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Rate of tau propagation is a heritable disease
trait in genetically diverse mouse strains

Lindsay A. Welikovitch,1,2,5 Simon Dujardin,1,2,5 Amy R. Dunn,3,5 Analiese R. Fernandes,1 Anita Khasnavis,1

Lori B. Chibnik,4 Catherine C. Kaczorowski,3,* and Bradley T. Hyman1,2,6,*

SUMMARY

The speed and scope of cognitive deterioration in Alzheimer’s disease is highly
associated with the advancement of tau neurofibrillary lesions across brain net-
works. We tested whether the rate of tau propagation is a heritable disease
trait in a large, well-characterized cohort of genetically divergent mouse
strains. Using an AAV-based model system, P301L-mutant human tau (hTau)
was introduced into the entorhinal cortex of mice derived from 18 distinct
lines. The extent of tau propagation was measured by distinguishing hTau-pro-
ducing cells from neurons that were recipients of tau transfer. Heritability
calculation revealed that 43% of the variability in tau spread was due to genetic
variants segregating across background strains. Strain differences in glial
markers were also observed, but did not correlate with tau propagation. Iden-
tifying unique genetic variants that influence the progression of pathological
tau may uncover novel molecular targets to prevent or slow the pace of tau
spread and cognitive decline.

INTRODUCTION

One of the most important risk indicators for developing Alzheimer’s disease (AD) is a family history of de-

mentia: having a parent or sibling with a diagnosis of AD confers a 70% increase in disease risk.1 Sequence

variants at 75 unique genetic loci have been associated with sporadic AD, and have been implicated in es-

tablished disease processes, including brain amyloid processing, lipid metabolism, and immune re-

sponses.2 Despite growing interest in understanding how AD-associated genetic polymorphisms lead to

clinical and pathological outcomes, it remains unclear how polygenic factors contribute to the formation

and expansion of tau neurofibrillary inclusions, which are the closest correlate of neural degeneration

and clinical symptoms during AD.3,4

That there are genetic drivers of preclinical tau pathology is supported by the observation that genetically

identical monozygotic twins exhibit a high degree of concordance in early measures of total-tau (t-tau) and

phospho-tau (p-tau) in cerebrospinal fluid (CSF), as well as tau regional distribution as measured by posi-

tron emission tomography (PET).5,6 Genome-wide association studies (GWAS) of tau biomarkers and en-

dophenotypes have so far identified 8 novel gene variants associated with elevated levels of CSF t-tau

and p-tau, and tau-PET burden.7–11 While clinical data indicate that severity of tau pathology is likely influ-

enced by heritable factors, studying this phenomenon in an experimental setting is especially difficult.

Few studies have used divergent murine lines to investigate heritable contributions to AD. Different rodent

strains exhibit dissimilar tau tangle burden and microglial responses following mutant tau transgene

expression or injection of AD patient-derived tau.12,13 We have also shown that tau propagation varies

considerably among 5 genetically diverse mouse strains, suggesting that discrete cellular phases of tau

transfer may be regulated by distinct genetic modifiers.14 We expand on these initial findings by employing

a large, well-characterized panel of genetically diverse mouse strains that have been generated by

combining the well-known 5XFAD transgenic line with the BXD genetic reference panel. The resulting non-

transgenic (Ntg) BXD progeny segregate for almost 6 million sequence variants, including those at genetic

loci previously implicated in AD risk.15 Interestingly, BXD mice transgenic for familial AD mutations exhibit

strain-dependent susceptibility to amyloid accumulation and age-dependent cognitive decline.16–18 We

leveraged the genetic diversity among Ntg-BXD animals to investigate whether processes underlying

tau propagation may be similarly governed by heritable factors.
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RESULTS

Tau propagation is strain dependent and exhibits significant heritability

Tostudy theeffectofmousegeneticbackgroundontaupropagation,weemployedanAAV-basedmethodof tau

expression and proliferation previously used by our group.14,19–22 AAV vectors express GFP and P301L-mutant

human tau (hTau) separated by a central 2a domain. The 2a sequence encodes a short linker peptide that self-

cleaves during protein translation, liberating independent but equimolar GFP and hTau peptides (Figure 1A).

