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Abstract

INTRODUCTION: Alzheimer’s disease (AD) is a progressive neurodegenerative dis-

ease in which extracellular aggregates of the amyloid beta (Aβ) peptide precede

widespread intracellular inclusions of the microtubule-associated protein tau. The

autosomal dominant formofAD requiresmutations that increase production or aggre-

gationof theAβpeptide. This has led to thehypothesis that amyloid deposition initiates

downstream responses that lead to the hyperphosphorylation and aggregation of tau.

METHODS: Here we use a novel approach, somatic gene transfer via intravenous

adeno-associated virus (AAV), to further explore the effects of pre-existing amyloid

deposits on tauopathy. APP+PS1 mice, which develop amyloid deposits at 3 to 6

months of age, and non-transgenic littermates were injected at 8 months of age intra-

venously with AAV-PHP.eB encoding P301L human tau. Tissue was collected at 13

months and tauopathy was assessed.

RESULTS: Total human tau expression was observed to be relatively uniform through-

out the brain, reflecting the vascular route of AAV administration. Phospho-tau

deposition was not equal across brain regions and significantly increased in APP+PS1
mice compared to non-transgenic controls. Interestingly, the rank order of phospho-

tau deposition of affected brain regions in both genotypes paralleled the rank order of

amyloid plaque deposits in APP+PS1 mice. We also observed significantly increased

MAPT RNA expression in APP+PS1 mice compared to non-transgenic despite equal

AAV transduction efficiency between groups.

DISCUSSION: This model has advantages over prior approaches with widespread uni-

form human tau expression throughout the brain and the ability to specify the stage of

amyloidosis when the tau pathology is initiated. These data add further support to the

amyloid cascadehypothesis and suggest RNAmetabolismas a potentialmechanism for

amyloid-induced tauopathy.
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1 BACKGROUND

Alzheimer’s disease (AD) is a progressive neurodegenerative disease

in which extracellular aggregates of the amyloid beta (Aβ) pep-

tide precede widespread intracellular inclusions of the microtubule-

associated protein tau. Mutations in the amyloid precursor protein

(APP), presenilin-1 (PS1), and presenilin-2 that modify Aβ processing
cause autosomal dominantADand, therefore, amyloid plaques are sug-

gested to initiate the disease. The amyloid cascade hypothesis1 posits

that amyloid deposition initiates downstream responses that induce

tauhyperphosphorylationandaggregation,which is theproximal cause

of neuron loss and cognitive decline in AD. While this hypothesis has

recently been lent support by successful human trials of anti-amyloid

immunotherapies,2,3 the mechanism(s) by which amyloid facilitates

tauopathy are not fully elucidated.

Animalmodels have been used to investigate the impacts of amyloid

pathology on tau pathology. When transgenic mice that develop amy-

loid or tau pathology are cross bred, they typically demonstrate that

amyloid can enhance tauopathy compared to mice transgenic only for

human tau.4–12 In most of these models, there is a clear temporal pat-

tern of amyloid plaques emerging before tauopathy. In 3xTg mice, in

which amyloid pathology precedes tauopathy, treatment with anti-Aβ
immunotherapy not only depletes amyloid deposits but also reduces

tauopathy.13 However, temporal causes are difficult to discriminate in

transgenic mice because both transgenes typically over-express from

themoment of conception.

Seeding experiments have also demonstrated amyloid pathology

exacerbates tauopathy. Injection of amyloid fibrils, either recombinant

or extracted from brain tissue, into tauopathy mousemodels increases

tau phosphorylation and NFT formation.14–16 Conversely, injection of

tau seeds into mouse models of amyloid deposition demonstrates a

dose effect of amyloid pathology on the magnitude of the resulting tau

pathology.17,18

Limitedwork has been done using somatic gene transfer, typically of

tau-expressing vectors intomodels of amyloid deposition. Klein et al.19

injected AAV2-4N2R tau with the P301L mutation associated with

frontotemporal dementia20 into male Sprague-Dawley rat septum and

APP+PS1 transgenic mouse hippocampus. Both rodent species devel-

oped tau inclusions in neurons of injected brain regions. In addition,

APP+PS1mice displayed prominent transduced tau expression in dys-

trophic neurites surrounding amyloid deposits. Dassie et al.21 stereo-

taxically injected AAV6 encoding several tau genetic variants or green

fluorescent protein (GFP) control into entorhinal cortex of TASTPM

(APP/PS1) transgenicmice, non-transgenicmice, or tau knock-out con-

trols. They reported that tau variants caused time-dependent neuron

loss in both amyloid mice and non-transgenic mice. No differences in

tau pathology were reported in amyloid versus non-transgenic mice.

