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In brief

The 5xFAD transgenic model, popular in

Alzheimer’s disease research, exhibits

varying cerebral plaque burden

depending on the parental source of the

transgene. Mice inheriting the transgene

paternally showed twice the amyloid

plaque amount found in mice with a

maternal inheritance, emphasizing the

need to report detailed breeding schemes

in studies.
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SUMMARY
In Alzheimer’s disease (AD) research, the 5xFAD mouse model is commonly used as a heterozygote
crossed with other genetic models to study AD pathology. We investigated whether the parental origin
of the 5xFAD transgene affects plaque deposition. Using quantitative light-sheet microscopy, we found
that paternal inheritance of the transgene led to a 2-fold higher plaque burden compared with maternal in-
heritance, a finding consistent across multiple 5xFAD colonies. This effect was not due to gestation in or
rearing by 5xFAD females. Immunoblotting suggested that transgenic inheritance modulates transgenic
protein expression, potentially due to genomic imprinting of the Thy1.2 promoter. Surprisingly, fewer
than 20% of 5xFAD studies report breeding schemes, suggesting that this factor might confound previous
findings. Our data highlight a significant determinant of plaque burden in 5xFAD mice and underscore the
importance of reporting the parental origin of the transgene to improve scientific rigor and reproducibility in
AD research.
2
INTRODUCTION

Published almost 20 years ago, the 5xFAD mouse model serves

as a robust and widely used tool to study amyloidosis in Alz-

heimer’s disease (AD) in vivo. To generate 5xFAD mice, the Vas-

sar lab introduced two Thy 1.2-promoter-driven transgenes into

the mouse genome: a human amyloid precursor protein (APP)

transgene, bearing the Swedish, London, and Florida mutations

that cause aggressive familial AD forms, and a human presenilin

1 (PSEN1) transgene harboring another two familial AD-linked

mutations, M146L and L286V.1 Notably, 5xFAD mice exhibit

marked amyloid plaque deposition and reactive gliosis at a rela-

tively young age, making them an attractive AD model for re-

searchers.1 However, this model comes with a set of limitations,

including the non-endogenous expression levels of mutated APP
838 Neuron 113, 838–846, March 19, 2025 ª 2024 The Author(s). Pu
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due to its transgenic nature. Additionally, APP overexpression in

this model only occurs in a subset of excitatory neurons wherein

the Thy1.2 promoter is active, most notably neurons belonging to

the hippocampal subiculum, cornu ammonis 1 (CA1), and cortical

layer 5 regions.

A well-known yet incompletely understood feature of 5xFAD

mice is their inherent variability in plaque deposition. The most

common method to generate experimental 5xFAD mice is to

breed a 5xFAD heterozygote with a non-5xFAD mouse. In this

study, we asked whether the breeding scheme utilized to

generate experimental cohorts (i.e., maternal or paternal inheri-

tance of the transgene) can modulate plaque pathology in the

offspring. Here, we focused on characterizing modulators of in

toto plaque burden in congenic C57BL/6 5xFAD lines by quanti-

tative light-sheet microscopy (LSM).
blished by Elsevier Inc.
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RESULTS

LSM as a powerful tool to unravel modulators of Ab
pathology in 5xFAD mice
Classically, plaque pathology in AD mouse models is studied in

histological brain sections. However, because only a few sec-

tions per mouse are stained, this technique can introduce tech-

nical variabilities and does not allow for visualization of plaque

deposition across all brain regions at once. We previously estab-

lished an LSM workflow to assess amyloid pathology in toto via

Congo red labeling of plaques.3 We first assessed whether this

technique could unravel known primary modulators of plaque

deposition in 5xFAD mice, namely age and sex. First, we aimed

to characterize amyloid-b (Ab) plaque burden of male 5xFAD

mice temporally from 3 to 14 months of age (Figure S1;

Data S2). From each hemibrain, we analyzed the total number

of plaques (Figure S1B), average individual plaque volume (Fig-

ure S1C), total plaque volume (Figure S1D), plaque density in

3D (Figure S1D), and volume of region of interest (Figure S1F).

Using LSM, we showed that plaque burden in these mice pro-

gresses rapidly over the first few months, particularly from 3

to 8 months, after which increases in plaque number plateau

(Figures S1B and S1E). Nevertheless, individual plaques still

grow in volume at later ages (Figures S1C and S1D), which cor-

roborates the sigmoidal growth kinetics of Ab plaques.4 When

testing the effects of experimental interventions such as drug

treatments or genetic manipulations in 5xFAD mice, our data

also suggest that early time points in the range of 3–6 months

should be prioritized to target a window in which amyloid depo-

sition is at its greatest dynamic range. Next, we investigated

whether LSM can characterize the known sex dimorphism in

5xFADmice.5–7 For this, we compared 6-month-old male and fe-

male 5xFAD mice. Female 5xFAD mice developed approxi-

mately twice the plaque burden compared with their age-

matched male counterparts (Figure S2), with the most striking

difference in plaque load found in the cortex (Figures S2B–

S2D). In summary, LSM of Congo red-labeled brains can

be effectively used to study plaque modulation on a brain-

wide scale.

Parental origin of transgene influences plaque burden in
5xFAD mice
Next, we utilized LSM to study whether the transgenic inheri-

tance pattern influences plaque burden in 5xFAD mice (Figure 1;

Data S2). Breeding schemes to generate experimental cohorts of

5xFAD animals typically use a heterozygous 5xFAD breeder,

where either the mother or father is transgene positive, crossed

with non-5xFADmice from amouse strain of interest to generate

crossbreeds or bred with wild-type (WT) controls for mainte-

nance of pure 5xFAD lines. We assessed cohorts of male

5xFAD mice carrying transgenes inherited either paternally or

maternally and analyzed their plaque burden at 6 months of

age (Figure 1A). Interestingly, 5xFAD mice that acquired their

transgene paternally developed significantly more plaques.

