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In neurodegenerative diseases likeAD, tau forms neurofibrillary tangles, composedof tau protein. In theADbrain,
activated caspases cleave tau at the 421th Asp, generating a caspase-cleaved form of tau, TauC3. Although TauC3
is known to assemble rapidly into filaments in vitro, a role of TauC3 in vivo remains unclear. Here, we generated a
transgenic mouse expressing human TauC3 using a neuron-specific promoter. In this mouse, we found that
human TauC3 was expressed in the hippocampus and cortex. Interestingly, TauC3 mice showed drastic learning
and spatialmemory deficits and reduced synaptic density at a young age (2–3months). Notably, tau oligomers as
well as tau aggregates were found in TauC3 mice showing memory deficits. Further, i.p. or i.c.v. injection with
methylene blue or Congo red, inhibitors of tau aggregation in vitro, and i.p. injection with rapamycin significantly
reduced the amounts of tau oligomers in the hippocampus, rescued spine density, and attenuated memory im-
pairment in TauC3mice. Together, these results suggest that TauC3 facilitates earlymemory impairment in trans-
genic mice accompanied with tau oligomer formation, providing insight into the role of TauC3 in the AD
pathogenesis associated with tau oligomers and a useful AD model to test drug candidates.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Tau is a neuronal microtubule-associated protein that binds to and
stabilizes microtubules in axons. In AD and other tauopathies, tau is
hyperphosphorylated and forms insoluble aggregates calledneurofibril-
lary tangles (NFTs) in neurons (Lee et al., 2001).While NFTs are consid-
ered as a hallmark of AD, it is unlikely that NFTs are the major toxic tau
species (Santacruz et al., 2005). Recently, tau oligomers were detected
in the brain of AD model mice and proposed to play an important role
in ADpathogenesis (Berger et al., 2007). It appears that the intermediate
forms of tau, including tau oligomers, which precedes the NFT develop-
ment, mediate neuronal dysfunction (Lasagna-Reeves et al., 2011).

Many tau mouse models have been established for studying
tauopathy. Because normal tau protein is too soluble to form tau aggre-
gates, however, transgenic (TG) mice expressing wild-type human tau
ro; i.c.v., intracerebroventricular;

es, Seoul National University, 1
.

ect.com).
or tau kinase do not show either NFTs or memory impairment in most
cases (Duff et al., 2000; Gotz et al., 1995). A tau TG model expressing a
missense mutation shown in a frontal temporal dementia with Parkin-
sonism linked to chromosome 17 (FTDP-17) patient reveals neuronal
loss with hyperphosphorylated tau and an NFT-like tau aggregates,
but no associated memory deficits (Lewis et al., 2000). rTG4510, a
TRE-inducible mouse model overexpressing P301L tau mutant, shows
memory losswith hyperphosphorylated tau at early age andNFT forma-
tion at middle age (Santacruz et al., 2005). However, overexpression of
P301L tau mutant is too high in this case. Currently, existing mouse
models are not sufficient to describe the spectrum of tauopathy, espe-
cially tau oligomer-associated memory impairment.

Because of amyloid beta (Aβ) and stress, caspases are activated in
the AD brain and cleave multiple proteins, including tau (Rohn et al.,
2002). The caspase-cleaved form of Tau, TauC3, is typically found in
the brain of patients at the mild cognitive impairment stage of AD
(Gamblin et al., 2003; Rissman et al., 2004) and those with other
tauopathies, including Pick's disease (Mondragon-Rodriguez et al.,
2008), corticobasal degeneration (Newman et al., 2005), progressive
supranuclear palsy (Guillozet-Bongaarts et al., 2005), and traumatic
brain injury (Gabbita et al., 2005). These data indicate that TauC3 is as-
sociatedwith the formation of tau aggregates. TauC3 has been shown to
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form tau oligomers and aggregates faster than wild-type tau in vitro
(Gamblin et al., 2003), and localized within tau aggregates in P301S
and rTG4510 mice (Delobel et al., 2008; Zhang et al., 2009). In the
brain of rTG4510mice, caspase activation leads to the formation of tan-
gles in cells just a day after and TauC3 is found in tangles (de Calignon
et al., 2010). These data indicate that TauC3 is associated with tau olig-
omers. However, the role of TauC3 in AD pathogenesis remains
unknown.

