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Blocking Site-Specific Cleavage of Human Tau Delays
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Matched Tau-Transgenic Mice Modeling Frontotemporal
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Studies have recently demonstrated that a caspase-2-mediated cleavage of human tau (htau) at asparate-314 (D314) is responsible for
cognitive deficits and neurodegeneration in mice modeling frontotemporal dementia (FTD). However, these animal studies may be
confounded by flaws in their model systems, such as endogenous functional gene disruption and inequivalent transgene expression.
To avoid these weaknesses, we examined the pathogenic role of this site-specific htau cleavage in FTD using genetically matched htau
targeted-insertion mouse lines: rT2 and rT3. Both male and female mice were included in this study. rT2 mice contain a single copy
of the FTD-linked htau proline-to-leucine mutation at amino acid 301 (htau P301L), inserted into a neutral site to avoid dysregulation
of host gene expression. The similarly constructed rT3 mice harbor an additional D314-to-glutamate (D314E) mutation that blocks
htau cleavage. We demonstrate that htau transgene expression occurs primarily in the forebrain at similar levels in rT2 and rT3 mice.
Importantly, expression of the cleavage-resistant D314E mutant delays transgene-induced tau accumulation in the postsynaptic density,
brain atrophy, hippocampal neurodegeneration, and spatial memory impairment, without altering age-related progression of patho-
logic tau conformation and phosphorylation. Our comprehensive investigation of age-dependent disease phenotypes associated with
the htau P301L variant in precisely engineered FTD-modeling mice unveils a transiently protective effect of blocking htau cleavage at
D314. Findings of this study advance our understanding of the contribution of this tau cleavage to the pathogenesis of FTD, and aid
the development of effective dementia-targeting therapies.
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Significance Statement

A site-specific and caspase-2-mediated cleavage of human tau plays a pathologic role in dementia. In this study, we investigate
the contribution of this cleavage to the pathogenesis of frontotemporal dementia (FTD) using two genetically matched, tau-
transgene targeted-insertion mouse lines that differ only by a cleavage-resistant mutation. The use of these mice avoids
confounding effects associated with the random integration of tau transgenes to the mouse genome and allows us to compre-
hensively evaluate the impact of the tau cleavage on FTD phenotypes. Our data reveal that blocking this tau cleavage delays
memory impairment and neurodegeneration of FTD-modeling mice. These findings improve our understanding of the patho-
genic mechanisms underlying FTD and will facilitate the development of effective therapeutics.
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Introduction
Tau is a highly soluble and interactive neuronal protein that
undergoes a multitude of post-translational modifications to
maintain cell homeostasis. When these modifications are dys-
regulated, various morphologies of tau inclusions can accu-
mulate, this pathologic hallmark spans a heterogeneous group
of neurodegenerative disorders collectively known as tauopa-
thies. The discovery of .90 naturally occurring tau variants in
cases of frontotemporal dementia (FTD) (Alzforum; https://
www.alzforum.org/mutations/mapt) suggests a key pathologic
role of dysregulated tau, but the mechanisms underlying this
etiology are not fully understood.

Site-specific cleavage of human tau (htau) by caspase-2
(Casp2) at aspartate-314 (D314, 2N4R htau numbering) gener-
ates Dtau314 (Zhao et al., 2016), a soluble tau species that is rele-
vant to multiple tauopathies (Zhao et al., 2016; Liu et al., 2019,
2020; Smith et al., 2019). Previous findings (Zhao et al., 2016)
suggest that Casp2-mediated htau cleavage at D314 induces
cognitive impairment and hippocampal degeneration in both
rTg4510 and adeno-associated virus (AAV)-induced FTD model
systems. rTg4510 mice (Ramsden et al., 2005; Santacruz et al.,
2005) harbor an htau transgene that contains a proline-to-leu-
cine mutation at amino acid 301 (htau P301L) linked to fronto-
temporal dementia and parkinsonism linked to chromosome 17
(Dumanchin et al., 1998; Hutton et al., 1998). AAV-mediated
hippocampal transfection of WT mice induces expression of
cleavage-sensitive htau P301L or cleavage-resistant htau P301L
D314E (an aspartate-to-glutamate mutation at amino acid 314).
However, the aforementioned models present several problem-
atic and confounding variables that obscure research findings.
First, the random insertion of ;70 copies of the tau transgene
during the generation of Tg4510 responder mice disrupts fibro-
blast growth factor 14 (Fgf14) (Gamache et al., 2019; Goodwin
et al., 2019). Fibroblast growth factor 14 protein is involved in
neurotransmitter signaling, synaptic plasticity, and cognitive
function (Xiao et al., 2007; Alshammari et al., 2016; Di Re et al.,
2017). As such, the dysregulation of Fgf14 may alter some
observed effects of tau transgene expression on rTg4510
disease phenotypes. Second, the steady-state protein levels
of AAV-transfected htau P301L and htau P301L D314E
were unequal in these mice (Zhao et al., 2016). More
broadly, AAV-mediated gene delivery models present sev-
eral obstacles: Transgene expression levels are difficult to
control, limited vector packaging capacity can cause a loss
of transgene expression pattern specificity (Cook-Snyder et
al., 2015), and the host genome can be disrupted by the
integration of AAV transgenes (Deyle and Russell, 2009).
Together, these shortcomings invite a need for more pre-
cisely engineered models of FTD.

In the present studies, we examine the impact of site-specific
htau cleavage at D314 on cognitive function and neuropathology
using two novel mouse lines: rT2 and rT3. The rT2 and rT3 mice
harbor a single copy of the htau P301L and the htau P301L
D314E transgene, respectively. These transgenes were inserted in
a neutral site known to promote transgene expression without
dysregulating endogenous gene expression (Beard et al., 2006).
We demonstrate that (1) the htau transgenes are expressed pri-
marily in the forebrain and at a similar level between rT2 and
rT3 mice, (2) the site-specific htau cleavage occurring in rT2
mice is blocked by the D314E mutation in rT3 mice, (3) the onset
of spatial memory impairment in rT2 mice is delayed but not
prevented in rT3 mice, (4) spatial memory impairment in rT2
and rT3 mice coincides with excessive htau accumulation and

de-anchoring of AMPARs in the postsynaptic density (PSD), (5)
brain atrophy and hippocampal neurodegeneration begins at
older ages in rT3 than in rT2 mice, and (6) age-related progres-
sion of pathologic tau conformation and phosphorylation is sim-
ilar in rT2 and rT3 mice. Overall, these findings support a
pathogenic role for site-specific htau cleavage at D314 in FTD
and increase our understanding of tau-related disease mecha-
nisms. The presently characterized mouse model system can be
used as a tool for preclinical assessment of therapies targeting
this cleavage.

Materials and Methods
Generation of rT2 and rT3 mice. The bigenic rT2 and rT3 mice were

generated by crossing the activator CaMKIIa-tetracycline-controlled
transactivator (tTA) line (Mayford et al., 1996) to responder FVB-T2
(harboring a P301L variant of htau transgene (MAPT)) and FVB-T3
(harboring an additional D314E mutation of the MAPT P301L variant)
line, respectively.

To generate T2 responder mice, a single-copy transgene integration
strategy mediated by site-specific recombination was adopted. First, ES
cell lines were engineered to carry a tetracycline response element
(TRE)-controlledMAPT P301L variant based on a procedure previously
described (Gamache et al., 2019). Specifically, 25mg of purified plasmid
Col1a-frt-hygro-pA (Addgene) was transfected by electroporation into
v6.5 Mouse ES cells (passage #22, Novus Biologicals) derived from a
male of C57BL/6� 129/sv background. The incorporation of an “Flp-in”
integration cassette of the plasmid into the genomic sequence down-
stream of collagen, Type I, a1 (Col1A1) was accomplished by homolo-
gous recombination (see Fig. 1). Properly engineered ES cells were
selected by their resistance to the aminoglycoside antibiotic G418. The
DNA sequence of engineered cells was verified, and their karyotypes
were assessed. Clone 15 (v6.5Col1A1#15) was identified to have an accu-
rately integrated exogenous DNA sequence and a normal karyotype. All
further flippase recognition target (FRT)-mediated targeting was per-
formed in this modified ES cell line.

The MAPT P301L variant sequence contained a TRE promoter
sequence, the mouse prion protein gene (prnp) encoding partial introns
1 and 2 plus exons 2 and 3, the cDNA open reading frame encoding the
isoform containing four microtubule-binding domains but no amino-
terminal inserts (0N4R), and an SV40 poly(A) signal sequence. This
sequence was cloned from a plasmid (pTRE.prnp.tauP301L) that was used
to generate Tg4510 responder mice (Santacruz et al., 2005) and then
inserted downstream of the frt 39-end in the plasmid pgk-ATG-frt
(Addgene) containing an “Flp-in” promoter cassette; 6 mg of the result-
ing DNA construct and 0.5mg of an eighth generation flippase (FLP)
protein (FLPe) transient expression vector pCAGGS-FLPe (Gene
Bridges) containing DNA sequence that encodes FLP recombinase were
cotransfected into the v6.5Col1A1#15 ES cell line (see Fig. 1).
Hygromycin (140mg/ml) was used to select ES clones resistant to the an-
tibiotic. Accurate DNA recombination and clone selection for MAPT
P301L variant sequence were verified, and the karyotype of these cells
was examined using detailed methods previously published (Gamache et
al., 2019, 2020). T2 responder mice were generated by injecting the prop-
erly engineered,MAPT P301L variant-containing ES cells into host blas-
tocysts. The responder mice were back-crossed 5 times to FVBWTmice
to obtain MAPT P301L-hemizygous T2 mice and were maintained on
an FVB/N background.

T3 responder mice were similarly generated, except that an addi-
tional D314E mutation of the MAPT P301L variant was introduced to
the engineered plasmid pgk-ATG-frt.

The activator mice harbor an engineered tTA transgene (CKtTA)
whose specific forebrain neuron expression is driven by a modified
CaMKIIa promoter (Mayford et al., 1996). CKtTA-hemizygous activator
mice were maintained on a 129S6 background.

Female responder mice were bred to male activator mice to generate
F1 experimental cohorts (htau1/� tTA1/�). Littermates with htau�/�

tTA1/� or htau�/� tTA�/� genotypes were used as controls.

4738 • J. Neurosci., June 8, 2022 • 42(23):4737–4754 Steuer, Kemper et al. · Blocking Tau Cleavage Delays Dementia Progression

https://www.alzforum.org/mutations/mapt
https://www.alzforum.org/mutations/mapt


The bigenic rT1 mice harboring nonmutant (i.e., WT) MAPT were
also used in this study. Detailed generation and characterization of rT1
mice were reported previously (Gamache et al., 2020).

Mice. Experiments involving mice were conducted in full accordance
with the guidelines of the Association for Assessment and Accreditation
of Laboratory Animal Care and approved by the Institutional Animal
Care and Use Committee at the University of Minnesota (approval
#2012-38712A). Mice of both genders were used in experiments, and sta-
tistical analyses showed no significant (p. 0.05) gender effects.