This was most striking in the cortex, where a 2-fold difference

was observed in comparison with mice with a maternal trans-

genic inheritance (Figures 1B and 1C). As plaques grow both in

number and size, we also observed that plaques are smaller in
5xFAD mice with a maternal inheritance. These observed differ-

ences were accompanied by unchanged volumes of regions of

interest, excluding the possibility that total changes in plaque pa-

thology were mediated by changes in brain volume.

Inheritance effect is mainly dictated by the parental
source across generations
We then asked whether the grandparental pedigree of 5xFAD

mice also influences plaque burden in the resulting offspring.

Therefore, we assessed four groups: paternal-grandpaternal

(PGP), paternal-grandmaternal (PGM), maternal-grandpaternal

(MGP), and maternal-grandmaternal (MGM) (Figures S3A and

S3B; Data S2). Mice inheriting the transgene via two consecutive

maternal sources (MGM) exhibited a small yet additive damp-

ening of cortical and hippocampal plaque numbers but no other

analyzed parameters (Data S2). Nevertheless, the effect of the

grandparental transgenic source is minimal, with the parental

transgenic source masking the grandparental effect. This is

seen in the plaque burden of PGM brains returning to PGP levels

(Figure S3B). We conclude that the parental transgenic source

ablates the grandparental influence almost completely and is

the determining factor in plaque burden modulation by the pro-

posed inheritance effect.

Transgenic inheritance effect is universal in congenic
C57BL/6 5xFAD mice
Next, we considered whether the transgenic inheritance effect

had only been acquired in our local congenic 5xFAD strain or

whether this was a universal effect in multiple congenic 5xFAD

colonies. We therefore investigated plaque burden in two further

5xFAD substrains from different institutions: cohort B housed in

another facility in Germany (Munich) and cohort C housed in an

animal core in the United States (Boston). Of note, cohort C had

been freshly derived fromThe Jackson Laboratory congenic stock

and only underwent one breeding cyclewithC57BL/6Jmice at the

local facility. Importantly, we could corroborate the observed in-

heritance effect in these animal cohorts (Figures 2A–2D; Data

S2) in both sexes and at different ages. Due to a limited number

of animals, we further supplemented our primary findings with a

qualitative assessment of the same effect in male 5xFAD mice

from cohort C (Figures S3C and S3D). Our findings indicate that

the effect is present in the line directly derived from The Jackson

Laboratory, from where most researchers acquire the 5xFAD

mouse model. Furthermore, our findings highlight the universal

nature of plaque burdenmodulation caused by distinct transgenic

inheritance patterns in the congenic 5xFAD line.

Inheritance effect is absent in heterozygous APPNLGF

knockin mice
Although the 5xFADmousemodel is one of themost widely used

to study amyloidosis in the context of AD, various others exist

to simulate amyloidosis, including more recently developed

knockin mouse models. Thus, we asked whether the observed

effect is specific to 5xFAD mice or a more general feature of

mouse models of AD. We aimed to determine whether the

inheritance effect is present in a mouse model wherein the

mutated APP version is driven by its endogenous promoter

and not from a transgenic construct. For this, we turned to
Neuron 113, 838–846, March 19, 2025 839
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Figure 1. 5xFAD animals with a paternal

transgenic inheritance develop more pla-

ques than their maternal counterparts

(A) Breeding schemes to generate 5xFAD animals

with distinct parental transgenic sources.

(B) LSM 3D visualization of male 5xFAD hemi-

brains of animals with paternal and maternal

inheritance at 6 months of age. Color-region

allocation is as follows: white, isocortex; blue,

hippocampus; and yellow, alveus.

(C) Quantification of male 5xFAD data with

paternal (n = 20) and maternal (n = 11) inheritance.

Maternal data points were normalized to paternal

data. Dark gray shapes represent paternal data,

and light gray shapes represent maternal data. For

each parameter, an unpaired, two-tailed Student’s

t test was performed (p values indicated in graphs,

significant p values [<0.05] highlighted in bold)

comparing paternal with maternal inheritance.

Thick lines represent means with SD (thin lines)

and individual data points displayed. Raw un-

normalized data are available in Data S2.
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heterozygousAPPNLGFmice inwhich one allele of APP is human-

ized and mutated in its endogenous locus. Analysis of heterozy-

gous APPNLGF mice with either APPNLGF mothers or fathers re-

vealed that all offspring developed comparable plaque load

(Figures 2E and 2F; Data S2). This indicates that the transgenic

inheritance pattern only influences plaque burden when APP is

driven by an exogenous promoter in a different genomic locus,

which may point to the 5xFAD transgene construct or promoter

undergoing genomic imprinting.

Plaque burden modulation is not a result of gestation in
or rearing by a 5xFAD-positive female
To exclude other associated factors that could mediate our

observed effects, we asked whether gestation in or rearing by

a 5xFAD dam influences plaque burden in the offspring (Fig-

ure S4; Data S2). For example, an alternative explanation for

our findings would be that embryos are exposed to maternal im-

mune priming associated with plaque pathology in the dam,
840 Neuron 113, 838–846, March 19, 2025
rendering the offspring more resilient to

the pathology.8 To test this, we set up

breeder pairs, with both parents being

heterozygous for the 5xFAD transgene

(Figure S4A). In this breeding paradigm,

heterozygous offspring could either

inherit the 5xFAD transgene paternally

or maternally while developing in a

5xFAD dam. If thematernal immune prim-

ing hypothesis holds true, then all sex-

matched heterozygous offspring from

this breeding scheme should develop

similar plaque loads despite a proportion

having inherited the transgene from the

father. However, this was not the case,

as some animals developed much higher

plaque loads compared with others

(Figures S4B–S4D). This bifurcated distri-

bution of plaque burden in offspring of
5xFAD heterozygous breeding matched the plaque burden

seen in animals with distinct parental transgenic sources (Fig-

ure S4D; Data S2). From this dataset, we conclude that gestation

or rearing by a 5xFAD dam is unlikely the mechanism underlying

the lower plaque count seen in 5xFAD animals with a maternal

transgenic inheritance.