As a result, transduced ‘‘donor’’ neurons in the entorhinal cortex and hippocampus generate both GFP and

hTau,whereasconnectedneurons that are ‘‘recipients’’ of tau transfer harboronlyhTaupeptides (Figures1A–1C).

AAV vectors expressing GFP-2a-P301LhTau were bilaterally injected into the entorhinal cortex of 6-month-

old mice from 18 different strains. Three months post injection, we quantified the number of GFP+hTau+

donor neurons and GFP-hTau+ recipient neurons to evaluate strain differences in tau propagation

(Figures 2A and 2B). The number of GFP-hTau+ cells that had acquired hTau through neuron-to-neuron

transfer varied considerably among BXD groups, resulting in a significant strain-effect (Figure 2B). Given

that the number of donor neurons may be influenced by differences in AAV transduction resulting from sur-

gical variability, we also generated a tau propagation ratio in a secondary analysis (Figure 2C).

Striking differences in tau propagation were observed across mouse strains. Some genetic backgrounds,

such as B6xBXD42, were relatively resistant to tau spread despite strong GFP expression, while others were

A

B C

Figure 1. Modeling tau propagation using AAV-GFP-2a-P301LhTau

(A) GFP and P301L-mutated human tau (hTau) were virally expressed in the entorhinal cortex using an AAV construct driven by the neuron-specific synapsin-1

transcriptional promoter (hSyn). Incorporation of a self-cleaving 2a-linker results in the release of separate GFP and hTau peptides, such that GFP-expressing

‘‘donor’’ neurons and tau-bearing ‘‘recipient’’ neurons can be differentiated by double immunofluorescent labeling.

(B) Broad GFP expression (green) was visualized in the entorhinal cortex, hippocampus, and connecting fibers following bilateral injection of AAV-GFP-2a-

P301LhTau (scale bar = 5 mm).

(C) AAV-transduced neurons and fibers displayed strong GFP (green) and hTau (red) immunoreactivity, whereas recipient neurons of tau transfer could be

discriminated by their lack of GFP expression. Higher magnification photomicrographs (right) allowed for the visualization and subsequent quantification of

donor and recipient cells (left scale bar = 200 mm; right scale bar = 50 mm).
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particularly vulnerable, such as B6xBXD113 (Figure 2D). Importantly, the heritability (h2RIX) of tau propaga-

tion ratio was calculated to be 0.435; that is, �43.5% of the observed variance in tau propagation could be

explained by genetic factors segregating in this cohort of animals. The cohort was sex balanced, and no

significant sex differences were detected (Figure 2E).

Translating human GWAS hits to test for an association with tau propagation in BXD mice

We took advantage of the genetic diversity among BXD strains to carry out a preliminary quantitative trait

locus (QTL) test for tau propagation (Figure 3A). Although no genome-wide significant QTL was identified

in this analysis, future studies applying a larger array of mouse strains may reveal genetic loci associated

with tau propagation. Using the BXD Power Calculator tool at GeneNetwork.org (https://power.

genenetwork.org/), with 18 strains, an average of 6 replicates per strain, and a power threshold of 0.8,

we are powered to detect loci explaining about 60%–65% of the variance in tau propagation. To detect

a locus of lower effect size (e.g., a locus contributing to �40% of the variance in the trait), we would

need 40 BXD strains.

At least 13 genetic variants have been previously associated with tau-related biomarkers in humans.7–10 We

lookedmore specifically at whether some of these genes could bemediators of tau propagation in the Ntg-

BXD cohort. The mouse ortholog of each gene and its genomic location were identified using the Mouse

Genome Informatics database (informatics.jax.org). We then identified the nearest marker SNP for each lo-

cus within the BXD genome using the BXD genotypes file published at GeneNetwork.org, and mapped to

the mm10/GRCm38 genome build. We segregated the strains by genotype at each allele (BB or BD; de-

noted as B or D, respectively) and tested for significant differences in tau propagation (Figures 3B and

3C). Surprisingly, the genotype at the GMNC/Ostn locus predicted tau propagation in BXD mice. Animals

carrying the B allele of the BIN1 gene, a well-established risk locus for AD, also exhibited increased tau

propagation. These findings suggest that, with a larger sample size and more statistical power, this model

could be employed to identify additional human-relevant disease modifiers.

