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Endogenous murine amyloid-b peptide (Ab) is expressed in most Ab precursor protein (APP) transgenic
mouse models of Alzheimer’s disease but its contribution to b-amyloidosis remains unclear. We
demonstrate w35% increased cerebral Ab load in APP23 transgenic mice compared with age-matched
APP23 mice on an App-null background. No such difference was found for the much faster Ab-depositing APPPS1 transgenic mouse model between animals with or without the murine App gene. Nevertheless, both APP23 and APPPS1 mice codeposited murine Ab, and immunoelectron microscopy revealed
a tight association of murine Ab with human Ab ﬁbrils. Deposition of murine Ab was considerably less
efﬁcient compared with the deposition of human Ab indicating a lower amyloidogenic potential of
murine Ab in vivo. The amyloid dyes Pittsburgh Compound-B and pentamer formyl thiophene acetic acid
did not differentiate between amyloid deposits consisting of human Ab and deposits of mixed humanmurine Ab. Our data demonstrate a differential effect of murine Ab on human Ab deposition in
different APP transgenic mice. The mechanistically complex interaction of human and mouse Ab may
affect pathogenesis of the models and should be considered when models are used for translational
preclinical studies.
Ó 2015 Elsevier Inc. All rights reserved.
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1. Introduction
Alzheimer’s disease (AD) research has strongly beneﬁted from the
use of transgenic (tg) mouse models which overexpress human amyloid-b precursor protein (APP) carrying disease-linked mutations,
often in combination with overexpression of mutated human presenilin 1 or 2 (PS1/2; for review see Duyckaerts et al., 2008). These
models develop many of the typical characteristics of cerebral
b-amyloidosis due to the overproduction of human amyloid-b peptide
(Ab) but generally continue to express endogenous murine Ab. Only
* Corresponding authors at: Hertie Institute for Clinical Brain Research, Department of Cellular Neurology, Otfried-Müller Strasse 27, D-72076 Tübingen, Germany.
Tel.: þ49 7071 29 87607; fax: þ49 7071 29 4521.
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recently, robust cerebral b-amyloidosis was achieved with APP knockin models harboring several familial AD mutations (Saito et al., 2014).
Murine Ab differs from its human homologue in 3 amino acids at
residues 5, 10, and 13 (Arg-5 to Gly, Tyr-10 to Phe, and His-13 to Arg;
Yamada et al., 1987). In vitro, murine Ab forms mixed amyloid ﬁbers
with human Ab, and such mixed ﬁbers revealed a higher insolubility than pure human Ab ﬁbers (Fung et al., 2004). In tg mouse
models, cointegration of murine and human Ab in amyloid deposits
also occurs (Morales-Corraliza et al., 2013; Pype et al., 2003;
van Groen et al., 2006). However, somewhat inconsistent to the
in vitro ﬁndings an increased solubility of the amyloid has been
reported when murine Ab was overexpressed in human APP
tg mice (Jankowsky et al., 2007). Consistent with this latter study,
amyloid deposits isolated from APP tg mice are more soluble than
from human AD brain (Kalback et al., 2002; Kuo et al., 2001).
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Although the available data suggest an effect of murine Ab on
amyloidosis, its nature is poorly understood. Given the routine use
of APP tg mice as translational models (Jucker, 2010), for example,
to study the effect of amyloid lowering treatments, a better
knowledge of the role of murine Ab in amyloid formation is needed.
To this end, we herein compare 2 APP tg mouse models (APP23 and
APPPS1 mice; Radde et al., 2006, Sturchler-Pierrat et al., 1997) on a
wild-type versus a murine App-null background.
2. Methods
2.1. Mice
Hemizygous APP23 mice, overexpressing human APP with the
Swedish double mutation (K670N/M671L; Sturchler-Pierrat et al.,
1997), and hemizygous APPPS1 mice, coexpressing human APP
with the Swedish double mutation and human PS1 with the L166P
mutation (Radde et al., 2006) were bred with App-null mice
(Calhoun et al., 1999). Such breeding generated again (hemizygous)
APP23 and (hemizygous) APPPS1 as well as (hemizygous) littermates lacking endogenous murine APP (koAPP23; koAPPPS1). Wildtype littermates were also included in some of the analyses. The
human APP transgene was always inherited from the fathers. All
mice were bred on a C57BL/6J background, and both lines expressed
the transgenes under the neuron-speciﬁc murine Thy-1 promoter.
Only female APP23 and koAPP23 mice were used in this study. As no
obvious gender effect was noted for APPPS1 mice, both female and
male APPPS1 and koAPPPS1 mice were used. Mice were grouphoused in speciﬁc pathogen-free conditions. All procedures with
animals were performed in compliance with protocols approved by
the local animal use committee and university regulations.
2.2. Brain processing, immunoblot analysis, and ELISA
measurements
Mice were deeply anesthetized with isoﬂurane, decapitated, and
brains were prepared. Brain hemispheres were dissected for
immunohistochemistry (see the following section) and biochemical
analyses. For the latter, the cerebellum was removed and the tissue
was snap-frozen on dry ice and stored at 80  C until use. For
Ab enzyme-linked immunosorbent assay (ELISA) and immunoblot
analyses, the tissue was homogenized at 10% (wt/vol) in 50 mM Tris
(pH 8.0), 150 mM NaCl, 250 mM sucrose, and 5 mM EDTA containing proteinase inhibitors (1 mM phenylmethylsulfonyl ﬂuoride
and LAP stock solution [5 mg/mL each leupeptin hemisulfate salt
and antipain HCl and pepstatin A in N-N-dimethylformamide])
(Schmidt et al., 2012b). The homogenated brain tissue was aliquoted and stored at 80  C until use.
For Western blot analyses, proteins were separated using 4%e
20% Tris-HCl sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
diﬂuoride membranes. Membranes were incubated overnight in
primary antibody, washed, and incubated with horseradish
peroxidase-conjugated IgG for 1 hour. Enhanced chemiluminescence substrate was added and proteins were visualized by
exposure to x-ray ﬁlms (Morales-Corraliza et al., 2009). Both human
and murine APP and C-terminal fragments levels were detected by
our in-house monoclonal antibody C1/6.1, and murine APP and
soluble APP-alpha were recognized by the in-house monoclonal
antibody m3.2 (Morales-Corraliza et al., 2009). Monoclonal antiebtubulin antibody (Sigma-Aldrich, St. Louis, MI, USA) was used as an
internal loading control. Diethylamine extraction was used for mice
analyzed before Ab deposition had started (“pre-depositing” mice
including 1.5-month-old APP23, koAPP23, APPPS1, and koAPPPS1
mice) whereas formic acid extraction was used for Ab depositing