Parental transgene source affects Thy1.2 promoter-
driven transgene expression
Genomic imprinting of the transgene would directly influence

expression levels of APP. To study this, we hypothesized that

the reduced plaque burden in maternal inheritance cohorts is

associated with lower amounts of APP. Hence, we performed

immunoblotting experiments of 5xFAD hemibrains with different

inheritance patterns, probing for APP and its processing en-

zymes (Figures 3A and 3B). Indeed, we observed that human

APP levels are lower in mice with a maternal compared with a

paternal inheritance. This held true across immunoblots with
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Figure 2. Inheritance pattern influences plaque burden in other 5xFAD colonies but not in APPNLGF knockin mice

(A) LSM 3D visualization of male 5xFAD hemibrains of animals with paternal and maternal inheritance at 4.5 months of age from cohort B.

(B) Quantification of male 5xFAD data from cohort B with paternal (n = 4) and maternal (n = 4) inheritance. Maternal data points were normalized to paternal data.

(C) LSM 3D visualization of female 5xFAD hemibrains of animals with paternal and maternal inheritance at 3 months of age from cohort C.

(D) Quantification of female 5xFAD data from cohort C with paternal (n = 3) and maternal (n = 6) inheritance.

(E) LSM 3D visualization of female APPNLGF hemibrains with paternal and maternal inheritance at 6 months of age.

(F) Quantification of female APPNLGF data with paternal (n = 4) and maternal (n = 4) inheritance.

(A, C, and E) Color-region allocation is as follows: white, isocortex; blue, hippocampus; and yellow, alveus.

(B, D, and F) All data points were normalized to paternal data. Dark gray shapes represent paternal data, and light gray shapes represent maternal data. For each

parameter, an unpaired, two-tailed Student’s t test was performed (p values indicated in graphs, significant p values [<0.05] highlighted in bold) comparing

paternal with maternal inheritance. Thick lines represent means with SD (thin lines) and individual data points displayed. Raw unnormalized data of quantitative

LSM are available in Data S2.
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two different human-APP-specific antibodies: 6E10, binding the

Ab region (69.76% ± 4.33, p = 0.0003), and 1D1, binding the N

terminus of APP (69.96% ± 16.36, p = 0.0523). Lastly, immuno-

blotting also revealed unchanged levels of the rate-limiting

enzyme in the amyloidogenic pathway, b-secretase 1 (BACE1),

further suggesting that the transgenic inheritance pattern modu-
lates APP processing by elevating the abundance of the

substrate.

To elucidate whether this effect is also present in other Thy1.2-

driven transgenes, we turned to an ATP biosensor line (ATeam)10

in which the fluorescent-protein-based fluorescence resonance

energy transfer (FRET) sensor (CFP-mVenus pair) is also driven
Neuron 113, 838–846, March 19, 2025 841
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Figure 3. Thy1.2-promoter-driven trans-

gene expression is affected by parental

transgenic source

(A) Immunoblots showing amyloidogenic pro-

cessing components (APP, BACE1) in 3-month-

old male (n = 4) and female (n = 5) 5xFAD mice

with different inheritance patterns.

(B) Quantification of immunoblots of 5xFAD ani-

mals with different parental transgenic sources.

(C) Immunoblot showing ATeam protein expres-

sion labeled with GFP in 3-month-old male (n = 5)

and female (n = 3) mice with different inheritance

patterns.

(D) Quantification of immunoblots of ATeam mice

with different parental transgenic sources.

(A and C) Raw immunoblots are shown in Data S1.

(B and D) All data points were normalized to

paternal data. Dark gray shapes represent

paternal data, and light gray shapes represent

maternal data. For each blot, an unpaired, two-

tailed Student’s t test was performed (p values

indicated in graphs, significant p values [<0.05]

highlighted in bold) comparing paternal with

maternal inheritance. Thick lines represent means

with SD (thin lines) and individual data points dis-

played. Source data of immunoblot quantification

are available in Data S2.

(E) The 5xFAD APP transgene construct, with the

Thy1.2 exons and introns, APP insertion site, re-

ported CpG island location, and brain regulatory

element highlighted.9
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by a Thy1.2 promoter. We performed immunoblotting experi-

ments for the transgenic sensor expression in mouse brains

derived from cohorts with maternal or paternal inheritance of

the transgene. Indeed, ATeam mice with a maternal inheritance

showed a similarly lower transgene expression (71.9% ± 15.5,

p = 0.0279) compared with age- and sex-matched mice with a

paternal inheritance (Figures 3C and 3D). These findings in an

additional Thy1.2-promoter-driven transgene indicate that
842 Neuron 113, 838–846, March 19, 2025
genomic imprinting occurs in the Thy1.2

promoter region of transgenic mice,

which was previously shown to contain

a CpG island9 (Figure 3E), modulating

transgenic protein expression.

Reporting details of experimental
5xFAD animals in literature
In this study, we used the congenic

5xFAD mouse line (Table S1) and re-

ported the modulatory effect of trans-

genic inheritance on Ab plaque burden.

Notably, our reported effects could also

have implications for the original, mixed

(C57BL/6 x SJL) hybrids or other back-

grounds, given that the 5xFAD model

has been used in various crossbreeding

schemes in the literature. To better gauge

the nature and extent of its use, we re-

viewed published studies using the

5xFAD mouse line from 2019 to 2024
(Table 1; Data S2), as indexed in the PubMed database with

‘‘5xFAD’’ as the search term. We further limited our list to exper-

imental studies that used heterozygous/hemizygous 5xFAD

mice, bringing the total to 922 papers.