A B

C D E

Figure 2. Tau propagation is strain dependent and exhibits significant heritability

(A) GFP+hTau+ donor neurons were quantified to confirm consistent AAV transduction in BXD animals. All strains exhibited strong AAV transduction and

substantial donor neurons available for tau propagation (one-way ANOVA, p = 0.160).

(B) The number of GFP-hTau+ recipient neurons varied significantly between 18 BXD mouse lines in a strain-dependent manner (Kruskal Wallis, p = 0.007).

(C) The ratio of GFP-hTau+ recipient neurons to AAV-expressing donor neurons showed significant variability between BXD strains (Kruskal Wallis, p = 0.044).

The heritability (h2RIX) of tau propagation ratio was calculated to be 0.435, indicating that �43.5% of the variability in tau propagation is accounted for by

genetic contributions.

(D) Representative micrographs in the hippocampal dentate gyrus of mice from BXD strains exhibiting varying levels of tau propagation: ‘‘low propagators’’

showed few neurons that were hTau-immunopositive only, whereas ‘‘high propagators’’ displayed strong GFP expression, as well as abundant GFP-hTau+

recipient neurons (scale bar = 100 mm).

(E) Tau propagation ratio was equivalent between male and female animals between all BXD groups (Mann-Whitney, p = 0.592). Data are presented in

column bar graphs, where error bars represent the mean G SEM (*p % 0.05; **p % 0.01).
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Glial abundance exhibits strain-dependent variability, but does not correlate with tau

propagation

It has previously been reported that microglial abundance andMHC-II expression are differentially affected

by the presence of tauopathy in two rat models bred on distinct genetic backgrounds.12 Given that glia may

play a role in tau propagation,23–25 we assessed whether strain differences in glial abundancemight parallel

the degree of tau spread between groups. Total fluorescence and percent area of microglia- and astrocyte-

specific markers, Iba1 and GFAP, respectively, varied significantly among BXD groups and were highly her-

itable traits (h2RIX = 0.82–0.97; Figure 4A). Importantly, there was no correlation between tau propagation

ratio and these measures of glial abundance (Figure 4B). While strong genetic factors appear to influence

neuronal tau transfer and glial phenotypes, it is likely that independent mechanisms differentially

contribute to both. Given the available data, it is unclear whether these measures are reflective of baseline

strain differences in cell marker expression or a glial response to propagated tau. We therefore examined

Iba1 and GFAP fluorescence intensity in the visual cortex, which does not express GFP or hTau, in these

same animals (Figure S1). When strains are organized in rank order of increasing hippocampal Iba1 and

GFAP fluorescence intensity, it is evident that these measures are not aligned in unaffected visual cortex

areas. Pearson correlation analyses also showed that Iba1 and GFAP fluorescence intensity in the hippo-

campus is not correlated with those in the visual cortex. This indicates that what is observed in Figure 4A

might represent differential reactivity to tau expression, as opposed to baseline biology.

DISCUSSION

During AD, insoluble tau aggregates arise focally in the medial temporal lobe and progress along a hier-

archical trajectory toward connected brain areas. Given that the severity and scope of tau spread is highly

correlated with neuronal loss and cognitive deficits, it is likely that the rate of tau propagation impacts the

rate of clinical progression in patients with AD.26–28 Genetic loci associated with increased risk of sporadic

AD also modify tau pathology. The presence of the APOEε4 allele, which is the most significant genetic risk

factor for non-autosomal dominant AD, accelerates tau-mediated neurodegeneration and cognitive

decline.29,30 Other disease-related variants, including BIN1, CLU, and TREM2, have also been shown to

exacerbate tau deposition.31–35 While case-control GWAS can define sequence polymorphisms associated

with the presence or absence of a disease, they are limited in their ability to resolve genetic contributions to

A B

C

Figure 3. Translating human GWAS hits to test for an association with tau propagation in BXD mice

(A) Quantitative trait locus (QTL) mapping for tau propagation did not yield genome-wide significant QTL in BXD mice (gray bar, p = 0.30; red bar, p < 0.05).