mice (including 14.5-month-old APP23 and koAPP23 and 3-monthold APPPS1 and koAPPPS1 mice). Ab levels were determined by
sandwich ELISA (Schmidt et al., 2012a). Ab was captured with
carboxy-terminal monoclonal antibodies, which recognize exclusively either Ab40 (JRF/cAb40/10) or Ab42 (JRF/cAb42/26), see
Rozmahel et al. (2002) for original description of these antibodies.
In combination with these antibodies, horseradish peroxidaseconjugated JRF/Ab/N25 was used to detect human Ab and horseradish peroxidase-conjugated JRF/rAb 1-15/2 for murine Ab
(Schmidt et al., 2012a). ELISA results are reported as the mean
 standard error of the mean in femtomole of Ab per gram wet
brain, based on standard curves using synthetic Ab1-40 and Ab1-42
peptide standards (American Peptide Co Sunnyvale, CA, USA).
2.3. Histology and immunohistochemistry
Brain hemispheres for immunohistochemistry were immersionﬁxed in 4% paraformaldehyde (PFA) in phosphate-buffered saline
(PBS) for 2 days, cryoprotected in 30% sucrose in PBS for 2 days, and
frozen in methylbutane on dry ice. Hemibrains were serially cut
into 40-mm thick coronal sections with a freezing-sliding microtome. Immunohistochemical staining was performed according to
standard immunoperoxidase procedures using an Elite ABC kit
(Vector Laboratories, Burlingame, California, USA) and Vector SG
(Vector Laboratories) as a substrate. In general, Ab deposits were
stained using the polyclonal antibody CN3 (1:1000) raised against
synthetic human Ab1e16 peptide (Eisele et al., 2010). Sections were
counterstained with Congo red according to standard protocols.
2.4. Fluorescent double labeling for murine Ab and pFTAA
Immunoﬂuorescent staining of murine Ab was performed on
40-mm coronal sections according to a customized immunolabeling
protocol. Unspeciﬁc binding sites were blocked in 3 steps: ﬁrst with
anti-mouse blocking serum (Vector Laboratories M.O.M. blocking
reagent, 1 hour, room temperature [RT]), second with skim milk
powder (3% (wt/vol) solution in dH2O, 15 minutes, RT), and third
with standard blocking solution (0.15% (vol/vol) Triton X-100 and
5% (vol/vol) horse serum in Tris-buffered saline (TBS), 1 hour, RT).
The murine Ab-speciﬁc monoclonal m3.2 antibody (see Section 2.2)
was used as a primary antibody (stock solution 1.33 mg/mL, diluted
1:500 in TBS) and incubated at 4  C overnight. An anti-mouse
biotinylated secondary antibody (Vector Laboratories, Vectastain
mouse IgG; 1:250) was incubated for 2 hours at RT and detected
with a streptavidin-based ﬂuorescent detection system (ATTO647N,
ATTO-Tec GmbH, Siegen, Germany; 1:500, 1 hour, RT). Staining with
pentamer formyl thiophene acetic acid (pFTAA) (1.5 mM in deionized water, 1:1000 in TBS) was performed similar to a previous
description (Klingstedt et al., 2011).
2.5. Image acquisition
Mosaic overview images of CN3/Congo red-stained sections
were acquired on a Zeiss Axioplan 2 microscope with an Axiocam
HRm (Carl Zeiss MicroImaging GmbH, Jena, Germany) using a
4 objective (0.1 NA, Carl Zeiss MicroImaging GmbH) in combination with the MosaiX function of the AxioVision 4.7 software (Carl
Zeiss MicroImaging GmbH). High-magniﬁcation images were acquired with a 20 objective (0.5 NA, Carl Zeiss MicroImaging
GmbH). Images depicting pFTAA-/immuno-double labeling were
taken with the Zeiss LSM 510 META (Axiovert 200M) confocal microscope. Laser lines 458 and 633 were used to excite pFTAA and
ATTO647N, respectively. To depict the whole structure of interest,
some images were acquired as z-stacks, and maximum intensity