Although sex dimorphism in the 5xFAD model has been copi-

ously noted,5–7 22.8% of studies still pooled male and female

mouse data during their analyses. Furthermore, 169 publications

(18.3%) did not report the sex of the experimental 5xFAD mice



Table 1. Systematic review of studies utilizing 5xFAD mice from

2019 to 2024

Overview of studies utilizing 5xFAD mice in 2019–2024

Initial PubMed search 991

Excluding reviews,

commentaries, and errata

960

Manual exclusion of unsuitable papers 926

Excluding studies using

homozygous 5xFAD only

922 (total)

Sex of experimental animals (n = 922)

Sex of mice not reported 169 (18.33%)

Males and females pooled 210 (22.78%)

Males only 240 (26.03%)

Females only 145 (15.73%)

Males and females utilized

for separate analysis

158 (17.14%)

Strains of experimental animals (n = 922)

Congenic C57BL/6 5xFAD 455 (49.35%)

C57BL/6 5xFAD reported 360 (39.05%)

Only control C57BL/6 reported 55 (5.97%)

No number of backcrossing

with C57BL/6 reported

40 (4.34%)

Mixed C5BL/6 x SJL 5xFAD 297 (32.21%)

C57BL/6 x SJL 5xFAD reported 288 (31.24%)

Only control C5BL/6 x SJL reported 9 (0.98%)

Both congenic and mixed

5xFAD utilized

1 (0.11%)

Unspecified strain 164 (17.79%)

Other backgrounds 5 (0.54%)

Strains used in crossbreeding studies (n = 158)

Congenic C57BL/6 131 (82.91%)

C57BL/6 5xFAD reported 107 (67.72%)

No number of backcrossing

with C57BL/6 reported

24 (15.19%)

Mixed C5BL/6 x SJL 5xFAD 6 (3.8%)

Unspecified strain 19 (12.03%)

Other backgrounds 2 (1.27%)

Reporting of source or breeding scheme to generate experimental

animals (n = 922)

Unspecified sex of 5xFAD breeders 537 (58.24%)

Directly purchased from

The Jackson Laboratory

215 (23.32%)

Male 5xFAD x female

non-5xFAD (paternal inheritance)

149 (16.16%)

Female 5xFAD x male

non-5xFAD (maternal inheritance)

17 (1.84%)

Male 5xFAD x female

non-5xFAD/female 5xFAD x

male non-5xFAD

(pooled inheritance)

4 (0.43%)

Reported parameters include general overview as well as inclusion and

exclusion criteria, sex and strains of 5xFAD mice, and transmission of

transgene from breeding schemes. The full list of reviewed papers is

available in Data S2.

ll
OPEN ACCESSReport
used at all. We conclude that although sex is a known modulator

of plaque burden in 5xFAD mice, a large portion of studies still

lacked consistency in reporting essential details of experimental

animals.

Highlighting the relevance of our current findings on the con-

genic 5xFAD strain, nearly half of the studies (n = 455; 49.4%)

opted for the congenic, whereas 32.2% used the original mixed

strain. Importantly, the congenic linewas used in over 80%of the

158 studies that crossed 5xFAD animals to other models, sug-

gesting that experiments involving 5xFAD crossbreeds may be

particularly susceptible to variabilities brought about by our pro-

posed transgenic inheritance effect.

We then evaluated how research groups reported breeding

schemes for experimental animals carrying the 5xFAD trans-

gene. Whether using 5xFAD as is or crossing with other mouse

models, only 170 of the reviewed studies (18.4%) specified the

parental 5xFAD transgenic source of their experimental mice,

the majority of which used a paternal breeding setup (16.2%

overall; 87.7% of all inheritance-reporting studies), whereas 17

papers described maternal inheritance (1.8% overall; 10.0% of

inheritance-reporting studies). Many of the studies that used

5xFAD males as the transgene carrier also noted that this

method of breeding has been suggested by the supplier.

Accordingly, a paternal inheritance pattern may be likely for

studies involving 5xFAD animals that were purchased directly

from The Jackson Laboratory without any subsequent breeding

in-house (23.3%). Perhaps more strikingly, 4 studies explicitly

mentioned using experimental animals derived from a pool of

both paternal and maternal 5xFAD transgene transmission.

Among these, 3 used the congenic C57BL/6 strain.11–13 More-

over, as the experimental animals in 3 of these pooled inheri-

tance studies were derived from crossing 5xFADmice with other

models,11,12,14 studies that crossbreed 5xFAD animals to other

lines might be at a higher risk of pooling experimental mice

bearing transgenes from different parental sources. By contrast,

more than 500 of the reviewed papers—accounting for a stag-

gering 58.2%—did not report the specific sex of the 5xFAD

transgene carrier used.

Taken together, our systematic review has revealed variabil-

ities in the reporting of breeding schemes and other parameters

when using this model. This suggests that a more consistent re-

porting may be useful to avoid overlooking confounding factors,

such as transgene inheritance, that could affect the interpreta-

tion and reproducibility of 5xFAD experimental data or other

AD models employing the Thy1 promoter to drive transgene

expression (Data S2).

DISCUSSION

The 5xFADmouse model is one of the most used mouse models

in AD research and is primarily used to study the impact of exper-

imental interventions on amyloid plaque burden. Several factors,

such as age and sex, have been identified to intrinsically modu-

late plaque burden in 5xFAD cohorts (Figures S1 and S2).

Reducing the within-group variability in 5xFAD mice is essential

to correctly interpret plaque burden changes in experimental co-

horts. Here, we identify a novel factor that significantly influences

plaque burden in 5xFAD mice: the inheritance pattern of the
Neuron 113, 838–846, March 19, 2025 843
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transgene (Figures 1 and 2). Importantly, the extent of the

observed effect is comparable with the known sex dimorphism.

Thus, our findings urge the AD research community to (1) sys-

tematically report breeding schemes in publications, (2) ensure

the comparison of inheritance-matched cohorts, and (3) critically

review past publications for inheritance mismatches as a con-

founding variable.