No changes in amyloid burden after AAV-tau administration were

observed. Koller et al.22 used AAV1 to over-express tau genetic vari-

ants or GFP (control) in CRND8-APP transgenic mice. They contrasted

injections at postnatal day 1 (P1; before amyloid deposition) or at P90

when amyloid deposition has started. Threemonths of over-expression

of mutant tau, but not wild-type tau, induced tau deposition and the

formation of Gallyas-positive inclusions in the P90 mice, but not in

mice injected at P1. However, in P1 injectedmice they detected a large

increase inAβ depositionwithmutant tau at the 3-month survival time.

Quantitation of soluble total tau pools by western blot was performed

to compare the different viral constructs in APPmice, but comparisons

to non-transgenic mice were not presented.

Intracranial administration of viral vectors can result in large over-

expression of genes of interest. However, single injections have a

limited distribution area as well as a gradient of expression from the

site of delivery. It is now possible to deliver genes across the blood-

brain barrier using specific capsid modifications to allow widespread

expression across the brain.23,24 Consequently, we used this approach

to deliver adeno-associated virus (AAV) expressing human 4R2N tau

with the P301L mutation into non-transgenic (NonTg) or APP+PS1
mice in middle age, at which point APP+PS1 mice have accumulated

significant amyloid pathology. This timepoint was chosen to better

reflect the natural disease progression in AD patients with mature

amyloid pathology preceding by up to a decade the emergence of

tau pathology.We achieved expression of humanMAPT approximately

equivalent to that of endogenous mouse Mapt and examine effects

of pre-existing amyloid on tau phosphorylation and aggregation. The

expression was relatively uniform throughout the brain and we noted

considerable increases in tauopathy in APP+PS1 mice with exist-

ing amyloid deposits versus non-transgenic littermates of the same

age.

2 METHODS

2.1 Animals

APP+PS1 mice were originally generated by crossing Tg2576 mice,

carryingmutated humanAPP (K595N/M596L), and PS1 line 5.2, carry-

ing mutated PS1 (M146L).25 The transgenes segregate independently.

This colony has been maintained as a closed-outbred colony since

1998. Genotype of experimental mice was determined from ear punch

biopsy at weaning and confirmed after euthanasia by Transnetyx,

Inc. The light cycle was maintained at 12-hour light/12-hour dark.

Although excessive aggression in APP+PS1 male mice often requires

single housing, mice were group housed until enrollment into the

experiment, when possible. All mice were singly housed prior to viral



FINNERAN ET AL. 3 of 13

vector injection. The mice were given food and water ad libitum.

Each treatment condition consisted of ≈ 50% male and 50% female

mice.

2.2 Cloning and adeno-associated virus
production

Human tau (4R2N) with the P301L mutation was cloned into

the pTR MCSW at the AgeI and NheI restriction sites. Resulting

clones were restriction digested to confirm presence of inverted

terminal repeats and sequenced. The vector, pTR P301L-W, con-

tained AAV2 terminal repeats, the ubiquitous CAG promoter, human

P301L tau, the woodchuck hepatitis virus posttranscriptional regu-

latory element, and the bovine growth hormone poly-A signal for

transcription termination. Expression of this vector was confirmed

by transfection into 293T cells. The construct encoding PHP.eB

(pUCmini-iCAP-PHP.eB) was a generous gift from Viviana Gradinaru

(Addgene plasmid # 103005;RRID:Addgene_103005; http://n2t.net/

addgene:103005). 23 Recombinant AAV-PHP.eB particles were gener-

atedusing the triple transfectionmethodasdescribedpreviously26 and

quantified using the dot-blot method with a non-radioactive biotiny-

lated probe for human tau generated by polymerase chain reaction

(PCR).

2.3 AAV injection and tissue collection

Eight-month-old APP+PS1 (n = 20, 9 female and 11 male) and NonTg

(n = 14, 7 female and 7 male) littermates were injected with 100 μL
of 4.8 × 1013 vg/mL PHP.eB-P301L-W tau in the lateral tail vein.

Eleven of the APP+PS1 mice (5 female and 6 male) also received a

control dendritic cell (DC) vaccine comprised of 1.2 × 106 unstim-

ulated murine dendritic cells in 0.25 mL saline administered as an

intraperitoneal injection 4, 6, and 8 weeks after AAV administration.