(B and C) Extent of tau propagation was compared between genotypes of mouse loci with human orthologs found to be associated with tau

endophenotypes. Cell-to-cell transfer of tau was more pronounced in BXD mice harboring the D allele of the genetic locus near GMNC/Ostn (p = 0.017). A

trend toward increased tau propagation was also observed in mice carrying the B allele of the BIN1 gene. Data are presented in column bar graphs, where

error bars represent the mean G SEM (*p % 0.05).
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specific disease traits that exhibit broad heterogeneity within a patient population. We used a novel exper-

imental tool to precisely track neuron-to-neuron tau transfer combined with an extensive panel of genet-

ically diverse mouse strains to determine whether trait heritability facilitates or restrains the advancement

of tau pathology. Over 43% of the variability in tau propagation between strains was attributable to mouse

genetic background. While this study was underpowered for QTL mapping, we were able to replicate two

human GWAS loci associated with tau transmission in this Ntg-BXD model. These results indicate that

mechanisms underlying tau spread in humans may be similarly regulated by genetic determinants and war-

rant further investigation.

Recent shortfalls in AD clinical trials have prompted a re-evaluation of the true translational potential of mu-

rine models as they are currently applied.36,37 The results of this study and others underscore the impor-

tance of considering animal genetic background when modeling complex neurological conditions using

laboratory rodents.16 As an example, moving the transgenes of two mouse models of tauopathy

(rTg4510 and TPR50 mice) onto the common C57BL/6J background has been shown to modify tau accumu-

lation.38–40 Of note, the majority of AD transgenic mice are bred on a C57BL/6J genetic background, which

is known to be relatively resilient to amyloid deposition.16 The incomplete development of disease pheno-

types in murinemodels may be due to an inherent resistance to human AD neuropathologies; this phenom-

enon could also provide insight into the rare human condition of resilience to AD.41

In addition to strain-dependent differences in Ab- and tau neuropathologies, it is becoming clear that

mouse strains may exhibit distinct neuroinflammatory responses to brain insult. In the present study, glial

0.00 0.05 0.10 0.15 0.20
0.01

0.1

1

10

100

Tau propagation ratio

G
FA

P
%
Ar
ea

0.00 0.05 0.10 0.15 0.20
0.1

1

10

100

Tau propagation ratio

Ib
a1

%
Ar
ea

B

B6
xB
XD
75

B6
xB
XD
16
9

B6
xB
XD
12 B6

B6
xB
XD
50

B6
xB
XD
74

B6
xD
2G
pn
mb

B6
xB
XD
68

B6
xB
XD
15
4

B6
xB
XD
73

B6
xB
XD
14

B6
xB
XD
31

B6
xB
XD
15
2

B6
xB
XD
77

B6
xB
XD
55

B6
xB
XD
11
3

0

5

10

15

20

25
28
29

Ib
a1

%
ar
ea

B6
xB
XD
75

B6
xB
XD
16
9

B6
xB
XD
12 B6

B6
xB
XD
50

B6
xB
XD
74

B6
xD
2G
pn
mb

B6
xB
XD
68

B6
xB
XD
15
4

B6
xB
XD
73

B6
xB
XD
14

B6
xB
XD
31

B6
xB
XD
15
2

B6
xB
XD
77

B6
xB
XD
55

B6
xB
XD
11
3

0

5

10
15
20

Strain

G
FA

P
%
ar
ea

A

B6
xB
XD
75

B6
xB
XD
16
9

B6
xB
XD
12 B6

B6
xB
XD
50

B6
xB
XD
74

B6
xD
2G
pn
mb

B6
xB
XD
68

B6
xB
XD
15
4

B6
xB
XD
73

B6
xB
XD
14

B6
xB
XD
31

B6
xB
XD
15
2

B6
xB
XD
77

B6
xB
XD
55

B6
xB
XD
11
3

3800

4000

4200

4400

4600

Ib
a1

flu
or
es
ce
nc
e
in
te
ns
ity

B6
xB
XD
75

B6
xB
XD
16
9

B6
xB
XD
12 B6

B6
xB
XD
50

B6
xB
XD
74

B6
xD
2G
pn
mb

B6
xB
XD
68

B6
xB
XD
15
4

B6
xB
XD
73

B6
xB
XD
14

B6
xB
XD
31

B6
xB
XD
15
2

B6
xB
XD
77

B6
xB
XD
55

B6
xB
XD
11
3

5200

5700

6200

6700

7200

Strain

G
FA

P
flu

or
es
ce
nc

e
in
te
ns

ity

Figure 4. Glial abundance exhibits strain-dependent variability, but does not correlate with tau propagation