Mice were anesthetized with isoflurane (nose cone/vaporizer flow
rate 3%) and killed by decapitation. Tissue specimens of interest were im-
mediately harvested and processed after death. For immunofluorescence
experiments examining neurodegeneration, following anesthetization and
before death, mice were transcardially perfused with ice-cold 1� PBS (pH
7.4) followed by 4% (w/v) PFA (dissolved in 1� PBS, final pH 6.9). For all
the other studies using tissue specimens, anesthetized mice were transcar-
dially perfused with ice-cold 1� PBS (pH 7.4) before death.

mRNA ISH. The spatial expression pattern of transgenic MAPT
mRNA in the brains of rT2 and rT3 mice (Table 1; see Fig. 2A)
was revealed using a commercially available BaseScope RED assay
(ACDBio). Specifically, 2-month-old rT2 mice were used; age- and gen-
der-matched, transgenic littermates expressing only tTA were used as a
negative control for MAPT expression. The same experimental design
was applied to rT3 mice. The left hemisphere was dissected and fixed
in 4% (w/v) PFA at 4°C for 5 d. The fixed tissue was then embedded in
paraffin, processed as 5-mm-thick sagittal sections, and mounted on
charged microscope slides. mRNA ISH was performed according to the

manufacturer’s instructions using a probe (ACDBio, catalog #702311)
that targets a MAPT mRNA sequence spanning exons 12 and 13 (59-
GGCTCAUUAGGCAACAUCCAUCAUAAACCAGGAGGUGGCCA-
GG-39). To map the spatial expression pattern of MAPT mRNA, brain
sections were scanned using a TissueScope LE slide scanner (Huron
Digital Pathology) at the University of Minnesota Imaging Centers
(UIC, RRID:SCR_020997).

RNA extraction. To isolate total RNA, 2-month-old rT2 and rT3
mice and their respective, age- and gender-matched transgenic litter-
mates expressing only tTA were used (Table 1; see Fig. 3A). The fore-
brain (whole-brain ridding cerebellum, brainstem, and olfactory bulb) of
the left hemisphere was first homogenized using a MagNA Lyser instru-
ment (Roche Diagnostics). Tissue specimens and MagNA Lyser green
beads (Roche Diagnostics) were agitated at 6,500 rpm (rotation speed),
room temperature (RT), for 50 s in 1 ml of precooled Qiazol reagent
supplied with an RNeasy lipid tissue mini kit (QIAGEN). Total RNA
was then isolated using the kit according to the manufacturer’s instruc-
tions. The RNA concentration and purity were determined using a DU
730 Life Science UV/Vis Spectrophotometer (Beckman Coulter). The
RNA integrity was determined by assessing the relative intensities of 28S
and 18S rRNA electrophoresed in 1% (w/v) agarose gels.

qRT-PCR. In order to compare mRNA expression levels of MAPT
transgenes in the rT2 and rT3 mice, RT-qPCR was performed in
two steps: cDNA synthesis and real-time PCR. First, 5 mg of iso-
lated RNA samples was treated with RNase-free DNase I (New
England Biolabs) according to the manufacturer’s instructions to
eliminate DNA contamination. Next, single-stranded cDNA of MAPT

Figure 1. Engineering MAPT transgenes in responder mouse lines: A schematic illustration. Col1A1, collagen; Type I, a1 gene; 39-UTR, the three prime untranslated region; G418R, an open
reading frame encoding aminoglycoside phosphotransferase from the Tn5 transposon that confers resistance to geneticin; FRT, flippase (FLP) recognition target; HygroR, an open reading frame
encoding aminoglycoside phosphotransferase from E. coli that confers resistance to hygromycin; Pgk promoter, the mouse phosphoglycerate kinase 1 promoter; ATG, the start codon; Prnp/
MAPT, DNA sequence encoding the 0N4R isoform of human tau inserted in the mouse prion protein gene encoding partial introns 1 and 2 plus exons 2-3; SV40 poly(A), simian virus 40 poly-
adenylation tail; CAG promoter, a synthetic promoter engineered from the cytomegalovirus early enhancer element, the chicken b -actin promoter, and the splice acceptor of the rabbit b -glo-
bin gene; FLPe, an open reading frame encoding a fusion between simian virus 40 nuclear localization signal and the S. cerevisiae site-specific recombinase FLP.
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was synthesized from 250ng of DNase I-treated RNA using an iScript
cDNA synthesis kit (Bio-Rad) following the manufacturer’s instructions.
Finally, real-time PCR was conducted using a LightCycler 480 (Roche
Applied Sciences), as previously described in detail (Gamache et al., 2020).
Briefly, mRNA of the MAPT transgene was quantified by normalizing to
that of an endogenous reference gene, hypoxanthine phosphoribosyltrans-
ferase 1 (Hprt1), using SYBR Green I as the DNA-binding fluorescence dye.
The following primers were used for real-time PCR: MAPT forward, 59-
CTACACCATGCACCAAGACC-39; MAPT reverse, 59-TGCTTTTACT
GACCATGCGA-39; Hprt1 forward, 59-GCTGGTGAAAAGGACCTCT-
39; and Hprt1 reverse, 59-CCACAGGACTAGAACACCTGCTA-39.
Experimenters performing RT-qPCR were blind to mouse genotype.

Protein extraction. To explore the spatial expression pattern of trans-
genic htau protein, to compare the expression levels of htau, and to
determine the levels of htau relative to those of endogenous murine tau
(mtau) in rT2 and rT3 mice, a one-step protein extraction procedure

was used as previously described (Liu et al., 2011) with minor
modifications.

To explore the spatial expression pattern of htau (Table 1; see Fig.
2B), 2-month-old rT2 mice were used; age- and gender-matched, trans-
genic littermates expressing only tTA were used as a negative control for
htau expression. The same experimental design was applied to rT3 mice.
The olfactory bulb, hippocampus, cerebral cortex, cerebellum, and
brainstem of the right hemisphere, and the spinal cord were isolated.
Tissue specimens were mechanically homogenized in extraction buffer
(50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1 mM EGTA; 0.3% (w/v) SDS;
1% (w/v) deoxycholate; 0.5% (v/v) polyethylene glycol p-(1,1,3,3-tetra-
methylbutyl)-phenyl ether (Triton X-100); 0.1 mM PMSF; 0.2 mM 1,10-
phenanthroline monohydrate; a protease inhibitor cocktail (Millipore
Sigma); and two phosphatase inhibitor cocktails (Millipore Sigma; and
Santa Cruz Biotechnology). Tissue homogenates were gently agitated on
a rotator at 4°C for 1 h and then centrifuged (16,100 � g) at 4°C for

Table 1. Mice used in this study

Figure Age (mo)

Mouse line

rT1 rT2 rT3

htau1/� tTA1/� htau�/� tTA�/� htau1/� tTA1/� htau�/� tTA1/� htau�/� tTA�/� htau1/� tTA1/� htau�/� tTA1/� htau�/� tTA�/�

2 2 n.a. n.a. 1F 1M 1F 1M n.a. 1F 1M 1F 1M n.a.
3A 2 n.a. n.a. 2F 3M n.a. n.a. 2F 4M n.a. n.a.
3B 2 n.a. n.a. 3F 5M n.a. n.a. 2F 4M n.a. n.a.
3C 2 n.a. n.a. 3F 5M 4F 4M n.a. 3F 4M 5F 4M n.a.
4 5-9 n.a. n.a. 5F 4M n.a. 1F 1M 4F 4M n.a. 1F 1M
5A,B–D 5 n.a. n.a. 6F 6M n.a. 6F 6M n.a. n.a. n.a.
5A,E–G 5 n.a. n.a. n.a. n.a. n.a. 6F 6M n.a. 6F 6M
5A,H–J 8 n.a. n.a. 8F 8M n.a. 8F 8M n.a. n.a. n.a.
5A,K–M 8 n.a. n.a. n.a. n.a. n.a. 8F 8M n.a. 8F 8M
5A,N–P 12 n.a. n.a. 6F 6M n.a. 6F 6M n.a. n.a. n.a.
5A,Q–S 12 n.a. n.a. n.a. n.a. n.a. 6F 6M n.a. 3F 6M
6 5 3F 3M 1F 1M 4F 2M n.a. 1F 3F 3M n.a. 1F 2M
6 8 4F 2M 1F 1M 1F 3M n.a. 1F 1M 3F 3M n.a. 1F 1M
6 12 4F 2M 2M 6F 3M n.a. 1F 1M 3F 3M n.a. 2F
6 15 2F 2M 2F 2F 4M n.a. 1F 1M 4F 2M n.a. 1F 1M
6 18 2F 2M 1F 1M 2F 2M n.a. 1F 1M 2F 2M n.a. 1F 1M
7A,B 5 4F 4M 1F 1M 6F 2M n.a. 1F 1M 4F 4M n.a. 3F 1M
7A,B 8 3F 2M 1F 1M 7F 4M n.a. 3F 1M 4F 4M n.a. 3F 1M
7A,B 12 8F 4M 1F 4M 10F 5M n.a. 5F 2M 4F 3M n.a. 2F 2M
7A,B 15 2F 2M 2F 1M 3F 3M n.a. 2F 2M 4F 2M n.a. 2F 2M
7A,B 18 2F 2M 1F 1M 2F 2M n.a. 2F 2M 2F 2M n.a. 1F 1M
8B 5 2F 2M n.a. 3F 2M n.a. n.a. 3F 2M n.a. n.a.
8B 8 3F 1M n.a. 2F 3M n.a. n.a. 3F 3M n.a. n.a.
8B 12 3F 2M n.a. 3F 2M n.a. n.a. 1F 3M n.a. n.a.
8B 15 2F 2M n.a. 2F 2M n.a. n.a. 3F 1M n.a. n.a.
8A,B 18 2F 2M n.a. 2F 2M n.a. n.a. 2F 2M n.a. n.a.
8C 5 3F 3M n.a. 4F 2M n.a. n.a. 3F 3M n.a. n.a.
8C 8 2F 1M n.a. 2F 3M n.a. n.a. 2F 3M n.a. n.a.
8C 12 2F 2M n.a. 3F 3M n.a. n.a. 2F 2M n.a. n.a.
8C 15 2F 2M n.a. 2F 2M n.a. n.a. 3F 1M n.a. n.a.
8A,C 18 2F 2M n.a. 2F 2M n.a. n.a. 2F 2M n.a. n.a.
8D 5 2F 3M n.a. 3F 2M n.a. n.a. 3F 2M n.a. n.a.
8D 8 3F 1M n.a. 2F 2M n.a. n.a. 3F 1M n.a. n.a.
8D 12 6F 2M n.a. 6F 3M n.a. n.a. 2F 3M n.a. n.a.
8D 15 2F 2M n.a. 2F 2M n.a. n.a. 3F 2M n.a. n.a.
8A,D 18 2F 2M n.a. 2F 2M n.a. n.a. 2F 2M n.a. n.a.
8E 5 2F 2M n.a. 2F 2M n.a. n.a. 2F 2M n.a. n.a.
8E 8 3F 1M n.a. 2F 1M n.a. n.a. 3F 1M n.a. n.a.
8E 12 6F 2M n.a. 6F 3M n.a. n.a. 2F 3M n.a. n.a.
8E 15 2F 2M n.a. 2F 2M n.a. n.a. 2F 2M n.a. n.a.
8A,E 18 2F 2M n.a. 2F 2M n.a. n.a. 2F 2M n.a. n.a.
9 5 n.a. n.a. 2F 3M n.a. 3F 3M 5F 2M n.a. 3F 3M
9 8 n.a. n.a. 5F 5M n.a. 3F 3M 5F 5M n.a. 3F 3M
9 12 n.a. n.a. 4F 5M n.a. 3F 3M 5F 1M n.a. 2F 3M

mo = months of age, F = female(s), M = male(s), n.a. = not applicable.
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90min. The resulting supernatant was depleted of endogenous mouse
IgG using Protein G Sepharose 4 FF resin (GE Healthcare) and stored at
�80°C until further use.