The measures of tauopathy in the control vaccine mice and untreated

APP+PS1 mice (n = 9, 4 female and 5 male) were identical for all mea-

sures except insoluble pS199 tau in the hippocampus (Figure S4 in

supporting information). See supplemental figures in supporting infor-

mation for complete analysis and comparison of these two groups. We

combined these two groups for all other tau measures in the analy-

sis but indicate the DC injected mice with open symbols in the figures

presented here. Five months after AAV injection, mice were weighed

and injected with a solution containing pentobarbital (100 mg/kg)

and phenytoin (12.5 mg/kg). The deeply anesthetized mice were tran-

scardially perfused with 25 mL of 0.9% saline. Right hemibrain was

dissected into anterior cortex, posterior cortex, hippocampus, and

cerebellumwhichwere snap frozen ondry ice. Left hemibrainwas fixed

in 4%paraformaldehyde for 24hours at 4◦C. The fixed hemispherewas

cryoprotected in sucrose by successive 24-hour incubations in 10%,

20%, and 30% sucrose. Brains were frozen on a cold stage and sec-

tioned horizontally into 25 μm thick sections with a sliding microtome.

Sections were stored in phosphate-buffered saline (PBS) with 10 mM

sodium azide at 4◦C.

Research in Context

Systematic Review: The authors studied the literature

available in PubMed on mouse models of amyloid-induced

tauopathy.We found several reports on transgenicmicewith

both amyloid and tau pathology but none using somatic gene

transfer tomodel Alzheimer’s-like pathology.

Interpretation: Our findings are consistent with the amy-

loid cascade hypothesis and our model has advantages over

other approaches. Furthermore, our data hint at a poten-

tialmechanism for amyloid-induced tauopathy inAlzheimer’s

disease.

Future Directions: This article describes a newmousemodel

of amyloid-induced tauopathy. We believe this model has

advantages over transgenic mice and can be used to explore

potential mechanisms of amyloid-induced tauopathy. For

instance, future studies may examine the role of innate

immune activity or severity of existing amyloidosis on exac-

erbating tauopathy.

2.4 Tissue homogenization and enzyme-linked
immunosorbent assay

Frozen brain regions wereweighed and homogenized in radioimmuno-

precipitation assay buffer (RI10 μL per mg wet tissue mass) with pro-

tease inhibitor cocktail (Sigma Aldrich, Cat. No. P8340), deacetylase

inhibitor cocktail (Med Chem Express, Cat. No. HY-K0030), and phos-

phatase inhibitor cocktails II and III (SigmaAldrich,Cat.Nos. P5726and

P0044, respectively). The homogenate was sonicated (three 3-second

pulses, 40% amplitude) and centrifuged at 50,000 x g for 1 hour at 4◦C.

The resulting supernatant was transferred to a new tube, assayed for

total protein by Pierce bicinchoninic acid (BCA; ThermoFisher, Cat. No.

23227), and frozen. The pellet was sonicated (three 3-second pulses)

and digested in 70% formic acid (2 μL per mg wet tissue mass) for

1 hour at room temperature and then neutralized in 167 mM Tris,

assayed for total protein byBCA, and frozen. Invitrogen enzyme-linked

immunosorbent assay (ELISA) kits were used to analyze human total

tau (ThermoFisher, Cat. No. KHB0041), pSer396 phospho-tau (Ther-

moFisher, Cat. No. KHB7031), pSer199 phospho-tau (ThermoFisher,

Cat. No. KHB7041), Aβ 42 (ThermoFisher, Cat. No. KHB3441), Aβ 40
(ThermoFisher, Cat. No. KHB3481), and Aβ aggregate (ThermoFisher,

Cat. No. KHB3491). Prior to ELISA analysis, supernatant and formic

acid samples were diluted in 1X PBS and sample buffer to be within

standard curve range of each respective ELISA. Kits were performed

permanufacturer’s instructions.

2.5 Nucleic acid isolation and quantitative PCR

Genomic DNA and RNA were isolated simultaneously from posterior

cortex usingQiagen’s “AllPrep” Kit per themanufacturer’s instructions.

http://n2t.net/addgene:103005;
http://n2t.net/addgene:103005;
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RNA and gDNA were quantified by nanodrop. RNA was reverse tran-

scribed to cDNA using Bio-Rad iScript RT and the relative expression

of human tau (MAPT) and mouse tau (Mapt) RNA was determined by

quantitativePCR (qPCR)using the relative standard curvemethod. The

housekeeping gene Gapdh was used as a loading control. The gDNA

fraction was assayed for AAV genomes using the primer/probe set

specific for MAPT and normalized to Gapdh. Primer/probe sets were

fromThermoFisher:MAPT assaynumberHs00213941_m1,Mapt assay

numberMm00521988_m1,Gapdh assay numberMm99999915_g1.