projections are shown as indicated.
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2.6. Spectral analysis of pFTAA-stained Ab plaques
Amyloid staining with pFTAA was performed as described
above. Spectra were acquired on a Zeiss LSM 510 META (Axiovert
200M) confocal microscope (40 oil-immersion objective, 1.3 NA)
equipped with a spectral detector. The dye was excited using the
458 nm argon laser line; emission spectra were acquired from
470 to 695 nm and normalized to their respective maxima. Spectra
were obtained from 3 regions of interest within each plaque core.
2.7. Stereological analysis
The total Ab load was quantiﬁed on a CN3/Congo red-stained set
of every 12th systematically sampled coronal section. Cortical brain
regions were deﬁned using a standard mouse brain atlas. Stereological analysis was performed using a microscope (Axioskop, Carl
Zeiss MicroImaging GmbH) equipped with a motorized xyz-stage
coupled to a video-microscopy system (Microﬁre, Optronics, California, USA). The investigators who performed the analysis were
blind to the sample genotypes. The total Ab load (expressed as
percent of total cerebral cortex) was determined by calculating the
areal fraction occupied by the Congo red staining in addition to the
CN3 staining, however only if not already counted as CN3-positive, in
2-dimensional sectors (20 objective, 0.45 NA; Calhoun et al., 1998).
2.8. Immunoelectron microscopy
For electron microscopy, mice were perfused transcardially with
0.1 M PBS followed by 0.1% glutaraldehyde and 4% PFA in PBS. Brains
were removed and postﬁxed overnight in 4% PFA in PBS. One hundred
ﬁfty micrometer coronal slices were cut and dehydrated in a graded
series of increasing ethanol concentrations (30%, 50%, 70%, 95%, and
100% of ethanol respectively; Schwarz and Humbel, 2007). Sections
were embedded in Lowicryl K11M and placed between 2 ACLAR ﬁlms
cut into a slide shape (200-mm thick). Pieces of brain tissue (neocortex)
were removed with a scalpel and re-embedded in Durcupan blocks
(Fluka, Steinheim, Germany). Using an ultramicrotome (Ultracut,
Leica, Bensheim, Germany) serial ultrathin sections (50 nm) were cut.
Grids with serial ultrathin sections were rinsed in blocking buffer
(0.2% gelatin, 0.5% bovine serum albumin in 0.1 M PBS) at RT (Stalder
et al., 2001). Polyclonal anti-Ab antibody NT12 (a previous version of
CN3) and monoclonal m3.2 were detected with 18 nm gold-coupled
secondary goateanti-rabbit antibody (Jackson ImmunoResearch
Europe Ltd, Newmarket, Suffolk, UK) or 10 nm gold-coupled secondary goateanti-mouse antibody (Yorkshire Bioscience Ltd,
Heslington, York, UK), respectively. Sections were contrasted with 1%
aqueous uranyl acetate for 3 minutes.
2.9. Quantitative postmortem binding of [3H]PIB
Binding to brain homogenates was performed with slight
modiﬁcations of a procedure described in detail previously
(Klunk et al., 2003). Brieﬂy, frozen tissue was homogenized with a
Polytron tissue homogenizer (PT 10/35; Brinkmann Instruments,
Westbury, NY, USA) at RT for 30 seconds at setting 6 in PBS (137 mM
NaCl, 3 mM KCl, 10 mM sodium phosphate; pH 7.0) at a concentration of 10 mg of brain per milliliter. This homogenate was then
diluted 10-fold in PBS to 1 mg/mL. [3H] Pittsburgh Compound-B
(PIB) (1 nM; speciﬁc activity, 61.4 Ci/mmol; American Radiolabeled
Chemicals, St. Louis, MO, USA) was prepared in 900 mL of PBS and
binding was initiated by the addition of 100 mL of the 1 mg/mL brain
homogenate (in triplicate), and the samples were incubated at 22  C