For example, a study utilizing paternally and maternally in-

herited 5xFAD animals in the same treatment group or geno-

type would yield a very variable dataset, leading to false neg-

atives. On the other hand, treatment groups or genetic

modifications done on 5xFAD mice with different transgenic

sources could lead to false positives. In our systematic review

(Table 1), we found that less than 20% of published 5xFAD

studies reported the transgenic inheritance of their 5xFAD

mice. The transgenic-inheritance-based modulatory effect

could conceivably be a large-scale concern, as close to

60% of all 992 reviewed studies did not fully disclose the in-

heritance pattern of the 5xFAD transgene in their mice. This

substantial proportion of non-inheritance-reporting studies

may highlight the lack of publicly available information and

scientific consensus regarding the importance of maintaining

a consistent breeding scheme for this model. Additionally,

we observed that the congenic C57BL/6 5xFAD line is the

background most often used (around 50% of all studies),

especially for crossbreeding experiments, due to the abun-

dance of other genetically modified models being raised on

the C57BL/6 background. Although our present findings

were made using congenic 5xFAD mice, similar experiments

are, however, necessary to further validate this inheritance ef-

fect in the mixed C57BL/6 x SJL strain, given that it is the orig-

inal strain of the model and the reported differences in amy-

loid deposition between 5xFAD mice with the congenic and

mixed backgrounds.15

Based on our findings, we recommend breeding andmaintain-

ing 5xFAD mice by inheriting the transgene through only one

germ line—for example, paternally—when a more rapid plaque

deposition is desired. In studies where a more protracted plaque

accumulation rate is desirable, consecutive maternal inheritance

can be utilized; for instance, probing for phenomena that are

age-dependent. Additionally, the delayed plaque deposition

would provide a wider time window for testing interventions

such as drugs—the administration of which is often time-critical

for eliciting their desired effects.

What could be driving our proposed transgenic inheritance

effect? Our negative findings in heterozygote 5xFAD breeding

pairs (Figure S4) and APPNLGF mice (Figures 2E and 2F), as

well as the identified APP expression level differences (Fig-

ure 3), all point toward genomic imprinting as the potential

mechanism for the inheritance effect. In this scenario, the

transgene could be epigenetically modified in the female

germ line, leading to reduced expression. For instance, under-

methylation is classically associated with increased gene

expression.16 Indeed, studies have reported epigenetic-medi-

ated changes of transgenes resulting in distinct transgenic ac-

tivity17 and described methylation pattern differences de-

pending on parental origin.18–22 The 5xFAD transgene could

undergo imprinting either because it integrated in a genomic
844 Neuron 113, 838–846, March 19, 2025
region that is normally imprinted23 or the transgene compo-

nents could be imprinted irrespective of their genetic location.

Our observation of a similar attenuation of expression levels in

ATeam mice with a maternal inheritance argues for the latter

and nominates the shared Thy1.2 promoter region as a poten-

tially imprinted region.

As described, the 5xFAD transgene consists of mutated APP

and PSEN1 versions, both driven by a Thy1.2 promoter, a

widely used promoter to induce transgene expression in neu-

rons.24 In 5xFAD mice, the two transgenes were inserted in a

single locus on chromosome 3, specifically chr3:6297836.25

Interestingly, the Thy1 locus was shown to contain CpG sites

around the transcriptional start site extending to intron 1,26

which is part of the Thy1.2 promoter construct.27–30 We are

not aware of a study that explicitly investigated allele-specific

expression level differences of endogenous Thy1 in the brain.

However, it has been shown that methylation changes in the

CpG island region of Thy1 contribute to the regulation of

Thy1 expression in the context of lung fibrosis,26 cancer,31,32

and adipogenesis.33 It is also known to a certain extent, how-

ever, that the genomic environment impacts transgene

expression levels in Thy1.2-driven transgenes. For example,

transgenic mice that carry Thy1.2-promoter-driven fluorescent

protein have been shown to exhibit remarkably different

expression patterns.34

Our findings underscore the need to stringently monitor

breeding schemes of other widely used ADmouse models using

the Thy1.2 promoter, such as the Tg-SwDI35 or the APPPS136

models of amyloidosis, as well as the P301L37 model of tauop-

athy (Data S2). Epigenetic screening of the Thy1.2 promoter re-

gion in neurons could provide a definitive answer regarding

whethermethylation patterns differ based on the parental source

of the transgene.

Ultimately, our experimental data and systematic review affirm

the urgent need for studies utilizing the 5xFADmodel to maintain

a consistent breeding scheme. We believe that breeding

schemes should be reported on the same level as the sex of an-

imals to encourage transparency and reproducibility. We hope

that our data could further mitigate discrepancies in preclinical

AD research arising from variabilities that could be explained

and managed, such as our proposed transgenic inheritance

effect.
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HRP g a-rat Dianova Cat#112-035-167, RRID:AB_2338139

Experimental models: Organisms/strains

Mouse: B6.Cg-Tg(APPSwFlLon,

PSEN1*M146L*L286V)6799Vas/Mmjax

The Jackson Laboratory Strain#034848

Mouse: B6N.Cg-Tg(APPSwFlLon,

PSEN1*M146L*L286V)6799Vas/Mmjax

In this study. Obtained by

backcrossing B6SJL 5xFAD

(The Jackson Laboratory)

with C57BL/6N mice.

Original: Strain#034840

Mouse: B6J.Cg-Tg(APPSwFlLon,

PSEN1*M146L*L286V)6799Vas/Mmjax

In this study. Obtained by

backcrossing B6SJL 5xFAD

(The Jackson Laboratory)

with C57BL/6J mice.

Original: Strain#034840

Mouse: B6-Tg(Thy1.2-ATeam1.03YEMK)AJhi Trevisiol et al.10 N/A

Software and algorithms

Adobe Illustrator v29.0.1 Adobe https://www.adobe.com/de/

products/illustrator.html

Arivis Vision4D v3.2, v4.0 Zeiss https://www.zeiss.de

Afex package Singmann et al.39 https://cran.r-project.org/web/

packages/afex/index.html

FIJI Schindelin et al.40 https://imagej.net/Fiji

GraphPad Prism 10 GraphPad Software, Inc. https://www.graphpad.com/

ImspectorPro v.7.124 LaVision https://www.lavision.de/en/

R v4.3.2 R Core Team https://posit.co/download/rstudio-desktop/

Others

Congo red Sigma Cat#C6767

Fastgreen FCF Serva Cat#21295

Western Lightning Plus ECL Oxidizing Reagent

Plus and Enhanced Luminol Reagent Plus

PerkinElmer Cat#NEL103001EA

SuperSignal� West Femto Maximum Sensitivity Substrate Thermo Fisher Cat#34095

Novex� Tris-Glycine Mini Protein Gels,

4–12%, 1.0 mm, WedgeWell� format

Novex Cat#XP04122BOX

Novex� Tricine Mini Protein Gels, 10 to 20%, 1.0 mm Novex Cat#EC66252BOX
EXPERIMENTAL MODELS