2.6 Immunohistochemistry

Six to eight evenly spaced horizontal sections spanning the brain

were chosen for analysis. Immunohistochemistry experiments were

performed as described previously.27 Commercially available anti-

bodies were purchased with biotin conjugation from ThermoFisher

(HT7 Cat. No. MN1000B; AT8 Cat. No. MN1020B). The mouse mon-

oclonal antibody PHF-1 was a kind gift from Peter Davies. It was

first purified from cell culture supernatant using a kit following the

manufacturer’s instructions (Abcam Cat. No. ab128745). After purifi-

cation, it was biotinylated using a kit following the manufacturer’s

instructions (AbcamCat. No. ab201795). For Congo red, sections were

mounted onto slides first and allowed to dry. Slides were stained for

Congo red using a kit per the manufacturer’s instructions (Abcam).

For immunostaining, floating sections for each animal were placed into

a multi-sample staining tray. Endogenous peroxidases were blocked

(10% methanol, 3% hydrogen peroxide in PBS) and tissue was per-

meabilized (0.2% lysine, 0.1% Triton X-100, 4% goat serum in PBS).

Sections were incubated at room temperature overnight in the appro-

priate primary antibody in 4% goat serum in PBS. Sections were

washed three times in PBS and incubated for 2 hours at room tem-

perature with biotinylated secondary antibody in 4% goat serum in

PBS if necessary. After three PBS washes, the sections were incu-

bated with Vectastain Elite ABC kit for enzyme conjugation for 1 hour

at room temperature. Sections were stained with 0.05% diaminoben-

zidine with nickel enhancement and 0.03% hydrogen peroxide for 5

minutes at room temperature. Each assay omitted some sections from

primary antibody incubation to evaluate non-specific binding of the

secondary antibody. Sections were mounted onto slides, dehydrated,

and cover slipped. Slides were digitized using the Zeiss AxioScan.Z1

scanningmicroscope.Neurocyte IAE software (createdbyAndrewLes-

niak) used hue, saturation, and intensity (I) to segment the images

and identify threshold settings using the lightest and darkest sections.

Once identified, these values were held constant for analysis of every

section labeled with that stain. The percent area staining was deter-

mined mathematically by dividing the number of segmented pixels by

the total number of pixels in the region of interest.

2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism Statistics

Software version 9.5.0. Mann–Whitney U test was performed to com-

pare NonTg mice to APP+PS1 mice. A one-way analysis of variance

was used to examine regional differences in tau expression within

genotypes. Linear regression analysis was used to examine a corre-

lation between AT8 phospho-tau and Congophilic plaques as well as

transduction efficiency and anterior cortical tau ELISA values.

3 RESULTS

3.1 Increased tau phosphorylation in APP+PS1
mice

Toassess taupathology, both soluble and insoluble brain fractionswere

assayed for total tau, pSer199 phospho-tau, and pSer396 phospho-tau

by ELISA. Mouse genotype was associated with pronounced changes

in tauopathy in the anterior cortical region. The presence of amy-

loid deposits in APP+PS1 mice increased soluble and insoluble total

tau (Figure 1A and B), soluble and insoluble pSer199 phospho-tau

(Figure 1C and D), as well as soluble and insoluble pSer396 phospho-

tau (Figure 1E and F). In the hippocampus, APP+PS1 mice had a

significant increase in soluble total tau and pSer199 phospho-tau com-

pared to NonTg mice (Figure 2A and C) but not the PHF-associated

phosphorylation site, pSer396 phospho-tau. None of the insoluble tau

species measured were significantly elevated in the hippocampus of

APP+PS1mice by ELISA (Figure 2B, D–F).