for 60 minutes. Nonspeciﬁc binding was deﬁned as the number of
counts remaining in the presence of 1 mM unlabeled PIB. The
binding mixtures were ﬁltered through a Whatman (Maidstone,
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UK) GF/B glass ﬁlter via a Brandel (Gaithersburg, MD, USA) M-24R
cell harvester and washed rapidly 5 times with 3 mL of PBS. The
ﬁlters were counted in Cytoscint-ES after thorough vortexing.
Results were corrected for nonspeciﬁc, nondisplaceable binding in
the presence of 1 mM PIB and expressed as the mean  standard
deviation in picomoles of [3H]PIB bound per gram wet tissue
weight in the homogenate.
2.10. Statistical analysis
For statistical comparison within groups unpaired Student t test
was performed. Conﬁdence intervals were set to 95%; signiﬁcance
levels are reported as following: (*) for p  0.05, (**) for p  0.01,
and (***) for p  0.001. Bonferroni correction was used where
required to counteract for multiple comparisons.
3. Results
Hemizygous APP23 and APPPS1 tg mice were bred with App-null
mice (koAPP) to generate offspring with and without endogenous
mouse APP (APP23, koAPP23, APPPS1, koAPPPS1). While APP23
mice overexpress human APP with the Swedish double mutation
(K670N/M671L) starting amyloid deposition around 8e10 months
of age, APPPS1 mice additionally express human PS1 with the L166P
mutation resulting in a very high Ab42 to Ab40 ratio and thereby a
very early onset of cerebral amyloidosis before the age of 2 months.
Protein expression of human and mouse APP was analyzed by
Western blot analysis of mice from all the age groups used
(Supplementary Fig. 1).
3.1. Endogenous murine Ab contributes to Ab load in APP23 mice
but not in APPPS1 mice
First, we compared APP23 mice on both backgrounds to test if
murine Ab affects amyloid deposition. In line with a previous report
(Calhoun et al., 1999), no obvious differences were visible at ﬁrst
glance with respect to amyloid deposition on anti-Ab and Congo
red-stained cortical brain sections from APP23 versus koAPP23
mice at 14.5 or 18.5 months of age (Fig. 1A). However, stereological
analysis of the total Ab-positive area revealed a difference between
genotypes, with APP23 mice depicting an w35% increase in
b-amyloid load compared with age-matched koAPP23 mice at both
14.5 and 18.5 months of age, which reached signiﬁcance for the
14.5-month-old group (Fig. 1A). In addition to an increase in the
parenchymal b-amyloid load (diffuse and compact Ab deposits), an
increase in vascular b-amyloid (cerebral b-amyloid angiopathy,
CAA) was observed for APP23 versus koAPP23 mice at both ages. It
should be noted that CAA was only a minor component (between
2.5% and 10%) of the respective total Ab load.
To investigate whether murine Ab also affects amyloid deposition in a model of more rapid amyloidosis we extended our analysis
to APPPS1 mice (Fig. 1B). Although this model has a lower human
APP overexpression than APP23 mice (3- vs. 7-fold), the onset of
amyloidosis is much faster because of the increased Ab42 concentration. For the same reason CAA is very rare (Radde et al., 2006).
Stereological analysis of the total Ab-positive area showed only
small, nonsigniﬁcant differences between the animals with or
without the murine App gene at 3 (0.5%) or 6 months (þ8.5%) of
age (Fig. 1B).
3.2. Robust deposition of murine Ab in both APP23 and APPPS1 mice
Next, we determined human and murine brain Ab40 and Ab42
concentrations at 1.5 as well as at 14.5 (APP23) or 3 (APPPS1)
months of age, to assess their contribution to total Ab deposition