To compare the expression levels of htau (Table 1; see Fig. 3B), 2-
month-old rT2 and rT3 mice were used. The forebrain of the right hemi-
sphere was isolated, and proteins were extracted as described above.

To determine the relative levels of htau to mtau (Table 1; see Fig.
3C), 2-month-old rT2 and rT3 mice and their respective, age-matched
transgenic littermates expressing only tTA were used. The forebrain of
the right hemisphere was isolated, and proteins were extracted as
described above except that phosphatase inhibitor cocktails were
excluded.

To determine levels of Dtau314 (Table 1; see Fig. 4), 5- to 9-month-
old rT2 and 5- to 9-month-old rT3 mice and their respective 5- to 9-
month-old non-transgenic (non-Tg) littermates were used. Water-soluble
brain extracts were prepared as previously described (Shankar et al.,
2008; Liu et al., 2019). Briefly, the forebrain of the right hemisphere

was homogenized in 5 volumes of ice-cold extrac-
tion buffer (25 mM Tris-HCl, pH 7.4; 140 mM

NaCl; and 3 mM KCl with the protease and phos-
phatase inhibitors described above) using a Dounce
homogenizer (PolyScience) at the highest speed for
25 strokes. The resulting material was centrifuged at
16,100 � g, 4°C for 90min. The supernatant was
subsequently depleted of endogenous IgG and stored
at�80°C.

Protein concentration was determined by a
BCA assay (Thermo Fisher Scientific) according to
the manufacturer’s instructions.

Subcellular fractionation of brain tissue. Proteins
of right hemi-forebrains of 5-, 8-, and 12-month-
old rT2 and rT3 mice (Table 1) were biochemically
isolated as cytosolic and light membrane (Fraction
1), synaptosome (Fraction 2), and PSD (Fraction 3)
as described previously (Wang et al., 2013;
Gamache et al., 2020). Briefly, tissue specimens
were homogenized in buffer 1 (320 mM sucrose;
and 25 mM HEPES, pH 7.4) using a Dounce
Homogenizer (PolyScience) at the lowest speed for
12 strokes. The resulting homogenates were first
centrifuged at 3,000 � g, 4°C for 5min, and the su-
pernatant was then centrifuged at 10,000 � g, 4°C
for 12min. The resulting supernatant was collected
as Fraction 1. The pellet was resuspended in buffer
2 (25 mM HEPES, pH 7.4; 150 mM NaCl; and 2%
(v/v) Triton X-100), incubated on ice for 30min,
and then centrifuged at 10,000� g, 4°C for 20min.
The resulting supernatant was collected as Fraction
2. The pellet was washed once with ice-cold buffer
3 (10 mM sodium phosphate, pH 7.4; 137 mM

NaCl; and 2.7 mM KCl) and then resuspended in
250ml of ice-cold buffer three to obtain Fraction 3.

In vitro synthesis of Dtau314 protein. Dtau314
protein was synthesized using previously described
methods (Liu et al., 2019). Briefly, cDNA encod-
ing MAPT (0N4R isoform) was cloned into the
pcDNA3.1(1) vector (Thermo Fisher Scientific).
The trinucleotides encoding leucine 315 were
modified to a stop codon using the QuikChange II
Site-Directed Mutagenesis Kit (Agilent Technologies)
following the manufacturer’s instructions. The fol-
lowing primers were used for the mutagenesis: for-
ward, 59-AGTCTACAAACCAGTTGACTAGAGC
AAGGTGACCTCCAAG-39; and reverse, 59-CTTG
GAGGTCACCTTGCTCTAGTCAACTGGTTTGTA
GACT-39. Protein synthesis was conducted using a
TnT Coupled Reticulocyte Lysate Systems (Promega)
following the manufacturer’s instructions.

Immunoprecipitation. Immunoprecipitation
was performed according to a previously pub-

lished protocol (Liu et al., 2019). Briefly, to detect Dtau314, water-
soluble brain extracts containing 1.2 mg of total protein per sample
were incubated with mouse monoclonal htau antibody tau-13
(BioLegend; 10 mg per reaction; Table 2) and Protein G Sepharose
four Fast Flow resin (GE Healthcare) in the presence of protease
and phosphatase inhibitors at 4°C for 14-16 h. Resins were then
washed in 1� TBS, pH 7.4, with 0.1% (v/v) Triton X-100. The pre-
cipitated proteins were eluted at 95°C using 4� loading buffer
(Bio-Rad).

Western blotting (WB).WBwas performed according to a previously
published protocol (Liu et al., 2019). Briefly, protein samples were size-
fractionated by SDS-PAGE using 10% Criterion TGX stain-free protein
gels (Bio-Rad) and then electrophoretically transferred onto 0.2-mm
nitrocellulose membranes at 0.4 A (constant current), 4°C for 4 h.

To compare the expression levels of htau between rT2 and rT3 mice,
protein extracts (4mg per animal) were subjected to WB. Blots were

Figure 2. Spatial expression pattern of htau transgenes in rT2 and rT3 mice. A, Representative ISH photomicrographs
showing mRNA expression of htau transgenes (indicated by red signals) in sagittal sections of 2-month-old rT2 and rT3
mice. Scale bar, 0.8 mm. B, Representative SWAWB images showing protein expression of htau transgenes in six distinct
anatomic regions of the CNS of 2-month-old rT2 and rT3 mice: olfactory bulb (Olf.), cerebral cortex (Ctx.), hippocampus
(Hippo.), cerebellum (Cbm.), brainstem (Br. St.), and spinal cord (Sp. C.). Top, fl-htau revealed using monoclonal htau-
specific HT7 antibody. Bottom, Total brain proteins. htau P301L1/� tTA1/�, rT2 mice; htau P301L D314E1/� tTA1/�,
rT3 mice; htau P301L�/� tTA1/� and htau P301L D314E�/� tTA1/�: age-matched littermates of rT2 and rT3 mice,
respectively, that expressed only the tTA activator. These mice served as negative controls. The expression pattern of
htau transgenes was similar in both genders, and only that of female mice is shown. kDa, kilodaltons.
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probed with mouse monoclonal tau-13
antibody (BioLegend; Table 2) or anti-
b III-tubulin (Millipore Sigma; Table 2) at
RT for 1 h, followed by HRP-conjugated
anti-mouse IgG (Thermo Fisher Scientific).

To determine the relative levels of htau
to mtau in rT2 and rT3 mice, protein
extracts were subjected to dephosphoryl-
ation treatment using calf intestinal alka-
line phosphatase (New England Biolabs) as
described previously (Gamache et al., 2020).
The phosphatase-treated brain proteins
(4 mg per animal) were then subjected to
WB. Blots were probed with mouse mono-
clonal T46 antibody (BioLegend; Table 2)
or anti-b III-tubulin (Millipore Sigma;
Table 2) at RT for 1 h, followed by HRP-
conjugated anti-mouse IgG (Thermo Fisher
Scientific).

To determine levels of Dtau314 in rT2
and rT3 mice, eluted tau-13-precipitated
proteins were subjected to WB. To reveal
Dtau314, blots were probed with mouse
monoclonal biotin-conjugated 4F3 (Table
2) at 4°C overnight, followed by HRP-
conjugated neutravidin (Thermo Fisher
Scientific). To reveal full-length (fl) htau
(fl-htau), the same blots were stripped
with Restore PLUS stripping buffer
(Thermo Fisher Scientific) at RT for 1 h
and reprobed with mouse monoclonal
biotin-conjugated tau-5 (Thermo Fisher
Scientific; Table 2) at RT for 1 h, fol-
lowed by HRP-conjugated neutravidin
(Thermo Fisher Scientific).

To determine levels of fl-htau, phos-
phorylated tau, and AMPAR in the PSD
fraction of rT2 and rT3 mice, homolo-
gously resuspended samples (10ml per ani-
mal) were subjected to WB. Total proteins
were detected via stain-free imaging technol-
ogy. Blots were probed with mouse mono-
clonal antibodies HT7 (Thermo Fisher
Scientific; Table 2) and PHF-1 (Table 2) or
rabbit polyclonal antibodies (Cell Signaling
Technology; Table 2) recognizing AMPAR
and PSD95 at RT for 2 h, followed by HRP-
conjugated anti-mouse or anti-rabbit IgG
(Thermo Fisher Scientific).

WB signals were revealed using either
a SuperSignal West Pico PLUS chemi-
luminescent substrate (Thermo Fisher
Scientific) or a highly sensitive Clarity
Max Western enhanced chemilumines-
cence substrate (Bio-Rad) coupled to a
semiautomatic ChemiDoc MP Imaging System (Bio-Rad). Image
Lab 6.0 (Bio-Rad) was used to perform automatic, unbiased quan-
tification. Experimenters performing WB were blind to mouse ge-
notype, age, and gender.

Simple Western automated WB (SWAWB). SWAWB was performed
based on the manufacturer’s instructions. Briefly, brain extracts were
diluted with 0.1� sample buffer for a final concentration of 18ng/ml,
and then mixed with 5� fluorescent master mix. The resulting samples
were denatured by boiling at 95°C for 5min and then size-fractionated
on the ProteinSimple WES System using the 12-230 kDa Separation
Module 8� 25 capillary cartridges (ProteinSimple). Total proteins of the
loaded brain extracts were revealed using the total protein detection
module. fl-htau proteins were revealed using mouse monoclonal antibody

HT7 (Thermo Fisher Scientific; Table 2) and the anti-mouse detection
module.

Immunofluorescence and semiquantitative analyses of tau signals.
Following transcardial perfusion with ice-cold 1� PBS (pH 7.4) and decapitation,
the left hemisphere was dissected and fixed in 4% (w/v) ice-cold PFA for 48 h.
Fixed brain tissue was thoroughly washed with ice-cold 1� PBS (pH 7.4) and
then transferred to Antigen Preservative Solution (Neuroscience Associates) for
long-term storage at �20°C until further use. Before sectioning, brains were
washed thoroughly with ice-cold 1� PBS (pH 7.4) and transferred to 30% (w/v)
sucrose (dissolved in 1� PBS, final pH 7.4) to be cryoprotected for 48 h. Brains
were then embedded in Tissue-Tek Optimal Cutting Temperature com-
pound (Sakura) and cut into 40-mm-thick coronal sections at �20°C using
a Leica CM 1900 cryostat (Leica Microsystems). Brain sections were stored
at�20°C in Antigen Preservative Solution until further use.