Tau pathology was also measured histologically using the anti-

human total tau antibody HT7, the anti-phospho-tau antibody AT8

(pS202/pT205, an early tauopathy marker), and the anti-human

phospho-tau antibody PHF-1 (pS396, a paired helical filament-

associated marker). In both APP+PS1 and NonTg mice, there was

widespread expression of total tau in most brain regions, with more

expression in gray matter than white matter, but no regional hot spots

or steep gradients of expression as foundwith intracranial injections of

AAV vectors (Figure 3A and 3B). Furthermore, there was strong stain-

ing of neurons in both the cortex (Figure 3C, D) and the hippocampus

(Figure 3E, F). Although not quantified, this neuronal staining is con-

sistent with the 25% to 30% of neurons labeled by GFP in our prior

work.24

AT8 staining overall was less intense than the total tau staining, and

less uniform with little staining in striatum or thalamus, and concen-

trated staining in cortical regions (Figure 3G andH). The percentage of

cortical neurons labeled by AT8 appeared less than HT7, and this was

particularly true for the NonTg mice (compare Figure 3D to 3J). In the

hippocampus, AT8 staining was largely restricted to neuritic deposits

in the vicinity of amyloid plaques in APP+PS1 mice, rather than stain-

ing entire neurons (Figure 3K). Non-transgenicmice display no amyloid

deposits andminimal levels ofAT8staining (Figure3L).Very limitedand

light staining for another phospho-tau antibody, PHF-1, was observed

in both APP+PS1 and NonTg mice. Staining was largely restricted to

the anterior cortex. Using a rubric to score the intensity and distri-

bution of staining, we observed significantly more PHF-1 staining in

APP+PS1 mice than NonTg mice (Figure S9 in supporting informa-

tion). The limited PHF-1 positivity indicates the tauopathy has not fully

matured to the paired helical filament stage.
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F IGURE 1 Increased tauopathy in anterior cortex of APP+PS1mice.
Graph of RIPA-soluble (A) and RIPA-insoluble (B) total tau. Graph of RIPA-soluble (C) and RIPA-insoluble (D) pSer199 phospho-tau. Graph of
RIPA-soluble (E) and RIPA-insoluble (F) pSer396 phospho-tau. There was a significant increase in all taumarkers, both soluble and insoluble, in
APP+PS1mice. Open circles are APP+PS1mice that received no vaccine. Filled circles are APP+PS1mice that received control vaccine. Data are
presented asmean± standard error of themean, n= 12–20. *P< 0.05, **P< 0.01, and ***P< 0.001 byMann–Whitney test. APP, amyloid precursor
protein; NonTg, non-transgenic; PS1, presenilin-1; RIPA, radioimmunoprecipitation assay buffer.

We quantified immunostaining of AT8 in four brain regions: ante-

rior cortex, posterior cortex, hippocampus, and striatum. In every brain

region, there was a larger amount of staining in the APP+PS1 mice

than the NonTg mice that ranged from 2.5- to 6-fold (Figure 4). Inter-

estingly, although amounts were quite low, there was increased total

and phospho-tau in the striatum, a brain region we have previously

demonstrated has diffuse, but not Congophilic, amyloid plaques in this

amyloidosis model.27

3.2 Presence of amyloid accelerates development
of tauopathy

Next, we examined the relative vulnerability of different brain regions

to the development of tauopathy. While there was no significant dif-

ference in total tau expression among brain regions in APP+PS1
(Figure 5A) or NonTg mice (Figure 5C), there was a significant differ-

ence in the percent area staining of AT8 phospho-tau in the APP+PS1
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F IGURE 2 Modest increase in total soluble and pS199 tau in the hippocampus of APP+PS1mice. Graph of RIPA-soluble (A) and
RIPA-insoluble (B) total tau. There was significantly more insoluble total tau in APP+PS1mice compared to NonTgmice. Graph of RIPA-soluble (C)
and RIPA-insoluble (D) pSer199 phospho-tau. Graph of RIPA-soluble (E) and RIPA-insoluble (F) pSer396 phospho-tau. Open circles are APP+PS1
mice that received no vaccine. Filled circles are APP+PS1mice that received control vaccine. Data are presented asmean± standard error of the
mean, n= 9–20. *P< 0.05 byMann–Whitney test. APP, amyloid precursor protein; NonTg, non-transgenic; PS1, presenilin-1; RIPA,
radioimmunoprecipitation assay buffer.

mice (one-way analysis of variance [ANOVA] F[3, 75] = 24.01, P <

0.0001; Figure 5B) and in the NonTg mice (one-way ANOVA F[3, 45] =
7.210, P = 0.0005; Figure 5D). The rank order of the brain regions was

the same in both genotypes with anterior cortex > posterior cortex >

hippocampus > striatum. A similar regional rank order of Congophilic

plaque load in APP+PS1 mice was observed (with anterior cortex >

posterior cortex = hippocampus > striatum Figure 5E). Linear regres-

sion of the mean values of AT8 staining and Congo red staining for the

APP+PS1 mice indicated a significant positive correlation of amyloid

burdenwith AT8 immunostaining (Figure 5F).