Animal husbandry
Animal experiments were carried out in accordance with German and American regulations on animal welfare and were approved by

the relevant local authorities (Licenses: 33.19-42502-04-19/3116, 24_KAN_0024_FFDE, and 23_JHI_0001_THYATP.) All
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experimental mice were classified as unburdened. Heterozygous 5xFAD,1 heterozygous APPNLGF,41 and ATeam10 mice of both

sexes were utilized in this study as stated in further details in corresponding figure legends. Further details regarding 5xFAD mice

utilized for the experiments can be found in Table S1. All 5xFADmice utilized in this study are on the congenic C57BL/6 background.

Experimental 5xFAD animals are generated by: 1) Existing maintenance breeding with C57BL/6 mice negative for the 5xFAD trans-

gene at the animal facility of the Max Planck Institute for Multidisciplinary Sciences, City Campus, in Göttingen (main cohort) or at the

German Center for Neurodegenerative Diseases (DZNE, cohort B) in Munich, or 2) By breeding of congenic 5xFAD mice purchased

from The Jackson Laboratory (MMRC stock 034848) with C57BL/6 mice.

Experimental animals with a paternal inheritance were generated by breedingmale 5xFADmice withWT females, while mice with a

maternal inheritance were generated by breeding female 5xFADmice with WTmales. To probe for differences in 5xFAD plaque load

due to age and sex, only mice with a paternal inheritance were analyzed. The same breeding scheme applied for the generation of

APPNLGF mice with different knock-in inheritance patterns. Male and female 5xFAD mice were bred to generate offspring of hetero-

zygous breeding pairs for one arm of the study. ATeam mice are housed at the animal facility of the Max Planck Institute for Multi-

disciplinary Sciences, City Campus, in Göttingen. Generation of ATeam mice with distinct transgenic inheritance patterns were

carried out by breeding either male or female homozygous ATeammice with WT animals. Genotyping was conducted using ear clips

following standard procedures (refer to the original mouse strains for detailed protocols). Genotypeswere confirmed by regenotyping

from tail biopsies after euthanasia at the conclusion of each experiment. Mice were housed in groups at the animal facility, following a

12-hour dark-light cycle and provided food without restriction. Ages of animals are specified in the corresponding figure caption and

legend.

METHOD DETAILS

Tissue preparation
Animals were euthanized by Avertin anesthesia or CO2 overdose and transcardially flushed with cold phosphate-buffered saline

(PBS) or HBSS until the liver was completely decolorized. Upon brain extraction for the main cohort, one hemisphere was then

immersed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer for fixation and stored long-term in PBS. The remaining hemi-

sphere was then snap-frozen and stored at -80�C until further biochemical experiments. Both hemispheres were collected for imag-

ing experiments for cohort B and C.

Tissue clearing and labeling
Fixed tissues underwent preparation for LSM imaging using a modified iDISCO protocol, as detailed in our previous work.3 Hemi-

brains were initially placed in 2 ml tubes and underwent a series of methanol washes in PBS (50%, 80%, 100% twice, 1 hour

each) to gradually dehydrate them. To minimize autofluorescence, hemibrains were then immersed overnight at 4�C in a mixture

of dimethyl sulfoxide (DMSO), 30% H2O2, and methanol. Subsequently, the samples were dehydrated further in 100% methanol

for varying durations at different temperatures before being stored overnight at 4�C. The following day, the solution was replaced

with 20% DMSO in methanol for 2 hours, followed by a reverse methanol wash in PBS (80%, 50%, 0%, 1 hour each) and a pre-per-

meabilization step with 0.2% Triton X-100 in PBS for 2 hours. Samples were then permeabilized overnight at 37�C in a solution con-

taining 20% DMSO, 0.2% Triton X-100, and glycine dissolved in PBS. Afterwards, the samples underwent several washes in a PBS

solution containing Tween-20, heparin, and sodium azide (2 hours each) before a 72-hour incubation at 37�C in a solution of Congo

red dye. Following labeling, hemibrains were rinsed in PTwH and underwent a final methanol wash in PBS (20%, 40%, 60%, 80%,

100%, 1 hour each) followed by overnight incubation in amixture of methanol and dichloromethane (DCM). Finally, the samples were

immersed in DCM for a 1 h 40 min before being cleared in ethyl cinnamate (ECI) for imaging. LSM imaging took place in a sample

chamber containing ECI. It is worth noting that some cleared samples, after LSM imaging, were treated with methanol and subjected

to paraffin embedding before tissue sectioning to generate 2D slices. All incubation steps were conducted at room temperature un-

less otherwise specified.

Light-sheet imaging and analysis
Cleared hemibrains underwent imaging using an LSM setup (UltraMicroscope II, LaVision Biotec) equipped with a corrected dipping

cap and a 2x objective lens magnification. ImspectorPro software (v.7.124, LaVision Biotec) was used to image samples in mosaic

acquisition mode, with: 5 mm light sheet thickness, 30% sheet width, 0.154 sheet numerical aperture, 4 mmz-step size, 2,1503 2,150

pixels field of view, dynamic focus steps of 5, dual light sheet illumination, and a camera exposure time of 100 ms. Fluorescence was

captured using 561 nm laser excitation at 80% laser power and a 585/40 nm emission filter.