Figure 3. Quantitative analyses of htau transgene expression in rT2 and rT3 mice. A, Quantitative comparison of mRNA levels (normal-
ized to levels of Hprt1) of MAPT in the forebrain between 2-month-old rT2 and age-matched rT3 mice. The scatter plot with bar graph rep-
resents data of individuals plus group mean6 SD. B, Quantitative comparison of protein levels (normalized to levels of b III-tubulin) of
fl-htau in the forebrain between 2-month-old rT2 and age-matched rT3 mice. Left, Representative WBs using antibodies recognizing htau
(tau-13, top) and b III-tubulin (bottom). Right, A scatter plot with bar representing individual data plus group median6 interquartile range. C,
Quantitative comparison of forebrain protein levels (normalized to levels of b III-tubulin) of dephosphorylated fl-tau (htau plus mtau, +/�) and
endogenous fl-mtau (�/�) for 2-month-old rT2 and age-matched rT3 mice. Left, Representative WBs using antibodies recognizing tau (T46,
top) and b III-tubulin (bottom). Right, A scatter plot with bar representing individual data plus group mean6 SD. Numbers of animals (for
detailed gender distribution, see Table 1) used are shown in parentheses. ****p, 0.0001. a.u., arbitrary units. kDa, kilodaltons.

Figure 4. Quantitative comparison of levels of Dtau314 in rT2 and rT3 mice. A, Representative Immunoprecipitation (IP)/WBs.
Proteins from rT2 and rT3 mice (htau1/� tTA1/�) (5- to 9-month-old) captured by tau-13 antibody were revealed using biotin-conju-
gated 4F3 antibody for the detection of Dtau314 (top). A non-Tg littermate (htau�/� tTA�/�) of rT2 mice was used as negative con-
trol. Synthetic (Syn.) Dtau314 (6ml) was used as positive control. fl-htau was detected by reprobing the same blot with biotin-
conjugated tau-5 antibody (bottom). B, Quantitative comparison of levels of Dtau314 (normalized to levels of fl-htau) in the forebrain
between rT2 and rT3 mice. The scatter plot with bar represents individual data plus group mean 6 SD. Numbers of animals (for
detailed gender distribution, see Table 1) used are shown in parentheses. ****p, 0.0001. kDa, kilodaltons.
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To investigate age-related progression of pathologic tau conforma-
tion and phosphorylation in neurons of the hippocampus, primary
somatosensory cortex (Sm Ctx), and entorhinal cortex (Ent Ctx), three
tissue sections were selected for each studied animal. The first section
was located at bregma �1.94 mm (interaural 1.86 mm), and subsequent
sections were located at bregma �2.42 mm and �2.90 mm, respectively.
Tissue plates were placed on gently-rotating orbital shakers during all
wash and incubation steps, except for antigen retrieval. Brain sections
were first washed 3 times with 1� PBS (pH 7.4) at RT for 5min each
time to rinse off the preservative solution. Next, to reduce autofluores-
cence, brain sections were incubated in 1% (w/v) sodium borohydride
(dissolved in 1� PBS, final pH 9.7) at RT for 20min. Next, brain sections
were washed 5 times with 1� PBS (pH 7.4) at RT for 15min each time
and then incubated in antigen retrieval solution (Reveal Decloaker,
RTU, pH 6.0; Biocare Medical) at 80°C for 30min. Next, brain sections
were cooled to RT and then washed with 1� PBS (pH 7.4) 3 times
for 5min each time. Brain sections were then blocked using 5% (v/v)
normal goat serum (NGS) (diluting 100% (v/v) NGS solution (Vector
Laboratories) in 1� PBS, 0.5% (v/v) Triton X-100, pH 7.4) at RT for 1 h.
Next, sections were incubated at 4°C for 48 h in 3% (v/v) NGS (diluting
100% (v/v) NGS solution in 1� PBS, 0.3% (v/v) Triton X-100, pH 7.4)
with a rabbit polyclonal antibody recognizing NeuN (Millipore Sigma;
Table 2) plus one of the following mouse monoclonal antibodies (Table
2): AT8, CP13, MC1, and PHF-1. After being washed 3 times with 1�
PBS (pH 7.4) at RT for 15min each time, brain sections were incu-
bated in the dark with goat-anti-rabbit IgG-conjugated AlexaFluor-
488 (Abcam) (1:1,000, diluted in 3% (v/v) NGS) and goat-anti-
mouse IgG-conjugated AlexaFluor-568 (Abcam) (1:1,000, diluted in
3% (v/v) NGS) at RT for 1 h. Following three 15 min washes with 1�
PBS (pH 7.4), brain sections were treated with TrueBlack Lipofuscin
Autofluorescence Quencher (Biotium) at RT for 30 s, and then washed 3
times with 1� PBS (pH 7.4) for 5min each time. Finally, brain sections were
mounted onto Superfrost Plus charged slides, coverslipped with Vectashield
MountingMediumwith DAPI (Vector Laboratories), and stored at 4°C.

Digital immunofluorescence photomicrographs were obtained using
a Nikon C2 confocal microscope (Nikon) with a 10� (NA=0.45) objec-
tive located at the UIC. NIS-Elements software (Nikon) was used to
drive sequential scanning of ROIs in three fluorescence channels: a
DAPI laser (excitation: 405 nm, emission: 460 nm), a GFP laser (excita-
tion: 488 nm, emission: 519 nm), and a Texas Red laser (excitation:
561 nm, emission: 617 nm).

Photomicrographs were acquired as Z stacks (imaged through 40mm
depth) and collapsed into maximum intensity projection images. Following

collection, images were processed using ImageJ software (National
Institutes of Health). Specifically, background was subtracted using the
Rolling ball radius (50.0 pixels) function. Large hippocampal images
were created using the pairwise stitching plugin.

Tau immunoreactivity at five anatomic ROIs (i.e., cornu ammonis
(CA)1, CA2-3, dentate gyrus (DG), primary Sm Ctx, and Ent Ctx) were
graded in a semiquantitative manner using adapted Consortium to
Establish a Registry for Alzheimer’s Disease (AD) neuropsychological
rating scales as previously described (Santacruz et al., 2005; Gamache et
al., 2019). Immunostained brain sections were viewed, and the quantity
of cells containing immunoreactive htau signals was graded through a 10�
ocular and a 20� (NA=0.45) objective equipped to a Zeiss Axioskop 2
MOT fluorescence microscope (Zeiss) under the excitation wavelength of
555nm. ROIs were exhaustively examined through nonoverlapped FOVs.
For each brain section, a score (Table 3) was assigned for each FOV of a
specific ROI, and the average score was then calculated for each ROI. The
resulting scores of a particular ROI from different brain sections of a mouse
were averaged and then used for semiquantitative analysis. The experi-
menter assigning scores was blind to mouse genotype, age, and gender.

Hippocampal cell volume quantification.Mouse brain processing and
sectioning were prepared as described in Immunofluorescence and semi-
quantitative analyses of tau signals. For each studied mouse, five sections
spanning the hippocampus were systematically selected (360mm apart,
coordinates: bregma (mm) �1.42, �1.78, �2.14, �2.50, and �2.86). The
selected brain sections were first washed 3 times with 1� PBS (pH 7.4) at
RT for 5min each time to rinse off the preservative solution. Next, brain
sections were incubated in 1% (w/v) sodium borohydride at RT for

Table 2. Primary antibodies used in this study

Antibody Host/isotype Epitope Source Usagec

Tau-13 Mouse, IgG1, k tau15-25 BioLegend, catalog #835201; RRID:AB_2565341 IP (;10mg), WB (1:30,000, final
conc.: n.d.)

T46 Mouse, IgG1 tau395-432 Thermo Fisher Scientific, catalog #13-6400;
RRID:AB_2533025

WB (1:10,000, final conc.: 50 ng/ml)

AT8 Mouse, IgG1 phosphorylated tau at Ser202 & Thr205 Thermo Fisher Scientific, catalog #MN1020;
RRID:AB_223647

IF (1:1000, final conc.: 200 ng/ml)

MC1 Mouse, IgG1 conformation-dependent, tau7-9 & tau313 -322 P. Davies gift; RRID:AB_2314773 IF (1:1000, final conc.: n.d.)
CP13 Mouse, IgG2b, phosphorylated tau at Ser202 P. Davies gift; RRID:AB_2314223 IF (1:2000, final conc.: n.d.)
PHF-1 Mouse, IgG1 phosphorylated tau at Ser396 & Ser404 P. Davies gift; RRID:AB_2315150 WB (1:5000), IF (1:1500); final conc.: n.d.
Anti-b III-tubulin Mouse, IgG2b C-terminus Millipore Sigma, catalog #T8578;

RRID:AB_1841228
WB (1:200,000, final conc.: 5 ng/ml)

Biotin-conjugated 4F3 Mouse, IgG2b, k taux�314 Ashe laboratory WB (1:45,000, final conc.: 36 ng/ml)
Biotin-conjugated tau-5 Mouse, IgG1 tau210-241 Thermo Fisher Scientific, catalog #MA5-12805;

RRID:AB_10978000
WB (1:30,000, final conc.: 17 ng/ml)

HT7 Mouse, IgG1, k tau159-163 Thermo Fisher Scientific, catalog #MN1000;
RRID:AB_2314654

SWAWB (1:100), WB (1:5000), IF
(1:10,000, final conc.: 20 ng/ml)

Anti-AMPAR 1 (GluA1) Rabbit, IgG proprietary Cell Signaling Technology, catalog #13185S;
RRID:AB_2732897

WB (1:5000, final conc.: n.d.)

Anti-PSD95 Rabbit, IgG proprietary Cell Signaling Technology, catalog #2507S;
RRID:AB_561221

WB (1:5000, final conc.: n.d.)

Anti-NeuN Rabbit, IgG N-terminus Millipore Sigma, catalog #ABN78; RRID:AB_10807945 IF (1:1000, final conc.: n.d.)

Amino acid residues are counted using the 2N4R human tau splicing isoform numbering system. Ser, Serine; Thr, threonine; conc., concentration; n.d., not determined; IP, immunoprecipitation; IF, immunofluorescence.

Table 3. Semiquantitative grading scales of tau pathology

ROI CA1 CA2-3 DG Sm Ctx Ent Ctx

Countsa

Scaleb

0 0 0 0 0 0
0.5 1-2 1-2 1 1-2 1-2
1 3-4 3-4 2 3-4 3-4
1.5 5-9 5-6 3 5-9 5-9
2 10-14 7-8 4 10-14 10-14
2.5 15-19 9-10 5 15-19 15-19
3 �20 �11 �6 �20 �20

aCounts = the number of immunoreactive neuronal cell bodies identified within a single FOV.
bScale = Semiquantitative unit in the y axes of Figure 8B-E.
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20min to reduce autofluorescence. Next, brain sections were washed 5
times with 1� PBS (pH 7.4) at RT for 5min each time and then incubated
in antigen retrieval solution (Reveal Decloaker, RTU) at 80°C for 30min.
Brain sections were cooled to RT and then washed 3 times with 1� PBS
(pH 7.4) for 5min each time. Next, brain sections were blocked using 5%
(v/v) NGS at RT for 1 h, followed by incubation at 4°C for 48 h in 3%
(v/v) NGS with a rabbit polyclonal antibody recognizing NeuN (Millipore
Sigma; Table 2) and mouse monoclonal antibody HT7 (Thermo Fisher
Scientific; Table 2). After being washed with 1� PBS (pH 7.4) 3 times at RT
for 15min each time, brain sections were incubated in the dark with goat-
anti-rabbit IgG-conjugated AlexaFluor-488 (Abcam) (1:1,000, diluted in 3%
(v/v) NGS) and goat-anti-mouse IgG-conjugated AlexaFluor-594 (Abcam)
(1:1,000, diluted in 3% (v/v) NGS) at RT for 1 h. Following 3 times of a 15
min wash with 1� PBS (pH 7.4), brain sections were treated with
TrueBlack Lipofuscin Autofluorescence Quencher at RT for 30 s, and then
washed 3 times with 1� PBS (pH 7.4) for 5min each time. Finally, brain
sections were mounted onto Superfrost Plus charged slides, coverslipped
with Vectashield Mounting Medium with DAPI, and stored at 4°C.