(A) Total fluorescent intensity and image-percent area of Iba1 and GFAP immunoreactivity, which are cell-specific markers of microglia and astrocytes,

respectively, were significantly different between BXD strains (one-way ANOVA of Iba1 fluorescence intensity, p < 0.0001; Iba1 %area, p = 0.0002; GFAP

fluorescence intensity, p = 0.008; GFAP %area p = 0.0002; scale bar = 100 mm).

(B) Pearson correlation coefficient tests showed that tau propagation ratio in the hippocampus was not associated with Iba1 or GFAP percent-area. Data are

presented in column bar graphs, where error bars represent the mean G SEM.
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percent area and cell marker expression were strongly impacted by heritable factors. Our findings indicate

that distinct molecular and genetic networks are involved in cell-type-specific disease processes. Indeed,

using the same BXD mouse genetic reference panel, we have identified cell-type-specific mechanisms of

resilience and susceptibility to AD pathology.18 As a result, different mouse strains may be more or less

resistant to neuronal versus glial features of disease.While we cannot dissect-out the influence of individual

genetic loci, it is likely that those genetic factors that contribute to glial phenotypes are at least in part

distinct from those that contribute to tau propagation. Several AD risk polymorphisms are located within

or near genetic loci of receptors that are exclusively or highly expressed in brain-resident macrophages and

astroglia, including APOE, TREM2, CD33, and CR1. Convincing evidence suggests that these disease var-

iants promote maladaptive glial responses to AD pathological changes. Identifying heritable factors that

are detrimental or beneficial in directing tau propagation and glial functions may help elucidate multiple

molecular networks that are amenable to personalized therapeutic targeting.

Limitations of the study

Using mice as a model system to study human genetic contributions to disease susceptibility is of course

limited by the extent of overlap between the mouse and human genomes, and their effects on downstream

biology. While variants at the GMNC locus are associated with tau biomarkers in humans, murine ortholog

alleles may have distinct effects on protein translation or function. However, the major advantage of using

mice to study AD phenotypes is the ability to measure dynamic cellular and molecular events in a physio-

logical milieu that cannot be studied in living patients. Using diverse mouse strains to study these discrete

pathological mechanisms may help resolve genetic modifiers of specific disease processes that would

otherwise not be detected in classic case-control GWAS.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to and will be fulfilled by the lead contacts, Catherine