Image stacks were stitched using Vision4D software (v3.2, Arivis). Regions of interest (ROIs) in this study comprised the isocor-

tex, hippocampus, and alveus, delineated based on anatomical landmarks. To perform plaque segmentation on 5xFAD hemi-

brains, a blob finder algorithm in Vision4D was utilized with the following parameters: 15 mm object size, 5-10% probability

threshold, and 0% split sensitivity. Imaging and staining artifacts, including arterial staining or intracellular lipofuscin accumula-

tions in cells are excluded by size and structure. For plaque analysis of APPNLGF hemibrains, a machine learning approach

was employed for 3D shape recognition based on 2D inputs, utilizing 200 desired objects (plaques) and backgrounds (non-plaque

structures). Training inputs were generated using the brush tool at size 5 and 100% magnification. Subsequently, segment
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colocalization was conducted to identify plaques within specific ROIs. Noise reduction involved deleting objects with voxel sizes

ranging from 1 to 10 and plane counts from 1 to 3, as these mostly represented non-specifically stained structures or residual

blood artifacts from perfusion. Finally, object metadata and correlated features were exported as spreadsheets for further statis-

tical analysis and data representation.

Light sheet imaging of cohort C was performed at the Neurobiology Imaging Facility with slightly modified imaging parameters to

imaging performed in the main cohort (magnification 1x, 100% sheet width, 4 mm light sheet thickness, 4 mm Z-step size, full field of

view, 15 dynamic focus steps, no tiling, one-sided light sheet illumination, 70% laser intensity 561nm laser line, 100ms exposure

time). The analysis was performed using Vision4D (v4.0, Arivis) and plaques were segmented using the machine learning segmenter

that was trained onmultiple datasets. Segments under 100 mm in size were considered noise and removed from the dataset. Plaques

in 5xFAD hemibrains were rendered in 3D as centroids with a uniform size while APPNLGF plaques were rendered as their respective

surface models.

Protein extraction
Frozen hemibrains were placed in RIPA buffer containing 20mMTris-HCl pH 7.5, 150mMNaCl, 1%NP-40, 1%SDS, 2.5mM sodium

pyrophosphate and 1mMNa2EDTA and homogenized with the Precellys bead-milling method (Precellys). Homogenization was con-

ducted at 4�C with the following parameters: centrifugation at 6500 g twice for 30 s each, with a 15 s pause between cycles. The

resulting homogenate was carefully transferred to a 1.5 ml reaction tube and centrifuged at 17000 g, 4�C for 10 min using a

bench-top centrifuge (Eppendorf). The supernatant was collected and stored at -80�C. Protein concentration in each lysate was

determined using detergent-compatible protein assays (Bio-Rad). Subsequently, samples were mixed with a commercial 2x Tris-tri-

cine sample buffer, with or without 0.05 M DTT, and an equal amount of protein to generate a series of probes with uniform protein

concentration (4 mg/ml) for ensuing immublotting experiments.

Immunoblotting
For each working solution, 20 ml were applied per lane on precast 10-20% Tris-tricine (for amyloidogenic processing) or 4-12%

Tris-glycine (for ATeam) SDS–PAGE gradient gels (Novex). Electrophoresis was conducted at 120 V for 2 h. Protein transfer

was carried out using the Bio-Rad wet-blotting system at 500 mA for 1 hour onto low-fluorescent Immobilon-FL membranes

(0.45 mm pore size, Merck) activated with 100% methanol. The blot transfer buffer consisted of 25 mM Tris, 190 mM glycine,

and 20% methanol. After a brief rinse with distilled water, total protein levels for normalization were determined using Fastgreen

stain on the blot. Washed membranes were immersed in 0.0005% Fastgreen FCF (Serva) in a wash solution containing 30% meth-

anol and 7% glacial acetic acid in distilled water for 5 minutes. Following two 1-min washes in the wash solution, membranes were

visualized using a ChemoStar fluorescent imager (Intas). Subsequently, membranes were thoroughly washed in TBS with Tween

(TBS-T, 0.05%) at least three times for 10 min each. Membranes were then blocked in 5% BSA in TBS-T at room temperature for 1

hour before overnight incubation in primary antibody solutions containing 5% BSA in TBS-T at 4�C on a rotating shaker. The pri-

mary antibodies used were: anti-C-terminus APP (rabbit, 127-005, Synaptic Systems, 1:500); anti-C-terminus human APP (mouse,

6E10, BioLegends, 1:1000); anti-N-terminus human APP (rat, 1D1, Merck, 1:500); anti-BACE1-3D538 (mouse, hybridoma culture

supernatant, 1:500); anti-GFP (chicken, GFP-1010, Aves Labs, 1:1000). The next day, membranes were washed in TBS-T three

times for 10 min each before incubation in secondary antibody solutions also containing 5% BSA in TBS-T. The secondary anti-

bodies used were: anti-rabbit IgG Alexa 488 (Thermo-Fisher, 1:5000); anti-mouse horseradish peroxidase (HRP, Dianova,

1:10000), anti-rabbit HRP (Dianova, 1:10000), anti-rat HRP (Dianova, 1:10000), anti-chicken HRP (Dianova, 1:10000). After three

10-min washes in TBS-T, membranes were chemiluminescently scanned using the ChemoStar fluorescent imager (Intas). Prior

to imaging, an equal amount of Western Lightning Plus ECL Oxidizing Reagent Plus and Enhanced Luminol Reagent Plus

(PerkinElmer) were first mixed and then applied onto to the membrane. To visualize proteins with low abundance, SuperSignal

West Femto Stable Peroxide and Luminol/Enhancer (Thermo) were instead utilized. For quantification based on raw images, back-

ground subtraction and band analysis were performed using Fiji40 (integrated density). As immunoblotting was performed using

samples from both sexes of experimental animals, normalization was performed using sex-specific controls. Target protein con-

tent was normalized to the Fastgreen bands of the respective controls as indicated in the graphs, along with the performed sta-

tistical analysis.