Digital immunofluorescence photomicrographs were obtained using a
Nikon C2 confocal microscope (Nikon) with a 4� (NA=0.13) objective
located at the UIC. NIS-Elements software (Nikon) was used to drive scanning
the entire ROI in three fluorescence channels: DAPI, GFP, and Texas Red.

Hippocampal area measurements were obtained using ImageJ software
(National Institutes of Health). The freehand tool was used to measure the
area of the pyramidal cell layer (PCL) of the hippocampal regions (CA1,
CA2-3) and the granule cell layer (GCL) of the DG in each section. Two
experimenters blind to age, gender, and genotype conducted area measure-
ments, and mean values were used for statistical analyses.

Stereology-based estimation of the volume (V) of neuronal cell layers
in hippocampus was conducted using the following equation:

V ¼ tRAi;

where t is the distance between two consecutively sampled sections (i.e.,
400mm) and Ai is the measured area of ROI in each studied brain section.

Morris water maze (MWM). Spatial reference memory was assessed
using a previously described MWM protocol (Liu et al., 2015b; Gamache
et al., 2020) (see Fig. 5A) customized for fast-learning 129S6/FVB F1
mice (Weitzner et al., 2015) to enhance sensitivity to subtle deficits
(Westerman et al., 2002). Briefly, prehandling of mice (one session per
day for 5 consecutive days) was conducted 1 week before the behavioral
test to acclimate animals to the test environment and alleviate stress-
induced deficit in performance (Sandi, 1998; Holscher, 1999). Three
days following prehandling, mice underwent visible-platform training
(three trials per day for 5 consecutive days; intertrial interval: 20-30min)
and then hidden-platform training (two trials per day for 8 d; intertrial
interval: 20-30min). There was a 2 d interval between the last visible,
and the first hidden, platform training trial. In each training trial, each
mouse was allowed 60 s to locate the platform. The escape latencies of
visible training trials within each day were averaged for data analyses.
The escape latencies of hidden training trials were averaged over 2 d
periods (i.e., combining days 1 and 2, days 3 and 4, days 5 and 6, and
days 7 and 8, respectively) for data analyses. Three 30 s probe trials, in
which mice were allowed to search for the platform (removed from the
pool), were performed 72 h after the eighth, 12th, and 16th trials of hid-
den-platform training. The first and second probe trials were followed
immediately by hidden training. The mean values of quadrant occu-
pancy of the three probe trials were used for statistical analyses. All trials
were monitored and recorded using a computerized tracking system
(Noldus EthoVision XT 10; Noldus Noldus Information Technology).
Experimenters conducting the behavioral test were blind to mouse
genotype.

Experimental design and statistical analyses. The experimental
design for determining the spatial expression pattern of transgenic
human tau expression (both mRNA and protein) is described in detail in
mRNA ISH and Protein extraction. As this was a qualitative study, no
statistical analysis was applied.

Statistical analyses for all the quantitative data were performed using
GraphPad Prism version 8.3.0 (GraphPad Software), except for multiple

linear regression analyses of age-related progression of pathologic tau
conformation and phosphorylation, which was performed using R ver-
sion 3.4.1 (R Foundation for Statistical Computing). Data that passed
normality tests were subjected to parametric tests, whereas those that did
not were subjected to nonparametric tests. p, 0.05 was considered stat-
istically significant.

The experimental design for measuring mRNA levels of htau by RT-
qPCR is described in detail in RNA extraction, qRT-PCR, and Table 1. The
sample sizes (N values) used in this experiment were determined from
power analyses of a similar experiment as described previously (Gamache et
al., 2020). To assess differences in mRNA levels of htau between rT2 and
rT3 mice, an unpaired, two-tailed t test withWelch’s correction was used.

For protein levels of tau measured by WB, the experimental design is
detailed in Protein extraction, WB, and Table 1. The N values used were
determined from power analyses described previously (Gamache et al.,
2020). To assess differences in protein levels of htau between rT2 and
rT3 mice, an unpaired, two-tailed Mann–Whitney U test was used. To
compare protein levels of htau relative to endogenous mtau in rT2 and
rT3 mice, two-way ANOVA was used followed by post hoc tests between
groups (Tukey’s multiple comparisons).

For levels of Dtau314 measured by immunoprecipitation/WB, the ex-
perimental design is detailed in Protein extraction, Immunoprecipitation,
WB, and Table 1. The N values used were determined from power
analyses of a preliminary study using a smaller sample size. To assess
differences in levels of Dtau314 between rT2 and rT3 mice, an
unpaired, two-tailed t test with Welch’s correction was used.

For WB-measured levels of fl-htau, phosphorylated tau, and
AMPAR in the PSD fraction, the experimental design is detailed in
Subcellular fractionation of brain tissue, WB, Figure 9, and Table 1. The
N values used were determined from power analyses of a preliminary
study using a smaller sample size. To compare fl-htau protein levels
between rT2 and rT3 mice within each studied age, an unpaired, two-
tailed t test withWelch’s correction was used. To compare levels of phos-
phorylated tau and AMPAR between rT2 and rT3 mice within each
studied age, two-way ANOVA was used to study the htau mutation
(D314E) � transgene interaction followed by post hoc tests (Tukey’s
multiple comparisons). To assess age-related alteration in protein levels
between rT2 and rT3 mice, two-way ANOVA was used to study the
htau mutation (D314E) � age interaction followed by post hoc tests
(Tukey’s multiple comparisons), non-Tg littermates of rT2 and rT3 mice
were not included in this analysis.

Detailed experimental design and statistical analyses for the behav-
ioral test, including numbers of animals of each gender used for each of
the three studied ages (i.e., 5, 8, and 12months), are described in Morris
water maze (MWM), Figure 5, and Table 1. The N values used were
determined based on power analyses described previously (Gamache
et al., 2020). In order to assess spatial reference learning of rT2 and
rT3 mice at each of the three studied ages, two-way repeated-meas-
ures ANOVA followed by Sidak’s multiple comparisons was used
for visible- and hidden-platform trials of MWM to determine
whether escape latencies differed between transgenic mice (rT2 or
rT3) and their corresponding non-Tg littermates. In order to assess
spatial reference memory of rT2 and rT3 mice at each of the three
studied ages, the Dirichlet distribution (Maugard et al., 2019) was
first used to determine whether mice spent the same percentage of
time in each of the four quadrants. Post hoc comparisons were then
performed using either one-tailed single-sample t tests (for target or
opposite quadrant) or two-tailed single-sample t tests (for adjacent
quadrants) (Maugard et al., 2019) to assess whether the fractions of
time mice spent in each quadrant were different from 25%.

For analyzing volumes of PCL and GCL, experimental design and
statistical analyses are described in Hippocampal cell volume quantifica-
tion, Figure 6, and Table 1. To compare cell layer volumes among mice,
two-way ANOVA was used followed by Tukey’s multiple comparisons.
Specifically, cell layer volumes of non-Tg littermates of rT1, rT2, and
rT3 mice at each of the five studied ages (i.e., 5, 8, 12, 15, and 18months)
were first compared. No difference was detected (data not shown); there-
fore, non-Tg mice of the same age were combined and then compared
with transgenic mice.
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For the brain weight analyses, experimental design and statistical analy-
ses are described in the legend of Figure 7 and Table 1. To compare brain
weights among mice, two-way ANOVA was used followed by Tukey’s mul-
tiple comparisons. Specifically, brain weights of non-Tg littermates of rT1,
rT2, and rT3 mice at each of the five ages described above were first com-
pared. No difference was detected (data not shown); therefore, non-Tg mice
of the same age were combined and then compared with transgenic mice.

For analysis of the age-related progression of pathologic tau confor-
mation and phosphorylation in neuronal cell bodies, experimental
design and statistical analyses are described in Immunofluorescence and
semiquantitative analyses of tau signals, Figure 8, and Table 1. Multiple
linear regression analyses were performed to test for an age-associated
progression in tau immunoreactivities and determine whether the rates
of age-related progression of tau immunoreactivities differed between
rT2 and rT3 mice. As rT1 mice showed no tau immunoreactivity, only
data of rT2 and rT3 mice were used for statistical analyses.

All data are openly accessible on request. None of the experiments
described in this report has been preregistered.

Results
Transgenic htau expression in rT2 and rT3 mice
To explore the spatial expression pattern of htau transgenes of
rT2 and rT3 mice, we showed that MAPT mRNA was detected

in the cerebral cortex, hippocampus, caudate putamen, and ol-
factory bulb, but not the brainstem or cerebellum in 2-
month-old animals (Fig. 2A). In parallel, we showed that
htau proteins were detected in the cerebral cortex, hippo-
campus, and olfactory bulb, but not the brainstem, cerebel-
lum, or spinal cord in mice of the same age (Fig. 2B). These
findings confirm a forebrain-specific htau transgene expres-
sion driven by CaMKIIa promoter.

To compare the forebrain expression levels of htau transgenes
in rT2 and rT3 mice, we quantified levels of MAPT mRNA and
observed no difference (t(8.869) = 0.2322, p= 0.8217) between the
two transgenic lines at 2 months of age (Fig. 3A). Using WB
probed with tau-13 antibody, we showed that levels of fl-
htau proteins were comparable (U = 15, p = 0.2824) in the
forebrain between rT2 and rT3 mice at 2 months of age
(Fig. 3B). In addition, we observed a transgene-dependent
alteration (F(1,28) = 388.7, p, 0.0001) in levels of dephos-
phorylated fl-tau proteins. Post hoc analysis showed that
levels of dephosphorylated fl-tau proteins (htau plus mtau)
in both rT2 and rT3 mice were 5.6-fold higher (p, 0.0001)
than levels of dephosphorylated endogenous fl-mtau pro-
teins in their respective littermates expressing only the acti-
vator transgene (Fig. 3C). This is consistent with previous

Figure 5. Age-related spatial reference learning and memory in rT2 and rT3 mice. A, A schematic diagram illustrating the experimental procedures of MWM used to measure
spatial reference learning and memory of rT2 and rT3 mice at 5, 8, and 12 months of age. Detailed description is available in Materials and Methods. B–S, Superimposed symbols
with bars (group mean 6 SD) and connecting line graphs (B,C,E,F,H,I,K,L,N,O,Q,R) show data of the visible- and hidden-platform trials. Scatter plot with bar (individual data
plus group mean 6 SD) graphs (D,G,J,M,P,S) show data of the probe phase with the 25% chance level shown in dotted lines. Post hoc analyses following the Dirichlet distribu-
tion were performed to identify differences between each of the four quadrant occupancies and the chance level. Numbers of animals (for detailed gender distribution, see Table
1) used are shown in parentheses. *p, 0.05, **p, 0.01, ***p, 0.001 (for quadrant occupancies .25%). #p, 0.05, ##p, 0.01, ###p, 0.001 (for quadrant occupancies
,25%). T, Target quadrant; R, right quadrant; O, opposite quadrant; L, left quadrant. htau P301L1/� tTA1/�, rT2 mice; htau P301L�/� tTA�/�, non-Tg littermates of rT2
mice; htau P301L D314E1/� tTA1/�, rT3 mice; htau P301L D314E�/� tTA�/�, non-Tg littermates of rT3 mice. M, months of age.
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findings (Gamache et al., 2020). Together, these results sug-
gest a comparable level of htau transgene overexpression
between rT2 and rT3 mice.