2244

J. Mahler et al. / Neurobiology of Aging 36 (2015) 2241e2247

Fig. 1. Ab load in APP23 versus koAPP23 mice and APPPS1 versus koAPPPS1 mice. (A) Representative images of cortical brain sections from 14.5- to 18.5-month-old APP23 and
koAPP23 mice stained with an antibody speciﬁc for Ab (CN3) in combination with Congo red. Inserts represent higher magniﬁcation of cortical plaques (Scale bar is 50 mm).
Stereological analysis of total Ab load (CN3/Congo red-positive area as percentage of total cerebral cortex; 14.5 months: n ¼ 9 APP23, n ¼ 9 koAPP23, unpaired t test, p ¼ 0.015;
18.5 months: n ¼ 4 APP23, n ¼ 6 koAPP23, unpaired t test, p ¼ 0.19; error bars: standard error of the mean). The striped area at the top of the bars represents the percentage of
vascular b-amyloid. (B) Representative images of cortical brain sections from 3- to 6-month-old APPPS1 and koAPPPS1 mice stained with an antibody speciﬁc for Ab (CN3) in
combination with Congo red. Inserts represent higher magniﬁcation of cortical plaques (Scale bar is 50 mm). Stereological analysis of the Ab load (CN3/Congo red-positive area as
percentage of total cerebral cortex; 3 months: n ¼ 8 APPPS1, n ¼ 7 koAPPPS1, unpaired t test, p ¼ 0.97; 6 months: n ¼ 8 APPPS1, n ¼ 6 koAPPPS1, unpaired t test, p ¼ 0.44; error bars:
standard error of the mean). The very minor amount of vascular amyloid at 6 months of age is not visible in the respective graphs. Abbreviations: Ab, amyloid-b peptide;
APP, amyloid-b precursor protein.

increased only slightly for human Ab, a higher increase was found
for mouse Ab indicating a much stronger preferential accumulation
of Ab42 for the murine than the human peptide (1.4- vs. 4.5-fold
increase). Overall, the deposition of murine Ab was much less
efﬁcient than human Ab as its percentage decreased dramatically
between pre-depositing and depositing animals (28% vs. 1.8% of
total Ab, respectively).
For APPPS1 mice the rather high human and mouse Ab concentrations at 1.5 months indicated that Ab deposition had already
started in this fast depositing model. A signiﬁcant effect of murine
Ab on human Ab concentrations was neither found at 1.5 nor at