Data analysis, statistics, and figure preparation
No animals or data points were excluded for this study. No statistical methods were used to pre-determine sample sizes but sample

sizes for quantitative LSM are comparable to those shown in our past publication.3 Specifically for interaction data in Data S2, we ran

separate analyses in R (version 4.3.2, R Core Team) for each pairing of region of interest—alveus, isocortex, hippocampus—and

dependent measures—plaque volume, total plaque volume, and plaque density, plaque number. For average plaque volume, total

plaque volume, and plaque density, we ran ANOVAs (Type III), with two factors (parent generation, grandparent generation), using

aov_ez from the afex package.39 For plaque number, we instead fit a Poisson regression (including, as before, the factors parent gen-

eration, grandparent generation, and their interaction (glm, family = ‘‘poisson’’). Since all these models involve 2 x 2 comparisons, no

post-hoc analyses are necessary. Aside from the aforementioned analysis, remaining statistical analyses and initial graphs were pre-

pared using Prism 8.0.2 (GraphPad). Statistical tests were chosen based on tests for normality. Experimenters were blinded in the
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transgenic inheritance pattern image analysis. Details of the specific analyses conducted are provided in the corresponding figure

legends. Figures were created using Adobe Illustrator 29.0 (Adobe).

Systematic review of 5xFAD studies
Weperformed a literature review of published studies that used the 5xFADmouse line over the last five years (2019-2024) on the 9th of

October 2024. Using the PubMed database, searching for ‘‘5xFAD’’ in titles and/or abstracts generated a total of 991 hits, with the

5-year publication date, English language, and excluding preprints criteria applied. To distinguish publications that were unfit for our

literature review, the following filters were used: bibliography, biography, books and documents, collected work, comment,

congress, dictionary, directory, editorial, expression of concern, guideline, interview, lecture, legal case, legislation, systematic re-

view, news, newspaper article, personal narrative, practice guideline, preprint, retracted publication, review, scientific integrity re-

view, systematic review, video-audio media, webcast. This resulted in 31 items to exclude from the initial list. Both lists were then

uploaded to EPPI Reviewer, using the ‘‘mark duplicates’’ and ‘‘include/exclude’’ functions to remove as necessary. Throughmanually

reviewing the 960 papers, we removed an additional 34 publications—ranging from reviews and retracted papers not caught by the

initial filters, to studies that used published 5xFAD datasets but did not conduct experimental work using themodel themselves. Four

studies that bred 5xFAD mice homozygously were also excluded.

For the final tally of 922 studies, two researchers independently evaluated the papers based on the following parameters: whether

the 5xFAD line was crossbred to another model; the background strain of 5xFAD mice used; sex of experimental animals used; re-

porting of breeding schemes (i.e., inheritance pattern) and the source of the 5xFAD transgene if reported. When papers cited other

references for their husbandry and generation of experimental models, we also considered any additional information provided by the

cited studies for the said parameters.

First, we took note of the background strains of the experimental models used in each study. The congenic C57BL/6 (B6) strain was

indicated by B6.Cg-Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax, #034848 or #008730 JAX strain numbers, while

B6SJL-Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax, #034840 or #006554 referred to the mixed C57BL/6 x SJL (SJL)

strain. Studies were counted under a separate category under the congenic umbrella if they did not report the number of generations

of backcrossing between SJL and B6 mice, while at least five generations of backcrossing was required for assigning to the full B6

category. Likewise, papers that only reported the strain of their wildtype controls weremarked as such, given that we found instances

where researchers used 5xFAD on the SJL background and B6 controls or vice versa, and thus could not reliably conclude that the

5xFAD mice were on the same background as their controls except where explicitly mentioned. In cases where 5xFAD mice were

crossed with another model, we also checked the background strain of that model and classified these studies according to the

criteria above.

Studies were also categorized according to whether they used female mice only, males only, both, or did not report the sex of the

experimental animals at all. We then counted papers that pooled data frombothmale and femalemice for their analyses regardless of

the reasons stated, i.e., even when no significant differences were found between sexes or when male and female samples were

marked by different symbols but were still averaged together for the same parameters. Meanwhile, cases where research groups

compared sex effects; investigated the effects of a genotype or intervention in a sex-specific manner, thereby showing separate re-

sults for both male and female cohorts; and/or simply reported ‘‘sex-matched’’ in their analyses, even without specifying the sex of

animals used per experiment—were all flagged as using ‘‘both sexes but separated analysis’’. If papers pooled data for certain ex-

periments but not others, we gave precedence to parameters reported to bemost strongly affected by sex dimorphism in this model,

such as amyloid plaque burden, gliosis, and/or behavior.

Lastly and most importantly to the present study, we checked whether studies detailed their breeding setups and the parental

origin of the 5xFAD transgene as paternal or maternal inheritance. Cases wherein 5xFADmice were obtained directly from The Jack-

son Laboratory (JAX) or the Mutant Mouse Resource and Research Center (MMRRC), with the authors citing either JAX/MMRRC or

the relevant strain numbers, were marked separately as ‘‘using mice directly from JAX’’ and ‘‘likely following paternal inheritance’’.

Alternatively, we classified studies as non-inheritance reporting if 5xFAD mice were obtained from JAX, but in-house colonies were

set up without mention of the sex of transgene-carrying breeders or if these mice were then crossbred to another line. Moreover, if

5xFAD mice were crossed with another model, and the inheritance pattern was cited for the initial 5xFAD colony but not for the sub-

sequent crossbreeding, this was also marked as ‘‘no inheritance reported’’. Importantly, we made a point to distinguish papers that

did not report transgene inheritance and/or sex of the experimental animals, without assuming that research groups used both, as

opposed to cases where the authors explicitly stated using both male and female 5xFAD breeders.

Reporting of Thy1 promoter-driven transgenic AD models
We accessed the publicly available research model database on Alzforum (https://www.alzforum.org/research-models) to obtain in-

formation on transgenic ADmodels potentially affected by our experimental findings, specifically models using the Thy1 promoter to

drive transgene expression. The searchwas performed on the 6th of November 2024with the keyword ‘‘Thy1’’ and inclusion criteria of

‘‘Mouse’’ and ‘‘Alzheimer’s disease’’. A total of 45 models were obtained, 5 of which were excluded due to these being Trem2 cross-

breeds with overlapping models of amyloidosis. The name, genetic background, modification details, transgene, and primary paper

were reported in the ‘‘Thy1 AD models’’ tab of Data S2.
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