The production of Dtau314 in rT2 and rT3 mice
The D314E mutation was shown to block the production of
Dtau314 in vitro and in mice expressing htau P301L previously
(Zhao et al., 2016). To further determine the effect of this
mutation on site-specific cleavage at D314, we compared
levels of Dtau314 in age-matched, young rT2 and rT3 mice
(Fig. 4A,B). We showed that levels of Dtau314 were reduced
(t(8.024) = 9.502, p, 0.0001) by 98.6% in rT3 compared with

rT2 mice, suggesting that the D314E mutation prevents Dtau314
production in transgene targeted-insertion mice constitutively
expressing htau P301L.

Spatial memory impairment is delayed in rT3 mice
compared with rT2 mice
In rTg4510 mice, lowering levels of murine Casp2 is associated
with a reduced production of Dtau314 and reversal of spatial
memory impairment (Zhao et al., 2016). In addition, transfection
of mice with AAV carrying the Casp2 cleavage-resistant D314E
mutation of htau P301L prevents htau transgene-induced cogni-
tive deficits (Zhao et al., 2016). Because of limitations of those

Figure 6. Hippocampal PCL and GCL volume in rT1, rT2, and rT3 mice. A, Representative photomicrographs of hippocampi (bregma:�2.18 mm) at varied ages of rT1, rT2, rT3, and non-Tg
(combining non-Tg littermates of rT1, rT2, and rT3 mice at the same age; for details, see Experimental design and statistical analyses) mice. Scale bars, 300mm. B, Scatterplots illustrating the
volumes of PCLs of the CA1 (left) and CA2-3 (middle), and GCL of the DG (right). Pyr. Vol., PCL volume; Gra. Vol., GCL volume. C, Post hoc comparisons of cell layer volumes at varied ages
between mouse lines. p values of,0.05 are highlighted in bold. M, months of age. For detailed gender distribution and numbers of animals used, see Table 1.
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two experimental systems, we assessed age-related spatial refer-
ence learning and memory in rT2 and rT3 mice via a customized
MWM paradigm (Fig. 5A) to better understand the role of the
site-specific htau cleavage in cognitive function.

We found no difference in escape latency (Fig. 5B,C,E,F,H,I,
K,L,N,O,Q,R) or swimming speed (data not shown) of rT2 or
rT3 mice at 5, 8, or 12months of age compared with their re-
spective, age-matched non-Tg littermates for either visible- or
hidden-platform training. These findings indicate normal
motor function and task-learning capability of these htau-trans-
genic mice.

We then analyzed quadrant occupancy of the probe phase
using the Dirichlet distribution (Maugard et al., 2019), as the
data lack the normal distribution and independence required
in performing parametric statistics. We first asked whether
mice spent different amounts of time searching (i.e., occu-
pancy) in the four quadrants. At 5 months of age, similar to
their respective non-Tg littermates, rT2 (Fig. 5D) as well as
rT3 (Fig. 5G) mice spent different amounts of time among
the quadrants (PDirichlet , 0.0001 for both rT2 mice and
their non-Tg littermates, and PDirichlet = 0.0004 and 0.0016
for rT3 mice and their non-Tg littermates, respectively).
We then asked how occupancies in each of the four quad-
rants differ from chance. We found occupancies signifi-
cantly higher than 25% for the target quadrant and lower
than 25% for the opposite quadrant in both rT2 and rT3
mice as well as their respective non-Tg littermates (Fig. 5D,
G), indicating normal memory function in 5-month-old animals
(target occupancy for mice: rT2: t(11) = 4.6509, p=0.0004; rT3:
t(11) = 4.1493, p=0.0008; non-Tg rT2 littermates: t(11) = 4.0949,
p=0.0009; and non-Tg rT3 littermates: t(11) = 4.0100, p=0.0010;
opposite-target occupancy for mice: rT2: t(11) = �4.0111,
p=0.0010; rT3: t(11) = �4.3041, p = 0.0006; non-Tg rT2

littermates: t(11) = �3.6501, p = 0.0019; and
non-Tg rT3 littermates, t(11) = �4.9844,
p = 0.0002).

At 8months of age, however, we found that
rT2 mice occupied the quadrants for similar
amounts of time (Fig. 5J), but occupancies
remained different in rT3 mice (Fig. 5M), in
non-Tg rT2 littermates (Fig. 5J), and in non-Tg
rT3 littermates (Fig. 5M) (PDirichlet = 0.44 for
rT2 mice, PDirichlet = 0.0059 for rT3 mice, and
PDirichlet , 0.0001 for their respective non-Tg lit-
termates). Post hoc analyses showed no quadrant
occupancy difference from 25% for rT2 mice but
significantly higher than 25% for the target
quadrant and lower than 25% for the opposite
quadrant for rT3 mice as well as their respective
non-Tg littermates (target occupancy for mice:
rT3: t(15) = 2.6026, p= 0.0100; non-Tg rT2 litter-
mates: t(15) = 4.5857, p= 0.0002; and non-Tg rT3
littermates, t(15) = 4.6748, p=0.0002; opposite-
target occupancy for mice: rT3: t(15) = �2.1160,
p=0.0257; non-Tg rT2 littermates: t(15) =
�3.7132, p= 0.0010; and non-Tg rT3 litter-
mates: t(15) = �4.4220, p = 0.0002) (Fig. 5J,
M). These results indicate that memory func-
tion is impaired in rT2 mice but remains
normal in rT3 mice.

At 12months of age, we found that occupan-
cies in the four quadrants were no longer differ-
ent in rT3 mice (Fig. 5S) (PDirichlet = 0.31 and
0.011 for rT3 mice and their non-Tg littermates,

respectively). Post hoc analyses showed no quadrant occupancy
difference from 25% for rT3 mice (Fig. 5S), indicating their
impaired memory function. Although significantly different
quadrant occupancies were observed in 12-month-old rT2 mice
(Fig. 5P) (PDirichlet = 0.0012 and, 0.0001 for rT2 mice and their
non-Tg littermates, respectively), this was driven mainly by
markedly high and low occupancies of adjacent quadrants rather
than those of the target and opposite quadrants, which showed
no difference from 25% (Fig. 5P). These results indicate that
memory function of 12-month-old rT2 mice remains impaired.

Together, these findings suggest that expressing the cleavage-
resistant D314E mutant in mice delays the onset of, but fails to
prevent, htau P301L-induced spatial reference memory impair-
ment. Spatial reference acquisition of mice seems unaffected by
this mutant.

Hippocampal neurodegeneration is delayed in rT3 mice
compared with rT2 mice
Previous reports indicate that htau cleavage at D314 is
required for htau P301L-induced hippocampal volume reduc-
tion in young WT mice (Zhao et al., 2016). To better under-
stand the contribution of this cleavage to neurodegeneration,
we quantitatively compared volumes of hippocampal PCL and
GCL between rT2 and rT3 mice. Here, we also included rT1
mice expressing WT htau (Gamache et al., 2020) to discern
the effects of the FTD-linked htau P301L variant from those
caused solely by htau expression.

In the CA1, we observed a transgene-dependent, age-
related reduction in the PCL volume (transgene effect:
F(3,93) = 21.36, p, 0.0001; age effect: F(4,93) = 18.50, p, 0.0001;
and transgene � age interaction: F(12,93) = 4.084, p, 0.0001) (Fig.
6A,B). By post hoc analyses, we detected a volume reduction in

Figure 7. Brain weights of rT1, rT2, and rT3 mice. A, A scatterplot illustrating the wet brain weights of rT1, rT2,
rT3, and non-Tg (combining non-Tg littermates of rT1, rT2, and rT3 mice at the same age; for details, see
Experimental design and statistical analyses) mice. B, Post hoc comparisons of brain weights at varied ages between
mouse lines. p values of ,0.05 are highlighted in bold. M, months of age. For detailed gender distribution and
numbers of animals used, see Table 1.
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rT2 mice starting at 12months of age compared with age-matched
non-Tg (lower by 27%, 33%, and 50% at 12, 15, and 18months,
respectively) and rT1 (lower by 21%, 32%, and 49% at 12, 15, and
18months, respectively) mice (Fig. 6A–C). In addition, no differ-
ence in the PCL volume was present between rT1 and non-Tg

mice (Fig. 6A–C). Given a twofold higher htau expression level in
rT1 than in genetically matched rT2 mice (Gamache et al., 2020),
these results indicate an age-related CA1 neurodegeneration
induced by the FTD-linked htau P301L expression. Meanwhile,
we found that the CA1 PCL volumes of rT3 mice were lower than

Figure 8. Age-related progression of pathologic tau conformation and phosphorylation in neuronal cells of rT1, rT2, and rT3 mice. A, Representative photomicrographs of phosphorylated tau
(red punctates) immunoreactive to the antibodies AT8, CP13, or PHF-1, and conformationally altered tau (red punctates) immunoreactive to the antibody MC1 in neuronal cells (NeuN staining
in green) of the hippocampus (including CA1, CA2-3, and DG), primary Sm Ctx, and Ent Ctx of 18-month-old rT2 and rT3 mice. Scale bars, 100mm. B-E, Scatterplots illustrating levels of tau
reactive to antibodies AT8 (B), MC1 (C), CP13 (D), and PHF-1 (E) in the five anatomic brain regions (i.e., CA1, CA2-3, DG, Sm Ctx, and Ent Ctx) of rT1, rT2, and rT3 mice at varied ages.
Semi-quan., Semiquantitative. M, months of age. For detailed gender distribution and numbers of animals used, see Table 1.
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those of non-Tg mice at 15 (by 21%) and 18 (by 45%) months of
age and lower than those of rT1 mice at 18months of age (by
42%); in particular, only the CA1 PCL volumes of 12-month-old
rT3 and rT2 mice differed (the former higher by 39%) (Fig. 6A–
C). Together, these results indicate that age-related CA1 neurode-
generation is delayed in middle-aged rT3 mice compared with
age-matched rT2 mice.

In the CA2-3, although we observed a transgene-induced
reduction in the PCL volume (F(3,93) = 2.781, p= 0.0453), we
detected no difference between mouse lines at any test age (Fig.
6A–C, except for 12-month-old rT1 versus rT2 mice, likely
because of an rT1 outlier), indicating that CA2-3 neurons are
preserved independently of age, transgene expression, and site-
specific htau cleavage.