(Table 1). Wild-type littermates were included for baseline levels of
murine Ab.
Murine Ab levels were similar for 1.5-month-old pre-depositing
APP23 mice and wild-type littermates. Furthermore, murine
Ab showed no signiﬁcant effect on the concentrations of human
Ab in APP23 and koAPP23 mice at 1.5 months of age. However, at
14.5 months of age, a 23%e25% increase of human Ab40 and Ab42
was noted in APP23 versus koAPP23 mice conﬁrming the histological results (although signiﬁcance was not reached with ELISA).
At the same time a strong increase of mouse Ab was observed
indicating its deposition (Table 1). Although the Ab42/40 ratio

Table 1
Human and murine Ab levels in various APP transgenic lines
Genotype

Age
[mo]

wt
ko APP23
APP23
ko APP23
APP23
ko APPPS1
APPPS1
ko APPPS1
APPPS1

1.5
1.5
1.5
14.5
14.5
1.5
1.5
3
3

Human Ab 42 [fmol/g]

272
176
4,524,981
5,548,173
4317
4549
2,010,752
2,088,929










82
27
342,125
595,479
181
264
190,640
128,362

Human Ab 40 [fmol/g]

1265
1090
20,640,263
25,765,046
2955
2934
871,106
710,791










295
171
2,976,319
4,007,354
123
150
64,927
42,286

Human 42:40
ratio
0.21
0.16
0.24
0.23
1.48
1.55
2.31
2.96










0.03
0.01
0.02
0.02
0.11
0.05
0.15
0.11

Murine Ab 42
[fmol/g]

Murine Ab 40
[fmol/g]

70  17

482  49

0.14  0.03

65  8

413  48

0.17  0.03

28.40  3.46

217,098  8667

302,720  24,780

0.76  0.08

1.82  0.23

1369  61

357  28

3.98  0.34

18.88  0.73

289,347  15,161

25,181  2060

11.80  0.63

10.14  0.34

Murine 42:40
ratio

% Murine Ab
of total Ab

Human and murine Ab42 and Ab40 levels were assessed by enzyme-linked immunosorbent assay. Non-tg wild-type (wt) mice were included for baseline levels of murine Ab.
Six to 8 animals were used per group (n ¼ 5 for wt mice).
Key: Ab, amyloid-b peptide; APP, amyloid-b precursor protein; wt, wild-type.
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Fig. 2. Murine amyloid-b peptide (Ab) is part of Ab plaques of APP23 and APPPS1 mice. Immunohistological staining for murine Ab (m3.2 antibody) revealed its localization
in Ab plaques of 14.5-month-old APP23 (A) and 3-month-old APPPS1 (B) mice. Plaques were counterstained with the amyloid-speciﬁc ﬂuorescent dye pentamer formyl thiophene
acetic acid. As expected, no staining of murine Ab was observed in koAPP23 and koAPPPS1 mice. Two representative animals were examined for each group (4 brain sections/
animal). Scale bar is 20 mm for A and 10 mm for B. Images in B represent maximum intensity projections of 6 z-planes each.

3 months of age (APPPS1 vs. koAPPPS1; Table 1) in agreement with
the histological data. A strong increase of murine Ab with aging
suggests its deposition also in this model. Nevertheless, no effect on
the amyloid load was observed between APPPS1 and koAPPPS1
mice.
3.3. Murine and human Ab codeposit in Ab plaques in APP23 and
APPPS1 mice
The accumulation of murine Ab in both APP23 and APPPS1 mice
prompted us to analyze whether it may be codeposited with human
Ab in b-amyloid plaques. In both APP tg lines, immunohistological
staining with the murine Ab-speciﬁc antibody m3.2 (Fig. 2) closely
matched the plaque labeling by the amyloid-speciﬁc ﬂuorescent
dye pFTAA (Klingstedt et al., 2011). No m3.2 antibody staining was
detected in brains of koAPP23 or koAPPPS1 mice.
To provide further evidence for a tight association of murine and
human Ab in amyloid ﬁbrils at ultrastructural level, immunoelectron microscopy was performed with APPPS1 and koAPPPS1 mice.

