and NFTs. On
the other hand, mutations in tau associated with frontotemporal
dementia do not induce Aβ plaques: consequently, NFTs may
exist in the absence of Aβ plaque. In addition, the recent finding
that a mutation (A673T) in APP, which lowers Aβ levels, is
protective against AD strongly associates Aβ to the develop-
ment of AD.2

Mouse models are powerful resources for elucidating human
disease mechanisms. Previous AD mouse models have
generated a wealth of information that has significantly
improved the knowledge of AD. However, the majority of
these models are based on transgenic overexpression of APP in
combinations with different familial AD-associated mutations in
APP or PS1. This overexpression of APP generates elevated Aβ

levels to mimic the Aβ amyloidosis of AD brains. However, due
to APP’s multiple roles in the cell, unphysiologically high levels
of APP caused by the overexpression also induces a number of
undesirable side effects (Figure 1A, Table 1).3 Although the
precise biological function for APP is yet to be clarified, it has
been established that APP knockout (KO) mice exhibit lowered
locomotor activity and decreased long-term potentiation
(possibly due to the role of APP in cell and synaptic adhesion).
APP also interacts with kinesin, via JIP-1; therefore, APP
overexpression may interfere with transport machinery in the
cell. Another sign of perturbed physiology caused by APP
overexpression is the sudden death often observed in APP Tg
mice. In addition, the insertion of the APP gene into the host
DNA may alter the endogenous gene expression. Furthermore,
the expression is often driven from artificial promoters, which
leads to APP production in cell types that would not normally
express APP, and these artificial promoters may also compete
with the endogenous promoters for transcription factors.
Additionally, cell-type specific splicing may be spared.
Importantly, APP is proteolytically cleaved at several positions;
thus, overexpression of APP automatically generates increased
levels of APP fragments including sAPP, CTF-α, CTF-β, and
AICD. At least some of these fragments have biological
functions: for example, sAPP may have a neurotrophic effect
whereas CTF-β negatively affects memory. In summary, the
numerous potential artifacts associated with APP over-
expression in APP Tg mice warranted the development of a
new generation of AD mouse models exhibiting robust Aβ
amyloidosis without APP overexpression.
A key characteristic of AD brains is the increased levels of Aβ,

especially the hydrophobic and aggregation-prone Aβ42. To
generate a novel AD mouse model exhibiting increased Aβ42
levels without APP overexpression, we applied a KI strategy.
The Aβ sequence spans over two exons in the APP gene
separated by intron 16. During the generation of the APP KI
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mouse we found that this intron exhibited a regulatory function
important for proper APP expression and was hence
indispensable (data not shown). Along with humanizing the
Aβ sequence, we introduced the Swedish mutation (KM670/
671NL) and the Beyreuther/Iberian mutation (I716F) into
exon 16 and exon 17, respectively, of the mouse APP gene3

(Figure 1B). We named this mouse APPNL‑F. The Swedish
mutation increases β site cleavage of APP, leading to increased
APP-CTF-β levels that in turn augments both Aβ40 and Aβ42
levels, whereas the Beyreuther/Iberian mutation increases γ-
cleavage at the C-terminal position 42, which specifically
increases the Aβ42/Aβ40 ratio. We also created an APP KI
mouse line that contains only the Swedish mutation, named
APPNL. Because APPNL mice exhibit the same levels of CTF-β,
this APP KI mouse line serves as a proper negative control for
APPNL‑F mice. Careful examination of the APPNL‑F mice
confirmed a high level of Aβ42 and a high Aβ42/40 ratio,
which induced plaque formation at six months of age.