In the DG, we observed a transgene-induced, age-related
reduction in the GCL volume (transgene effect: F(3,93) = 182.6,
p, 0.0001; age effect: F(4,93) = 11.58, p, 0.0001; and trans-
gene � age interaction: F(12,93) = 2.236, p = 0.0158) (Fig. 6A,B).
The presence of lower GCL volumes in the three transgenic
htau mouse lines (i.e., rT1, rT2, and rT3) than age-matched
non-Tg mice (Fig. 6A–C) is not unexpected as multiple lines
of CKtTA/transgene bigenic mice modeling various tauopa-
thies consistently exhibit progressive DG neurodegeneration
(Jankowsky et al., 2005; Santacruz et al., 2005; Paulson et al.,
2008; Han et al., 2012; Liu et al., 2015a; Gamache et al., 2019).
Meanwhile, expressing the tTA activator alone has been
shown to partially contribute to progressive DG neurodegen-
eration in mice of certain genetic backgrounds (Han et al.,
2012), likely because of tTA-driven off-target gene expression
(Gamache et al., 2019). Interestingly, the GCL volumes of
young and middle-aged rT1 mice were lower than age-
matched rT2 (by 51% and 44% at 5 and 8months, respec-
tively) and rT3 (by 57%, 37%, and 61% at 5, 8, and 12months,
respectively) mice (Fig. 6A–C). This is likely a consequence of
a more severe dysregulation of neurogenesis during the early
developmental stage. Specifically, a higher expression level
and hyperphosphorylation state of htau in rT1 (than in rT2
and rT3) cause strong detrimental effects (e.g., oxidative
stress) during development (Gamache et al., 2020; present
study). The GCL volumes of rT2 and rT3 mice became com-
parable to those of rT1 mice at 12 and 15months of age,
respectively (Fig. 6A–C), likely because of stronger neurode-
generation induced by constitutive expression of FTD-
linked htau P301L. Notably, the GCL volumes of rT3 were
higher (by 60%) than rT2 mice at 12 months of age but
became comparable to rT2 mice starting at 15 months of
age (Fig. 6A–C), which indicates a delayed effect of rT3
mice on DG neurodegeneration.

Brain atrophy is delayed in rT3 mice compared with rT2
mice
Age-dependent brain atrophy occurs in htau P301L-expressing
rTg4510 and rT2/T2 homozygous mice (Santacruz et al., 2005;
Gamache et al., 2019). Since we found delayed hippocampal neu-
rodegeneration in rT3 compared with rT2 mice, we compared
brain weights in rT2 and rT3 mice. We observed a transgene-
induced, age-dependent brain weight loss (transgene effect:
F(3,143) = 33.81, p, 0.0001; age effect: F(4,143) = 5.297, p=0.0005;
and transgene � age interaction: F(12,143) = 6.626, p, 0.0001)
(Fig. 7A). When examining mice expressing different htau forms,
we detected a reduction in brain weights in rT2 mice (compared
with age-matched rT1 mice) by 13% and 11% at 15 and
18months, respectively (Fig. 7A,B). This was observed despite a

twofold higher htau expression level in rT1 than in rT2 mice
(Gamache et al., 2020), indicative of an age-related brain atrophy
driven by FTD-linked htau P301L expression. At 15months of
age, rT3 mice had brain weights comparable to rT1 mice but
higher than rT2 mice by 16%, whereas brain weights of 18-
month-old rT3 mice became comparable to age-matched rT2
mice (Fig. 7A,B), suggesting a delayed brain atrophy effect of rT3
mice relative to rT2 mice.

Age-related progression of pathologic tau conformation and
phosphorylation does not differ between rT2 and rT3 mice
Expression of htau P301L in various FTD mouse models leads to
an age-related somatodendritic accumulation of hyperphos-
phorylated and conformationally altered tau forms (Lewis et al.,
2000; Ramsden et al., 2005; Terwel et al., 2005; de Calignon et al.,
2012; Cook et al., 2015). These effects are similarly observed in
the brain of FTD patients (Kovacs, 2015). The abnormal aggrega-
tion of these modified tau forms is believed to initiate the forma-
tion of neurofibrillary tangles (Ballatore et al., 2007; Bodea et al.,
2016), a cardinal brain lesion widely present in neurodegenera-
tive disorders (Kovacs, 2017). To explore the effects of site-spe-
cific htau cleavage at D314 on age-related progression of tau
pathology, we measured the degree of cell body accumulation of
phosphorylated and conformationally altered tau forms in the
hippocampus (including CA1, CA2-3, and DG), primary Sm
Ctx, and Ent Ctx of rT1, rT2, and rT3 mice (Fig. 8). In mice
between 5 and 18months of age, we observed differences in rates
of pathologic tau progression among the three htau-expressing
mouse lines (AT8 at CA1, F(2,61) = 6.413, p= 0.0030; AT8 at
CA2-3, F(2,61) = 7.474, p=0.0012; AT8 at DG, F(2,61) = 5.754,
p= 0.0051; AT8 at Sm Ctx, F(2,61) = 17.51, p, 0.0001; AT8 at Ent
Ctx, F(2,61) = 11.39, p, 0.0001; MC1 at CA1, F(2,62) = 8.217,
p= 0.0007; MC1 at CA2-3, F(2,62) = 7.362, p=0.0014; MC1 at
DG, F(2,62) = 4.785, p=0.0117; MC1 at Sm Ctx, F(2,62) = 22.35,
p, 0.0001; MC1 at Ent Ctx, F(2,62) = 13.46, p, 0.0001; CP13 at
CA1, F(2,68) = 15.12, p, 0.0001; CP13 at CA2-3, F(2,68) = 8.685,
p= 0.0004; CP13 at DG, F(2,62) = 3.814, p= 0.0274; CP13 at Sm
Ctx, F(2,68) = 17.77, p, 0.0001; CP13 at Ent Ctx, F(2,62) = 20.22,
p, 0.0001; PHF-1 at CA1, F(2,63) = 9.478, p=0.0003; PHF-1 at
CA2-3, F(2,64) = 2.198, p=0.1193; PHF-1 at DG, F(2,60) = 2.279,
p= 0.1111; PHF-1 at Sm Ctx, F(2,63) = 10.45, p=0.0001; and
PHF-1 at Ent Ctx, F(2,60) = 18.56, p, 0.0001). We detected no
phosphorylated or conformationally altered tau in rT1 mice and
no difference in progression rate of AT8-, MC1-, CP13-, or
PHF-1-reactive tau signals between rT2 and rT3 mice. These
findings indicate that age-related progression of tau pathology is
induced by FTD-linked htau P301L as opposed to the WT form,
and that site-specific htau cleavage at D314 does not affect the
progression of tau pathology.

Age-related postsynaptic abnormalities in rT2 and rT3 mice
Previous research indicates that spatial memory and synaptic
plasticity deficits in FTD-modeling mice are associated with ex-
cessive accumulation of htau in PSD before synaptic or neuronal
loss (Hoover et al., 2010). Furthermore, site-specific htau cleav-
age at D314 drives htau P301L-induced synaptic dysfunction and
cognitive impairment and promotes htau accumulation to den-
dritic spines in an FTD cellular model (Zhao et al., 2016). To
understand the effects of the D314E mutation on tau postsynap-
tic accumulation in vivo, we compared levels of fl-htau (Fig. 9A–
E) in rT2 and rT3 mice at 5, 8, and 12months when their spatial
learning and memory were examined. While no difference
was detected between rT2 and rT3 mice at 5 (Fig. 9B) or 12
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(Fig. 9D) months of age, PSD levels of fl-htau were lower
(t(12.40) = 4.465, p = 0.0007) by 36% in rT3 than in rT2 mice
at 8 months of age (Fig. 9C). We also observed that this
D314E mutation affected htau P301L accumulation in PSD
differently at various ages (mutation effect: F(1,41) = 2.728,
p = 0.1062; age effect: F(2,41) = 19.88, p, 0.0001; and muta-
tion � age interaction: F(2,41) = 3.886, p = 0.0285) (Fig. 9E).
By post hoc analyses, we observed that age-related htau
P301L accumulation in PSD occurred in both rT2 and rT3
mice, and that the D314E mutation lowered levels of PSD
htau P301L specifically in 8-month-old mice. This indicates
a delayed effect for the D314E mutation on tau PSD
accumulation.

In cultured primary neurons, phosphorylation at serine-396/
404 of tau is required to induce its excessive accumulation in
dendritic spines (Teravskis et al., 2021), and this early pathologic
process disrupts synaptic function (Teravskis et al., 2020). In rT2
and rT3 mice, we investigated whether tau phosphorylated at
serine-396/404 (pSer396/404-tau) was excessively accumulated
in PSD and whether the D314E mutation alters its PSD pres-
ence in an age-dependent manner (Fig. 9A,F–I). We observed a
transgene-induced PSD accumulation of pSer396/404-tau in 5-
month-old (Fig. 9F) and 12-month-old (Fig. 9H) mice (for the
5-month-old, transgene effect: F(1,20) = 24.20, p, 0.0001; for
the 12-month-old, transgene effect: F(1,22) = 74.72, p, 0.0001).
Compared with levels of pSer396/404-tau in their respective,
age-matched non-Tg littermates, levels of pSer396/404-tau were
elevated by 3.9-fold (p= 0.0066), 2.1-fold (p= 0.0212), 5.1-fold
(p, 0.0001), and 4.2-fold (p, 0.0001) in 5-month-old rT2, 5-

month-old rT3, 12-month-old rT2, and 12-month-old rT3
mice, respectively. Notably, we showed that the transgene-
induced PSD accumulation of pSer396/404-tau was reversed by
the D314E mutation in 8-month-old mice (Fig. 9G) (transgene
effect: F(1,28) = 40.72, p, 0.0001; mutation effect: F(1,28) = 20.46,
p= 0.0001; and transgene � mutation interaction: F(1,28) =
15.08, p= 0.0006). Post hoc analyses showed that levels of
pSer396/404-tau were elevated (p, 0.0001) by 5.1-fold in
rT2 mice compared with their non-Tg littermates and were
lower (p, 0.0001) by 66% in rT3 mice compared with rT2
mice. In addition, the D314E mutation age-dependently
affects PSD accumulation of pSer396/404-tau (mutation
effect: F(1,41) = 4.484, p = 0.0403; age effect: F(2,41) = 36.47,
p, 0.0001; and mutation � age interaction: F(2,41) = 6.870,
p = 0.0027) (Fig. 9I). Post hoc analyses revealed that age-
related PSD accumulation of pSer396/404-tau occurred in
both rT2 and rT3 mice, and that the D314E mutation low-
ered PSD levels of pSer396/404-tau specifically in 8-month-
old mice.