3.3 Increased MAPT, but not transduction
efficiency, in APP+PS1 mice

To rule out genotype effects on viral transduction efficiency as an

explanation for the observed differences in tauopathy, we performed

qPCR for the AAV genome on genomic DNA isolated from posterior

cortex. We compared PCR for both human MAPT DNA and murine

Mapt DNA. There was no significant difference in viral genomes per

mouse genome inAPP+PS1mice compared toNonTgmice (Figure 6A).

We also note that the mean value equaled 1, indicating there was an
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F IGURE 3 Tau immunostaining in APP+PS1 andNonTgmice. A–F, Representative images of total tau staining in APP+PS1 (left column) and
NonTgmice (right column). APP+PS1mice show greater area staining than NonTgmice but similar brain-wide distribution of tau expression.
Prominent staining of neuronal profiles is observed in both cortex (C, D) and hippocampus (E, F). G–L, Representative images of phospho-tau
staining in APP+PS1 andNonTgmice with Congo red counter-stain, revealing regional variation in staining. In cortex, phospho-tau staining is
largely restricted to neuronal profiles in the brains of both APP+PS1 (I) and NonTgmice (J). In APP+PS1mice, hippocampal AT8 staining is
prominent in dystrophic neurites surrounding Congophilic plaques (K). Non-transgenic mice display no amyloid deposits and little phospho-tau
staining (L). Scale bar= 1000 μm (A, B, G, H) or 50 μm (C–F, J–L). APP, amyloid precursor protein; NonTg, non-transgenic; PS1, presenilin-1.
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F IGURE 4 Increased tau immunostaining in APP+PS1mice. Graph of percent area staining of total tau (HT7) in the anterior cortex (A),
posterior cortex (B), hippocampus (C), and striatum (D). APP+PS1mice (blue columns) had significantly greater percent area staining of HT7 tau
than NonTgmice (red columns) in each brain regionmeasured. Graph of percent area staining of phospho-tau (AT8) in the anterior cortex (E),
posterior cortex (F), hippocampus (G), and striatum (H). APP+PS1mice (blue columns) had significantly greater percent area staining of AT8 tau
than NonTgmice (red columns) in each brain regionmeasured. Open circles are APP+PS1mice that received no vaccine. Filled circles are
APP+PS1mice that received control vaccine. Data are presented asmean± standard error of themean, n= 12–20. *P< 0.05, **P< 0.01, ***P<
0.001, and ****P< 0.0001 byMann–Whitney test. APP, amyloid precursor protein; NonTg, non-transgenic; PS1, presenilin-1.

overall doubling of tau DNA caused by the viral transduction. We then

performed real-time PCR on the human MAPT RNA fraction obtained

from the posterior cortex. We did observe significantly greater MAPT

mRNA in APP+PS1 mice relative to NonTg mice of approximately 2-

fold (Figure 6B). Of note, this method of systemic administration of

AAV with the PhP.eB capsid produced a physiological, modest (≈ 50%)

over-expression of exogenous MAPT in APP+PS1 mice compared to

endogenousMapt.
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F IGURE 5 Tauopathy correlates with Congophilic plaque burden in different brain regions. A, Graph of percent area staining of human total
tau (HT7) in APP+PS1mice. B, Graph of percent area staining of AT8 phospho-tau in APP+PS1mice. C, Graph of percent area staining of total tau
in non-transgenic mice. D, Graph of percent area staining of AT8 phospho-tau in non-transgenic mice. There was no significant difference in total
tau area staining between brain regions in either APP+PS1 or NonTgmice. However, significantly more AT8 area staining was observed in cortical
regions of APP+PS1 andNonTgmice. E, Percent area staining of Congo red in APP+PS1mice revealed similar regional differences in staining. F,
Graph of percent area AT8 staining versus percent area Congo red staining in the different brain regions of APP+PS1mice. There was a significant
correlation (Spearman r= 0.6577, P< 0.0001). Dashed lines represent 95% confidence interval for best-fit line. Open circles are APP+PS1mice
that received no vaccine. Filled circles are APP+PS1mice that received control vaccine. Data are presented asmean± standard error of themean,
n= 12–20. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001 by one-way analysis of variance and Tukey post hoc tests. ACX, anterior cortex; APP,
amyloid precursor protein; HPC, hippocampus; NonTg, non-transgenic; PCX, posterior cortex; PS1, presenilin-1; STR, striatum.
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F IGURE 6 Equivalent transduction but increasedMAPT
expression in APP+PS1mice. A, Graph of viral genomes relative to
mouse genomesmeasured by quantitative polymerase chain reaction.
B, Graph ofMAPT expression relative toGapdh expression. No
significant difference in viral genomes per mouse genomewas
observed, but there was a significant increase inMAPT expression in
APP+PS1 (blue columns) compared to NonTgmice (red columns).
Open circles are APP+PS1mice that received no vaccine. Filled circles
are APP+PS1mice that received control vaccine. Data are presented
asmean± standard error of themean, n= 12–20. **P< 0.01
Mann–Whitney test. APP, amyloid precursor protein; NonTg,
non-transgenic; PS1, presenilin-1.