Results revealed amyloid ﬁbrils labeled with antibodies speciﬁc for
murine and with antibodies speciﬁc for human Ab. The close association of the 2 labels indicates the formation of mixed ﬁbrils
(Fig. 3).
3.4. Human and mixed Ab ﬁbrils show similar amyloid dye binding
The tight association of human and murine Ab in amyloid ﬁbrils
may result in conformational changes as compared with ﬁbrils
composed of purely human Ab. In an attempt to identify such
changes we tested the binding of amyloid-speciﬁc dyes, that is, the
positron emission tracer PIB as well as the conformation-sensitive
dye, pFTAA. For this analysis, we used APPPS1 mice, which depicted a high percentage of codeposited murine Ab (Table 1) but with
an overall comparable amyloid load. AD brain tissue was included
in the PIB analysis as mixed ﬁbrils may underlie the inefﬁcient
binding of PIB to plaques from APP tg mice (Klunk et al., 2005).
However, no signiﬁcant difference for PIB binding to amyloid ﬁbrils
with and without murine Ab was found (Table 2). The brain
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Fig. 3. Colocalization of murine and human amyloid-b peptide (Ab) in amyloid ﬁbrils. Electron micrograph revealing a tight association of 10 nm gold-decorated murine Ab (arrows)
and 18 nm (arrowheads) gold-decorated human Ab in amyloid ﬁbrils within the neocortex of a 15-month-old APPPS1 mouse. koAPPPS1 control sections exhibit no murine
Ab immunoreactivity. One representative animal was examined for each group (30e40 pictures were analyzed/animal). Scale bar is 100 nm.

homogenate from an AD patient with heavy cerebral Ab deposition
yielded higher binding conﬁrming the differential binding of PIB to
human- and mouse-derived amyloid (Table 2), which is apparently
independent of murine Ab. In line, pFTAA, which has been shown to
detect different plaque morphotypes (Fritschi et al., 2014; Lord
et al., 2011), did not reveal any differences in the spectral signature of plaques from APPPS1 versus koAPPPS1 mice (imaging was
performed on 3-month-old APPPS1 and koAPPPS1 mice; n ¼ 5 per
group; 12e15 Ab plaques per animal were analyzed; data not
shown).
4. Discussion
Most human APP tg mouse models of AD generate endogenous
murine Ab together with tg human Ab. Yet the role of the murine
peptide in amyloid formation is not well understood. Here, we
demonstrate an w35% increase of cerebral b-amyloid load in
14.5-month-old APP23 compared with koAPP23 mice lacking
endogenous mouse APP and Ab. A similar trend was observed in
18.5-month-old mice. At both ages, parenchymal plaques and CAA
were elevated with an even stronger increase of the less frequent
CAA. Determination of human Ab40 and Ab42 concentrations in
brain homogenates conﬁrmed the difference in insoluble Ab between APP23 and koAPP23 mice at 14.5 months but did not reveal
such a difference for nondeposited Ab in 1.5-month-old mice. This
indicates that murine Ab affects amyloid deposition as opposed to
Ab generation. In contrast to APP23, neither the amyloid load nor
the human Ab concentrations differed signiﬁcantly between
APPPS1 and koAPPPS1 mice. In a previous study, mouse APP has
been overexpressed in APPswe/PS1dE9 mice with amyloidosis intermediate between APP23 and APPPS1. This resulted solely in an
increase in CAA but no faster or larger plaque deposition
Table 2
Ex vivo PIB binding in APPPS1, koAPPPS1, and human AD sample
Sample

Total cpm

þ1 mm PIB

Difference

% Speciﬁc binding

AD brain
APPPS1
koAPPPS1

8517  191
3893  2.1
3610  398

1329  32
1383  77
1401  42

7188
2510
2209

84.4
64.5
61.2

The binding efﬁciency of the positron emission tomographic tracer [3H]PIB was
measured in brain samples from an AD patient and 8.5- to 9.5-month-old APPPS1
and koAPPPS1 mice. Results for AD brain and APPPS1 mice are in line with previous
ﬁndings (Klunk et al., 2005).
Key: AD, Alzheimer’s disease; PIB, Pittsburgh Compound-B.