C. Kaczorowski (catherine.kaczorowski@jax.org) and Bradley T. Hyman (bhyman@mgh.harvard.edu).

Materials availability

This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Aves Labs Cat# GFP-1020

Mouse anti-tau15-25 (Tau13) BioLegend Cat# MMS-520R

Rabbit anti-Iba1 Fujifilm Wako Chemicals USA Corporation Cat# 012–19741

Cy3-conjugated mouse anti-GFAP Millipore Sigma Cat# C9205

Alexa Fluor 488-conjugated goat anti-chicken Invitrogen Cat# A-11039

Alexa Fluor 594-conjugated goat anti-mouse Invitrogen Cat# A-11005

Alexa Fluor 568-conjugated goat anti-rabbit Invitrogen Car# A-11011

Bacterial and virus strains

AAV2/8 GFP-2a-P301LhTau Wegmann et al.17 N/A

Experimental models: Organisms/strains

Mouse B6xBXD75 The Jackson Laboratory Stock# 033260

Mouse B6xBXD12 The Jackson Laboratory Stock# 035618

Mouse B6xBXD42 The Jackson Laboratory Stock# 033248

Mouse B6xBXD169 The Jackson Laboratory Stock# 035618

Mouse B6xBXD50 The Jackson Laboratory Stock# 035630

Mouse B6xBXD62 The Jackson Laboratory Stock# 033255

Mouse B6xBXD74 The Jackson Laboratory Stock# 035642

Mouse B6xBXD68 The Jackson Laboratory Stock# 035638

Mouse B6xBXD154 The Jackson Laboratory Stock# 035655

Mouse B6xBXD73 The Jackson Laboratory Stock# 035641

Mouse B6xBXD14 The Jackson Laboratory Stock# 032332

Mouse B6xBXD31 The Jackson Laboratory Stock# 035622

Mouse B6xBXD152 The Jackson Laboratory Stock# 035654

Mouse B6xBXD77 The Jackson Laboratory Stock# 033261

Mouse B6xBXD55 The Jackson Laboratory Stock# 035633

Mouse B6xBXD113 The Jackson Laboratory Stock# 035651

Mouse B6 The Jackson Laboratory Stock# 032883

Mouse B6xBD2Gpnmb The Jackson Laboratory Stock# 032881

Software and algorithms

CellSens Software Olympus https://www.olympus-lifescience.com/en/

software/cellsens/

Prism 9 GraphPad https://www.graphpad.com/scientific-

software/prism/
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The plasmid encoding reported 2A tau constructs can be provided by Bradley T. Hyman pending scientific

review and a completed material transfer agreement.

All mouse lines are available for purchase from The Jackson Laboratory.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon reasonable request.

d This study does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Mice were housed under 12-hour light/dark cycle with food and water ad libitum. F1 Ntg-BXD mice were

generated as previously described.16,17,42 Briefly, female hemizygote 5XFADmice on a congenic C57BL/6J

background were bred with males from the BXD mouse genetic reference panel that originated from

C57BL/6J and DBA/2J founder strains. Half of the F1 offspring were transgenic for 5 familial Alzheimer’s

disease (FAD) mutations, and the other half did not inherit the 5XFAD transgenes: tau propagation exper-

iments were conducted using nontransgenic controls from 18 strains. All procedures were approved by the

Institutional Animal Care and Use Committee (IACUC) at The Jackson Laboratory in accordance with the

standards of the Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC)

and the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

METHOD DETAILS

AAV vector design and production

Cloning of GFP-2a-P301LhTau under the control of the neuron-specific synapsin-1 promoter was carried

out as previously described.19 Plasmid DNA was assessed for inverted terminal repeat integrity by Sma1

restriction enzyme digestion and packaged into an adeno-associated virus 2/8 (AAV2/8) capsid at a titre

of 0.6 3 1013 viral particles/mL (Massachusetts Eye and Ear Institute Vector Core). The final AAV stock

was aliquoted and preserved at �80�C until use.

Stereotactic injections

AAVs expressing GFP-2a-P301LhTau were bilaterally injected into the entorhinal cortex of 3-month-old

BXD mice. Animals were anesthetized using 3% isoflurane and maintained at 2% isoflurane for the duration

of the surgery. A 10 mL Hamilton syringe and 30-gauge beveled needle coupled to an injector pump were

used to inject 2 mL of AAV vector solution (1.2 3 1010 viral particles) at the following stereotactic coordi-

nates: right side, 18-degree angle; AP -4.7 mm; ML -4.5 mm; DV -2.0 mm from the surface of the brain;

left side, AP -4.7 mm; ML +3.2 mm; DV -4.0 mm from the surface of the brain. The needle was held in place

for 2min to allow for sufficient diffusion of the injected material. After slowly withdrawing the needle, the

skin was sutured, and the animal was allowed to recover from anesthesia for at least 1h on a 37�C warming

pad before being returned to their home cage. 0.05 mg/kg buprenorphine was administered immediately

after surgery, and each cage was supplied with 3 days of normal drinking water mixed with acetaminophen.

All surgeries were performed at The Jackson Laboratory.