In this study, we show that transgenic expression of TauC3 in the
mouse brain induces memory impairment at a young age, which is
accompanied by the appearance of tau oligomers and aggregates.
Aggregation blockers, such as methylene blue and Congo red, reduce
tau oligomers and prevent memory impairment in TauC3 mice. Thus,
TauC3 oligomers are able to participate in AD pathogenesis.

2. Materials and methods

2.1. Generation of TauC3 mice

The human tau expression construct was injected into embryos and
positive F0 mice were identified by PCR analysis using a synthetic oligo-
nucleotide (forward; 5′-GGA TGG CTG AGC CCC GCC CGG AGT TCG-3′)
corresponding to the BAI1-AP4 promoter and an oligonucleotide
(reverse; 5′-GGG CTG CTC GCG GTG TGG CGA TCT TC-3′) of tau cDNA
(Macrogen Inc., Korea). TauC3 mouse was identified and mated to
BALB/c mice and raised under a 12:12 h of light:dark cycle with access
to food and water ad libitum. All animal protocols were approved by
the Seoul National University Standing Committees on Animals.

2.2. Western blot analysis

The cortex, hippocampus, striatum and cerebellum were prepared
from TauC3 mice and age-matched littermates. Sub-sectioned brain tis-
sues were ground with a mortar and pestle in liquid nitrogen and the
powdered tissues were homogenized in 3 different extraction buffers
for the detection of different state of tau species. First, TBS extraction buff-
er [20 mM Tris–Cl (pH 7.4), 1 mM phenylmethylsulfonyl fluoride, 1 mM
Na3VO4, and 20mMNaFwith 0.5% NP-40] to detect tau phosphorylation.
Second, oligomer extraction buffer [TBS buffer containing 2 mM N-
ethylmaleimide (NEM)] to detect 170 kDa Tau oligomer. Third, reassem-
bly (RAB) buffer [0.1 M 2-(N-morpholino) ethanesulfonic acid (MES)
pH 7.0, 1 mM EGTA, 0.5 mM MgSO4, 0.75 M NaCl, 1 mM PMSF, 1 mM
Na3VO4, and 20 mM NaF] and RIPA buffer, (50 mM Tris–Cl pH 8.0,
150 mM NaCl, 0.5% NP-40, 5 mM EDTA, 0.5% sodium deoxycholate, and
0.1% SDS), and 70% formic acid (FA) were prepared to solubilize RIPA-
insoluble tau aggregates. Samples were then solubilized in SDS sample
buffer with or without β-mercaptoethanol to examine different tau spe-
cies with Western blotting. To avoid blood contamination, mice were
sacrificed and perfused with heparinized PBS.

2.3. Antibodies

TG5 (total Tau: a.a.220–240, 1:1000), PHF-1 (p-Tau: Ser396/404,
1:3000), CP13 (p-Tau: Ser202, 1:1000), andMC1 (conformational abnor-
mality of Tau, 1:500)were kindly gifted fromDr. P. Davies (Albert Einstein
College of Medicine, NY, USA). 12E8 (p-Tau: Ser262/Ser356, 1:3000) was
kindly gifted from Dr. P. Seubert (Elan Pharmaceuticals, MA, USA). AT8
(p-Tau: Ser262/Ser356, 1:3000), AT100 (p-Tau: Ser212/214, 1:5000),
pT231 (p-Tau: Ser231, 1:3000), and HT7 (human Tau-specific: a.a.159–
163, 1:10,000) antibodies were purchased from Thermo Scientific
(IL, USA). TauC3 (cleaved tau: Asp421, 1:2500) antibody was from
Invitrogen (CA, USA). ATG5 (1:2000), LC3 (1:3000), and p62 (1:1000)
antibodies were from Novus Biologicals (CO, USA). P-S6 (1:1000),
PSD95 (1:1500), NR1 (1:1000), NR2A (1:1000), and NR2B (1:1000)
antibodies were from Cell signaling (MA, USA).
2.4. Cell culture, DNA construction, and DNA transfection

SH-SY5Y (human neuroblastoma) cells and primary hippocampal
neurons were prepared as described previously (Park et al., 2012).
Briefly, SH-SY5Y cells were cultured in DMEM (Hyclone) supplemented
with 10% (v/v) fetal bovine serum (Hyclone). Primary hippocampal
neurons were cultured from postnatal day 1 and incubated for 13 days
in neurobasal media containing B27 (Invitrogen). SH-SY5Y cells were
transfected using the Polyfect reagent (Qiagen), whereas primary
neurons were transfected using the Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer's instructions. Tau-GFP
and TauC3-GFP constructs were described previously (Chung et al.,
2001).