(Jankowsky et al., 2007). Taken together, the data show that the
impact of mouse Ab on amyloidosis differs among APP tg mice and
seems to decrease in more aggressive models.
Nevertheless, our data also show an increase of murine Ab40
and Ab42 in the brains of plaque bearing APPPS1 mice as compared
with pre-depositing and non-tg animals. This indicates accumulation of mouse Ab even in APPPS1 mice, where the overall amyloid
deposition remained unchanged. This surprising ﬁnding was
conﬁrmed by immunohistology showing murine Ab in amyloid
plaques and by immunoelectron microscopy demonstrating a tight
association of human and murine Ab in amyloid ﬁbrils. The results
are in agreement with studies suggesting the formation of mixed
human-murine ﬁbrils in vitro (Fung et al., 2004) and the codeposition (Pype et al., 2003; van Groen et al., 2006) or coimmunoprecipitation (Morales-Corraliza et al., 2013) of murine and human
Ab from mouse brain.
Murine Ab appears to codeposit from the very ﬁrst onset of amyloid deposition as an increase in its concentration is already
detected in 1.5-month-old APPPS1 mice compared with agematched non-tg controls, in line with observations in APP/PS mice
(van Groen et al., 2006). However, murine Ab deposition is far less
pronounced than human Ab because it decreases relative to total
Ab from w28% in pre-depositing APP23 to w1.8% in 14.5-month-old
mice. The difference seems smaller in APPPS1 mice but pre-deposition data are missing, as ﬁrst amyloid deposits are already present at
1.5 months in this model. Nonetheless, our data from both models
suggest a lower disposition of murine Ab to deposit in vivo than of its
human homologue. In this context the changes in Ab42/40 ratios
with amyloid deposition are interesting. Although human Ab42 in
APP23 increases 1.5-fold over human Ab40, mouse Ab42 accumulates about 4.5-fold over murine Ab40. A pronounced increase in the
murine Ab42/40 ratio also occurs in APPPS1 mice although its
magnitude cannot be assessed due to the missing baseline. These
observations conﬁrm the higher amyloidogenic potential of Ab42
versus Ab40 in vivo. Moreover, they suggest that this potential comes
to bear much more with murine Ab because of its generally lower
disposition to accumulate. We therefore hypothesize that the relative
increase in total Ab42 levels in the APP23 mice due to the presence of
additional mouse Ab42 helps to drive and/or initiate plaque deposition in comparison to koAPP23 mice. Conversely, this effect might
be negligible in a mouse model with a per se high Ab42 concentration like the APPPS1 mice.
We have analyzed the binding characteristics of 2 amyloid dyes,
PIB and the conformation-sensitive dye pFTAA, to human and
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mixed humanemouse amyloid ﬁbrils to test if potential structural
differences might be detectable. Although amyloid from APPPS1
mouse brain with the highest murine Ab percentage was used, no
binding differences were found. Nevertheless, minor differences
below the detection limit of the herein tested dyes cannot be
excluded. Interestingly, however, PIB showed similar binding to
pure human and mixed humanemouse amyloid ﬁbrils from
koAPPPS1 or APPPS1 mice whereas binding to human AD amyloid
ﬁbrils was much higher. These results demonstrate that codeposition of murine Ab is not the reason for insufﬁcient PIB binding in
APP tg mouse models as discussed before (Klunk et al., 2005).
Although the aggregation of human mutant tau was accelerated in
the absence of murine tau (Ando et al., 2010), implying an antiaggregation effect of endogenous murine tau, we could herein show
that this is not the case for endogenous murine Ab, which rather
contributes to amyloid deposition in human APP tg mouse models.
Nevertheless, overexpression of murine APP/Ab was so far unable to
initiate plaque deposition in mice (e.g., Jankowsky et al., 2007). Our
present results suggest that this is related to the lower amyloidogenic
potential of murine as compared with human Ab which is indicated by
the relatively low deposition of murine Ab (1.8% of total Ab at
14.5 months) as compared with its much higher abundance in predepositing APP23 mice (28% of total Ab at 1.5 months).
In summary, our data indicate a differential effect of murine
Ab on amyloid deposition in different APP tg mouse models of AD.
Moreover, the amount of mouse Ab codeposited does not directly
correlate with its effect on amyloid formation. Mouse Ab, therefore,
may affect study outcomes differently in different models and
should be addressed in individual lines, before reaching conclusions
based on the modeled humanized cerebral amyloidosis.
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