Tissue preparation and fluorescent immunolabeling

Two months after surgery, mice were transcardially perfused with ice-cold phosphate buffered saline (PBS)

at a flow rate of 5 mL/min for 5min, followed by 4% paraformaldehyde (PFA) in PBS. Whole brains were iso-

lated and post-fixed in 4% PFA for 48h before being transferred to a large volume of PBS. Tissue was ship-

ped at room temperature to NeuroScience Associates Inc. (USA) and embedded in a non-infiltrating

gelatin matrix before sectioning on a sliding microtome. 35 mm-thick free-floating coronal tissue sections

were shipped back to Massachusetts General Hospital in cryoprotectant and stored at �20�C.

Sections were washed of cryoprotectant using large volumes of PBS, and permeabilized using 0.2% Tri-

tonX-100 in Tris buffered saline (TBS) for 20 min at room temperature. Tissue was blocked using 5% normal
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goat serum (NGS) in PBS for 1h at room temperature before incubating with the following primary antibody

solutions overnight at 4�C: chicken anti-eGFP (GFP-1020, 1:1000; Aves Labs, USA); mouse anti-human tau

(Tau13, MMS-520R, 1:1000; BioLegend, USA); rabbit anti-Iba1 (019–19741, 1:500; Fujifilm Wako Chemicals

USA Corporation, USA); Cy3-conjugated mouse anti-GFAP (C9205, 1:500; Millipore Sigma, Germany). Sec-

tions were washed 3 times with PBS and incubated with fluorophore-conjugated secondary antibodies for

1h at room temperature (1:1000; Thermo Fisher Scientific, USA). Tissue was treated with 406-diamidino-2-

phenylindole (DAPI), mounted onto charged glass microscope slides, and cover-slipped with Fluoromount

mount media. Fluorescent imaging was performed using an Olympus VS120 slide scanner with fixed image

acquisition settings across all images. The mean intensity of each image was automatically measured and

used for subsequent statistical analyses.

Stereological cell counts

The number of GFP- and hTau-immunopositive cells in the entorhinal cortex, hippocampus, and isocortex

was counted using CellSens Software (Olympus, Japan). Neurons transduced with AAV-GFP-2a-P301LhTau

expressed both GFP and hTau and were considered potential donor cells for inter-neuronal tau transfer.

GFP�/hTau+ neurons were considered recipient cells of propagated tau. Both values were used to calcu-

late the tau propagation ratio, which represents the extent of cell-to-cell tau transfer corrected for vari-

ability in AAV transduction and/or hTau expression.

Heritability calculation

Heritability of tau propagation ratio was calculated as a ratio of genetic variance to total variance (genetic +

environmental variance) normalized by the number of biological replicates per strain. Heritability scores

range between 0 and 1.0, with a score of 1.0 indicating that 100% of the variance observed in a given trait

is controlled by genetic factors.43

Quantitative trait locus (QTL) mapping

Genotypes for BXD strains were obtained from GeneNetwork.org. QTL mapping was carried our using R

package, qtl2, using the LOCO method for kinship correction.44 Permutation tests (1000) were applied

to determine statistical significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparisons were performed between genetic strains within each brain region analyzed. One-way

ANOVA was performed for parametric analyses. Mann-Whitney and Kruskal Wallis nonparametric tests

were performed when normal distribution could not be assumed, as determined by the Shapiro-Wilk

normality test. Outliers were identified using ROUT and Grubb’s methods for parametric and non-para-

metric groups respectively and removed from all subsequent datasets. Data are presented in column

bar graphs, where error bars represent the mean G SEM. To assess the relationship between tau propa-

gation and glial changes, Pearson correlation coefficients (r) were measured. The sample size, n, for

each experiment represents the number of brain hemispheres transduced with AAV-GFP-2a-P301LhTau.

Each data point (n = 4–8 per group) represents the average value of all technical replicates for each hemi-

sphere. In systems genetics analyses using recombinant inbred strains, each strain is not genetically inde-

pendent: replication occurs at the level of the allele, and each strain shares approximately 50% of its variant

alleles with any other strain. Increasing the number of strains, rather than the number of individuals per

strain, increases the statistical power of our analyses. Using BXD-mice, we determined that 2–4 replicates

per strain was sufficient for our analyses.15,43,45 The final sample size is represented in all figures. Statistical

significance was set at p < 0.05 for all tests (*p % 0.05; **p % 0.01).
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