3.4 Tau ELISA measures correlate with
transduction efficiency

We correlated the number of viral genomes per mouse with the ELISA

levels for soluble and insoluble tau values obtained by ELISA in the

anterior cortex. Table 1 shows the correlation coefficients and P values

for these regressions. Most are statistically significant, indicating that

much of the variance in tau levels was secondary to differences in viral

transduction efficiency, especially in NonTg mice. However, for a given

quantity of viral genomes, tau levels are enhanced in the APP+PS1
mice relative to the NonTg mice, evidenced by the upward shift of the

regression line (Figure 7). In addition, transduction efficiency explains

less of the variance in the tau measures in the APP+PS1 mice than

NonTgmice, probably because of additional variance caused by degree

TABLE 1 Correlation between number of viral genomes
(transduction efficiency) and enzyme-linked immunosorbent assay
measures of tau and phosphorylated tau.

APP+PS1 NonTg

ACX S1 Total Tau Spearman r= 0.63 Spearman r= 0.92

P= 0.003 P< 0.0001

ACX FA Total Tau Spearman r= 0.76 Spearman r= 0.87

P< 0.0001 P= 0.0005

ACX S1 pS199 Tau Spearman r= 0.54 Spearman r= 0.88

P= 0.014 P= 0.0003

ACX FA pS199 Tau Spearman r= 0.69 Spearman r= 0.88

P= 0.0008 P= 0.0003

ACX S1 pS396 Tau Spearman r= 0.43 Spearman r= 0.87

P= 0.06 P= 0.0005

ACX FA pS396 Tau Spearman r= 0.67 Spearman r= 0.86

P= 0.0013 P= 0.0006

Abbreviations: ACX, anterior cerebral cortex; FA, detergent insoluble,

formic acid soluble fraction; S1, soluble fraction.

of amyloidosis. Furthermore, the NonTg mice with the highest trans-

duction efficiency still have lower tau levels than APP+PS1 mice with

less transduction efficiency.

4 DISCUSSION

The primary outcome of this work is additional support for the amyloid

cascade hypothesis1 that Aβ deposits can accelerate the development

of tauopathy. While certainly consistent with the prior work using

transgenic crosses and intracranial administration of proteins cited

in the introduction, the findings here appear to be the first head-

to-head comparison using a gene therapy approach. The three prior

publications injecting AAV-tau constructs into APP mouse models of

amyloidosis did not directly compare tauopathy results to a parallel

group of mice lacking amyloid.19,21,22 A second novel outcome in this

study was measurement of an increase in tau RNA expression in the

amyloid mice compared to mice lacking amyloid, despite similar lev-

els of transduction assessed by viral DNA content. We are unaware of

other studies of amyloid-induced tauopathy that have performed this

measurement. While the suggestion that this is part of the mechanism

by which amyloid enhances tauopathy development is speculative, we

look forward to tests of this possibility in future studies.