Excessive postsynaptic tau accumulation is associated with a
loss of AMPAR in the membrane of dendritic spines and a
reduced strength of AMPAR-mediated synaptic transmission
(Hoover et al., 2010). In addition, expression of htau P301L has
been shown to reduce levels of AMPAR in PSD in cultured pri-
mary neurons, which is reversed by expressing htau P301L
D314E (Zhao et al., 2016). To further understand how the
D314E mutation affects the PSD anchoring of AMPAR in vivo,
we compared levels of AMPAR subunit GluA1 (Fig. 9A,J–M)
in rT2 and rT3 mice. We observed a transgene-dependent

Figure 9. Age-related tau accumulation and AMPAR alteration in PSD of rT2 and rT3 mice. A, Representative WBs showing fl-htau (HT7), phosphorylated tau (PHF-1),
GluA1 subunit of AMPAR (anti-GluA1), and PSD95 from a female (F) and a male (M) rT2 and rT3 mice (htau1/� tTA1/�) at 5, 8, and 12 months of age (mo) and their respec-
tive, age- and gender-matched non-Tg littermates (htau�/� tTA�/�). Total PSD proteins were also shown to demonstrate equal loading of samples. kDa, kilodaltons. B-M,
Scatter plots with bar (individual data plus group mean 6 SD) graphs showing levels of fl-htau (B-E), PHF-1-reactive phosphorylated tau (F-I), and GluA1 (J-M), all normal-
ized to levels of PSD95, in rT2 and rT3 mice at 5 (B,F,J), 8 (C,G,K), and 12 (D,H,L) mo. Age-related alterations between rT2 and rT3 mice (E,I,M) were also analyzed.
Numbers of animals (for detailed gender distribution, see Table 1) used are shown in parentheses. *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001, #p = 0.0715,
$p = 0.0576, %p = 0.0895, &p = 0.0525. a.u., arbitrary units.
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reduction in levels of GluA1 in 12-month-old mice (Fig. 9L)
(F(1,22) = 16.29, p= 0.0006). Compared with levels of GluA1 in
their respective, age-matched non-Tg littermates, levels of GluA1
were reduced by 45% (p=0.0164) and 43% (p= 0.0895) in rT2
and rT3 mice, respectively. Interestingly, the transgene-depend-
ent reduction in levels of GluA1 was prevented by the D314E
mutation in 8-month-old mice (Fig. 9K) (transgene effect:
F(1,28) = 8.525, p= 0.0068; mutation effect: F(1,28) = 3.386,
p=0.0764; and transgene � mutation interaction: F(1,28) = 8.711,
p=0.0063). Levels of GluA1 were reduced (p= 0.0015) by 50% in
rT2 mice compared with their non-Tg littermates, but were ele-
vated (p=0.0028) by 1.3-fold in rT3 mice compared with rT2
mice. Further, the D314E mutation affects PSD levels of GluA1
in an age-dependent manner (mutation effect: F(1,41) = 0.1932,
p=0.6626; age effect: F(2,41) = 15.84, p, 0.0001; and mutation �
age interaction: F(2,41) = 7.588, p= 0.0016) (Fig. 9M). By post hoc
analyses, an age-related reduction in PSD levels of GluA1 was
detected in rT2 mice, and the D314E mutation preserved PSD
levels of GluA1 specifically in 8-month-old mice.

Discussion
In this study, we aimed to better understand the role of a site-
specific htau cleavage at D314 in the pathogenesis of FTD. This
was achieved by directly comparing progressively aged molecu-
lar, pathologic, and behavioral phenotypes in two targeted-inser-
tion mouse lines, rT2 and rT3, which differ only by a cleavage-
resistant D314E mutation. Our model system has several advan-
tages. First, htau transgenes are engineered to a genome locus
that supports high transgene expression (McCreath et al., 2000).
This results in a life-long constitutive htau expression as opposed
to the transient htau expression modeled in AAV-transfected
mice. This model system also avoids disruption of host func-
tional gene expression as opposed to transgene insertion/deletion
(TgINDEL) mutations generated by transgene random insertion
(Gamache et al., 2019; Goodwin et al., 2019). Second, the integra-
tion of a single copy of htau transgenes in the responder lines
results in comparable htau protein levels in rT2 and rT3 mice,
which avoids confounding effects associated with inequivalent
htau expression in AAV-transfected mice (Zhao et al., 2016).
Third, the use of a “tet-off” bigenic system driven by CaMKIIa
promoter allows htau to be specifically expressed in forebrain
neuronal cells. Together, the rT2/rT3 pair serves as an excellent
tool to study the effects of the site-specific htau cleavage on mul-
tifaceted phenotypes of FTD throughout the lifespan. Notable
drawbacks of our bigenic system in disease modeling include the
presence of TgINDEL mutations in the activator CaMKIIa-tTA
line (Gamache et al., 2019; Goodwin et al., 2019) and the non-
physiological overexpression of htau transgene. In particular, the
undefined contribution of the tTA TgINDEL allele to mouse
phenotypes prevents us from delineating the pathologic effects
induced solely by the FTD-linked htau P301L variant. However,
as the same TgINDEL allele was used to drive htau expression in
both rT2 and rT3 mice, the tTA TgINDEL-associated confound-
ing effects are highly likely the same. The essentially identical
spatial expression patterns and steady-state expression levels of
htau between rT2 and rT3 mice further validate their appropri-
ateness as models in this study.

We confirmed the presence of an age-dependent impairment
of cognition and significant neurodegeneration (as indicated by
hippocampal PCL and GCL volumes and brain weights) induced
by tTA/htau P301L expression in rT2 mice and investigated the
impact of the Casp2 cleavage-resistant D314E mutation using

rT3 mice. In examining various pathologic tau markers (AT8,
CP13, MC1, and PHF-1), we found no difference in signal num-
ber or intensity between these lines of mice. It is important to
note that, while at 8months of age cognition was impaired in
rT2 but not rT3 mice, there was no difference in the relative lev-
els of the pathologic tau markers. In addition, while at 12months
of age hippocampal CA1 integrity (as indicated in PCL volume
measurements) was reduced in rT2 relative to rT3 mice, and at
15months of age brain weights were reduced in rT2 relative to
rT3 mice, these reductions were not accompanied by differences
in the relative levels of pathologic tau in rT2 compared with rT3
mice. Overall, our results indicate that the phosphorylation and
accumulation of tau in the somatodendritic regions of neurons
are not associated with either cognitive impairment or neurode-
generation in this model system, and that the protective effects of
the D314E mutation on spatial memory and neurodegeneration
occur independent of these processes. These results are consist-
ent with previous reports describing the dissociation of neurofi-
brillary tangles and phosphorylated tau from cognitive function,
synaptic function, and neuronal integrity (Santacruz et al., 2005;
de Calignon et al., 2010; Rocher et al., 2010; Sydow et al., 2011;
Crimins et al., 2012; Kuchibhotla et al., 2014; Rudinskiy et al.,
2014).

Interestingly, although we identified a protective effect of
the D314E mutation on spatial memory, the effect is present
at 8 but not 12months of age. In view of this delayed occur-
rence of memory deficits in rT3 relative to rT2 mice, we pos-
tulate that site-specific htau cleavage at D314 may contribute
to dementia primarily at the earliest stages of disease. In sup-
port of this result, we found that levels of Dtau314 are highest
in the brain of elderly individuals with mild cognitive impair-
ment, compared with age-matched, cognitively normal individ-
uals and individuals with AD (P.L., K.H.A. et al., unpublished
observations).

Our data reveal that memory deficits are closely associated
with tau accumulation and AMPAR loss in PSD. Together with
the observed transient memory protection by the cleavage-resist-
ant mutation, these findings lend substantial support to the hy-
pothesis that htau cleavage at D314 drives tau into dendritic
spines and disrupts early cognitive dysfunction. This cleavage
process triggers the de-anchoring of surface AMPAR and indu-
ces abnormal synaptic transmission, as shown previously (Zhao
et al., 2016; Teravskis et al., 2020). We have yet to understand the
specific mechanism by which htau cleavage at D314 promotes
the entry of tau to dendritic spines. One possibility is related to
the observation that the FTD-linked htau P301L variant contrib-
utes to pathogenesis through enhancing oligomer formation
(Maeda et al., 2018) and that the water-inaccessible core of
formed oligomers contains truncated tau fragments lacking the
C-terminal microtubule-binding domain (Aoyagi et al., 2007). In
addition, Dtau314 aggregates are a nonfibrillar species (Zhao et
al., 2016). Casp2 has also been to shown to localize at the base of
dendritic spines in a mouse model of AD (Pozueta et al., 2013).
Given these findings, we hypothesize that Dtau314 is produced
locally in dendritic spines, and these fragments serve as nuclea-
tion seeds that promote tau oligomerization and accumulation.
In order to validate these hypotheses, future studies will focus on
understanding the occurrence of Casp2 cleavage of tau in synap-
ses and the biochemical and biophysical properties of Dtau314
aggregates under pathophysiological conditions. Meanwhile, it is
worth noting that other tau-related, cognition-affecting
mechanisms have been found to be relevant in FTD, for
example, tau oligomerization (Lasagna-Reeves et al., 2011),

Steuer, Kemper et al. · Blocking Tau Cleavage Delays Dementia Progression J. Neurosci., June 8, 2022 • 42(23):4737–4754 • 4751



asparagine endopeptidase-mediated tau cleavage (Zhang et
al., 2014), and site-specific tau acetylation (Tracy et al.,
2016). While the intrinsic connection between these identi-
fied molecular events remains largely unexplored, an altera-
tion in AMPAR trafficking in dendritic spines may be
involved in the detrimental effects of both htau cleavage at
D314 and tau acetylation (Tracy et al., 2016; Zhao et al.,
2016). As such, these pathogenic pathways may be interre-
lated, and early cognitive deterioration mediated by htau
cleavage by Casp2 may be augmented by other mechanisms
during disease progression.

It was recently shown that expressing WT htau in targeted-
insertion rT1 mice for the first month of life leads to more
severe brain atrophy than expressing htau P301L in age- and
genetically matched rT2 mice, and that this is likely because of
greater phosphorylation and slower clearance of WT htau
during development (Gamache et al., 2020). We found that
such WT htau-associated neurodevelopmental toxicity per-
sists until at least 5months of age (Fig. 7), as brain weights of
rT1 mice remain lower than rT2 mice. Starting in middle age
(i.e., 12-15months), we observed brain weight loss in all three
transgenic lines compared with their non-Tg littermates.
While this likely reflects a transgene overexpression effect,
rT2 mice showed a greater reduction in brain weight and hip-
pocampal CA1 volume than age-matched rT1 mice. This indi-
cates that the FTD-associated htau P301L variant induces age-
related neurodegeneration in developmentally mature animals
and supports the use of rT2 paired with rT1 mice to study the
pathogenesis of FTD.

The Casp2 cleavage-resistant D314E mutation temporarily
alleviates hippocampal neurodegeneration and brain atrophy,
which is consistent with a previous AAV model showing that the
mutation prevents htau P301L-induced hippocampal volume
reduction (Zhao et al., 2016). The exact mechanism underlying
the neuroprotective effects of the D314E mutation is presently
unclear but is likely through modulating both apoptosis path-
ways and senescence-associated molecular phenotypes (P.L.,
unpublished findings). Nonetheless, this study substantiates a
novel tau-elicited neurodegenerative mechanism of FTD, and
joins a multitude of known mechanisms, including the roles
of tau in TANK-binding kinase 1 interaction (Abreha et al.,
2021), receptor CB2 expression induction (Galan-Ganga et al.,
2021), calpain-mediated signaling activation (Rao et al., 2014),
BDNF expression reduction (Jiao et al., 2016), cell cycle reen-
try promotion (Jaworski et al., 2009), and PERK signaling dys-
regulation (Radford et al., 2015). We are also striving to
understand how Casp2 cleavage of htau at D314 causes neuro-
degeneration and behavioral abnormalities in other types of
tauopathies in which nonmutant tau drives pathology, such as
AD and Lewy body dementia. Understanding the role of this
cleavage event as it pertains to different neurologic diseases
may facilitate the development of effective therapeutic strat-
egies to combat specific illnesses.

In conclusion, this study improves our understanding of the
role of Casp2-mediated htau cleavage at D314 in FTD pathoge-
nesis. For the first time, we show that blocking htau cleavage
transiently protects against age-related memory impairment and
neurodegeneration, and we verify the effects of this cleavage on
postsynaptic tau accumulation and AMPAR de-anchoring in the
brain. These findings add knowledge to tau-mediated pathologic
mechanisms of FTD and guide the development of dementia
therapies.
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