Consistently, the major species in the plaques was Aβ42,
similar to the Aβ pathology observed in AD brains (Figure
2A).4 Furthermore, significant accumulation of both astrocytes
and microglia was observed around the plaques (Figure 2B). In
addition, synaptic alterations occurred as manifested by
decreases in the presynaptic synoptophysin and postsynaptic
protein PSD95. These Aβ-induced pathologies lead to impaired
memory at 18 months of age in the APPNL‑F mice (Figure 2C).
We additionally created an APP KI line that also includes the
Arctic mutation termed APPNL‑G‑F. APP processing in this
mouse was similar to APPNL‑F mice. Remarkably, the APPNL‑G‑F

mice showed very early and aggressive Aβ pathology from 2
months of age, including subcortical depositions (Figure 2D).
This pathology led to earlier onset of astrocytosis and gliosis
compared to APPNL‑F mice, indicating that Aβ with the arctic
mutation results in an increased inflammatory response.
Notably, the pathologies induce memory impairment as early
as 6 months of age (Figure 2E,F).
We have previously shown that deficiency of calpastatin

(Cast), an endogenous inhibitor of calpain, leads to increased
Aβ and tau pathologies and early lethality in APP Tg mice.5 To
validate whether these pathologies were indeed induced by Aβ,
we crossed APPNL‑F mice with calpastatin KO mice. To our
surprise, the APPNL‑F × Cast KO−/− mice exhibited normal life
span and lacked increased tau pathologies but exhibited
increased Aβ amyloidosis. This is the first application of our
new APP KI mouse, which shows that the early lethality of
calpastatin deficiency in APP Tg mice was not caused by Aβ but
was due to the overexpression of APP and/or proteolytic
fragments thereof. We believe that our novel APP KI mice will
provide new standard models for AD research and serve as
important tools to identify potential artifacts in previously
obtained data using APP Tg mice. Crossbreeding the APP KI
mice with other mutant mice will unambiguously clarify
mechanisms and pathways upstream and downstream of Aβ,
which will contribute to the understanding of AD.

Figure 1. Concept of novel APP KI mice. (A) APP Tg mice that overexpress APP exhibit not only unphysiologically high levels of APP but also
increased levels of the proteolytical fragments of APP. This may induce Aβ-independent artifacts that hinder the interpretation of data from APP Tg
mice. (B) Design of APP KI mice. The Aβ sequence was humanized, and the Swedish and the Beyreuther/Iberian mutations were introduced into
the APP mouse gene to generate APPNL‑F mice. In addition, the arctic mutation was introduced to establish the APPNL‑G‑F mouse model.

Table 1. Intrinsic Problems of APP Tg Mice

(1) APP overexpression interferes with intracellular transport because
APP interacts with kinesin via JIP-1.

(2) Due to the proteolytic processing of APP, increased APP levels leads
to increased sAPP, CTF-β, CTF-α, and AICD, some of which may
have biological functions.

(3) Utilization of artificial promoters induces expression of APP in cell
types normally not expressing APP. This artificial expression of APP
may affect these cells in an unaccounted-for manner and also lead to
the omission of the physiological cell type-specific splicing.

(4) Artificial promoters compete with endogenous promoters, hence
affecting gene expression.

(5) Insertion of the APP transgene may destroy or alter gene expression
of the host DNA.

(6) The expression of transgene APP varies from line to line and over
time.

(7) APP Tg mouse lines are selected in a phenotype-based manner rather
than by genotype.

(8) APP Tg mice suddenly die prematurely, possibly from seizures.
(9) The use of homozygous mice is not relevant.
(10) Cross breeding APP Tg mice with other mutant mice may induce

even more complicated artifacts.
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Figure 2. Aβ pathologies and neuropathologies of APPNL‑F and APPNL‑G‑F mice. (A) Aβ plaque staining of APPNL‑F and AD brains, showing that
Aβ42 is the major species in both APPNL‑F mice and AD brains. In addition, N-terminal processing of Aβ generates Aβ3pE-Aβ. (B) Increased
astrocytosis and gliosis around the Aβ plaques in APPNL‑F mice. (C) Aβ amyloidosis induces memory impairment in 18 month old APPNL‑F mice (Y-
maze test). Aβ plaque staining of APPNL‑G‑F mice shows early and aggressive Aβ amyloidosis (D) accompanied by astrocytosis/gliosis (E). (F)
Pathologies induce memory impairment in 6 month old APPNL‑G‑F mice (Y-maze test).
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