A third outcome was the regional differences in both the lev-

els of pathological amyloid and pathological tau. There was a strong

regional correlation between the Congo red positive, compacted amy-

loid deposits and the AT8 marker of early-stage pre-tangle tau pathol-

ogy. One explanation would be that the compacted plaques modify the

local environment to promote development of tauopathy. However,

the same regional rank order of AT8 tau pathology, even at low levels,

in NonTg mice implies that there is some other regional characteris-

tic that is modifying the degree to which both amyloid pathology and



FINNERAN ET AL. 11 of 13

F IGURE 7 Cortical tau ELISA values correlate with transduction efficiency. Graph of linear correlation of viral genomes per mouse genome
versus soluble (A) or insoluble (B) total tau ELISA values in the anterior cortex. C, Graph of linear correlation of viral genomes permouse genome
versus soluble or insoluble (D) pS199 tau ELISA values in the anterior cortex. E, Graph of linear correlation of viral genomes permouse genome and
soluble pS396 tau ELISA values in the anterior cortex. The correlation in APP+PS1mice is not significant for this measure. F, Graph of linear
correlation of viral genomes permouse genome and insoluble pS396 tau ELISA values in the anterior cortex. For eachmarker, the upward shift in
the correlations reveal increased tauopathy in APP+PS1mice. APP+PS1mice and best-fit line plotted in black. Open circles are APP+PS1mice
that received no vaccine. Filled circles are APP+PS1mice that received control vaccine. NonTgmice and best-fit line plotted in red. Dashed lines
represent 95% confidence intervals. Correlation was performed using two-tailed non-parametric Spearman correlation, n= 12–20. APP, amyloid
precursor protein; ACX, anterior cortex; ELISA, enzyme-linked immunosorbent assay; NonTg, non-transgenic; PS1, presenilin-1.

tau pathology accumulate. This is consistent with the work of Paul-

son et al.28 who developed a mouse expressing both mutant APP and

mutant tau driven by the same Ca2+/calmodulin-dependent protein

kinase II (Camk2) promoter system, in which deposition in the cor-

tex preceded the hippocampus and other brain regions. Our own early

workwith the APP+PS1mousemodel confirms the earlier and greater

accumulation of Aβ in the anterior cortex than in the hippocampus (or

striatum).27 This rank order is consistent with the Thal staging in post

mortem human brains as well.29 Understanding the molecular differ-

ences among these regions might provide insight into features that

enhance development of AD pathology in general.

This systemic gene therapy approach has several advantages over

intracranial administration approaches. First, it avoids the need for

a craniotomy and introduction of injection needles into the brain,

which cause damage to tissues that, even if minor, can influence out-

comes. Second, it produces a relatively uniform distribution of the viral

vector throughout the brain. Both intraparenchymal and intraventric-

ular administrations produce regional gradients of transduction and

none can transduce all portions of the brain.30,31 In this study, we

also achieved the desired effects with low levels of transgene over-

expression, approximating endogenous expression. Third, compared to

most transgenic cross models, this approach permits specifying when

the initiation of tauopathy starts relative to the extent of amyloido-

sis. In this study, we opted to initiate transgene over-expression after

widespread and prolonged amyloid deposition to mimic the disease

progression more closely to that of AD patients. Future studies can be

designed to determine what role aging may play on the emergence of

tauopathy. One of the few transgenicmouse studieswhich failed to see

enhanced tauopathy when crossed with an amyloid mouse used the J

20 line crossed with the Tg4510.32 The first histological tau deposits

in Tg4510 begin at 3 to 4 months while the first amyloid deposits in

J20 occur severalmonths later. Thus, the tauopathywasmature before

the amyloidosis became present, possibly precluding the induction.

Another advantage relative to transgenic cross approaches is that it
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avoids any developmental effects of the tau transgene. Recently, this

same advantage of specifying the time of induction was achieved in a

transgenic cross approachwithanAPP/PS1mouse crossedwitha regu-

latable taumouse (Tg4510), in which the tau expression was repressed

by doxycycline.33 They maintained the repression for 15 months and

then removed doxycycline for 6 months. The Tg4510mice on the amy-

loid background developed tauopathy but the mice on the standard

Tg4510 background failed to deposit over the same time frame. The

one limitation to this approach is the extensive breeding to achieve

mice with the three required transgenes.

There are some disadvantages to this systemic gene therapy

approach. One is that roughly one third of neurons are transduced

with AAV-PHP.eB. For manipulations that require most targeted cells

to carry the therapeutic gene, this would be a limitation. A second dis-

advantage is possible effects on peripheral organs. Expression of tau

in other organs might produce complications that could interfere with

data interpretation. Although this can be diminished by selection of

neuron-specific promoters,24 other cellswould still be transducedwith

AAV. Another limitation is that not all mouse lines express the receptor

variant responsible for the AAV central nervous system entry.34 For-

tunately, the C57BL6 lines do express this allele and are susceptible to

systemic transduction of the brain by the PHP.eB serotype.

In summary, we suggest this approach provides a convenient model

in which to test hypotheses regarding amyloid induction of tauopathy

and to screen for agents that might abrogate this induction. Future

studies will examine temporal effects of AAV-tau administration on

the extent of tauopathy induction, and test agents to suppress this

induction as potential therapeutics for AD.
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