2.5. Dendritic spine density analysis

Dendritic spine density analysis was described previously (Kam
et al., 2013). In brief, cultured hippocampal primary neurons were
transfected at 13 days in vitro (DIV) with EGFP-fusion construct for
24 h. Images of GFP-expressing cells were acquired by confocal micros-
copy (Carl Zeiss) and the numbers of spines on the axon (100 μm in
length) of randomly chosen neurons were counted on the images
(n = 3).

2.6. In vitro tau fibrillation and thioflavin T fluorescence assay

Tau construct was previously described (Chung et al., 2001). His-
fusion human full-length tau protein was purified from bacteria
(BL21-DE3) after transformationwithHis6x-tau. Total 10 μMtau protein
was incubated with 50mMNH4Ac buffer containing 20 μMheparin and
2mMdithiothreitol at 37 °C. The reaction productswere then incubated
with 25 μM thioflavin T (Sigma) and fluorescence wasmeasured with a
LS-50 fluorimeter (Perkin-Elmer) using an excitation filter of 450 nm
and an emission filter of 484 nm.

2.7. Filter trap assay

The filter trap assay of tau protein was performed as described pre-
viously (Park et al., 2012). Tissue extracts were prepared in TBS extrac-
tion buffer by sonication. After centrifugation at 15,000 ×g for 30min at
4 °C, the supernatants were incubated with 0.1% SDS for 30 min. After
incubation, supernatants were filtered through nitrocellulose mem-
brane (0.2 μm) (Pall Industries) by using a 96-well vacuum dot blot ap-
paratus (Bio-Rad laboratories). The membrane was washed twice with
Tris-buffered saline with 0.05% tween 20 (TBST), blocked with TBST
containing 5% non-fat milk for 1 h, and analyzed by Western blotting.

2.8. Histology and immunohistochemistry

Mice were transcardially perfused with ice-cold PBS before dissec-
tion of the tissue post fixation. Histological and immunohistochemical
analysis were performed on 25-μm thick coronal cut cryosectioned
free-floating sections. Immunohistochemistry was done using standard
immunoperoxidase procedures with Elite ABC kits (Vector Laborato-
ries) and developed with 3,3-diaminobenzidine (DAB) or immunofluo-
rescence with Alexa Fluor® 488-conjugated secondary antibody
(Jackson Immunoresearch). In the immunohistochemistry, fluorescent
intensity of synaptophysin was normalized by that of Hoechst dye sig-
nal. The average grayscale intensity of each section was calculated
with Image J software. The following monoclonal antibodies were
used to stain the free-floating brain sections: HT7 (1:100), TauC3
(1:50), PHF-1 (1:100), AT100 (1:1000), T22 (1:100), MC-1 (1:10),
synaptophysin (1:100, Santa Cruz Biotechnology), and GFAP (1:1000,
Santa Cruz Biotechnology).
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2.9. Behavior tests

Behavior test was performed as described previously (Kam et al.,
2013). TauC3 mice and age-matched wild-type controls were tested
for 3 different types of memory function. Each test has been longitudi-
nally performed from 1.3 to 6 months of age for 3 week interval
(between 1.3 and 2 month) and for 1 month interval (from 2 to 6
months). Numbers of animals are different and both male and females
are used. (n = 11–19 mice per group).

2.9.1. Y-maze
A triangular Y-maze was made from black plastic with arm size of

32.5 cm × 15 cm (length × height). For the test, mice were placed in
the end of one arm and allowed to move freely through the maze for
7 min. An entry was defined as placing all four paws into the arm. The
percentage of spontaneous alterations was calculated as the ratio of
the number of successful alterations to the number of total alterations.

2.9.2. Novel object recognition test
Mice were first habituated in a white plastic chamber (22 cm

wide × 27 cm long × 30 cm high) for 7 min with 24 h intervals. After
2 days (training trial), the mice were presented with two objects and
allowed to explore freely for 7 min. In the testing trial, performed 24 h
later, one of the familiar objects was changed for a novel object and
mice were scored for recognition during 7 min. The object recognition
was defined as spending timewith orienting toward the object in a dis-
tance of 1 cm or less, sniffing the object or touching with the nose.

2.9.3. Passive avoidance
The passive avoidance apparatus consists of a light (white) and dark

(black) compartments (20 × 20 × 20 cm each) separated by a guillotine
door. The floor of the dark compartment was made of stainless-steel
grids. During habituation, mice were allowed to freely explore the box
for 5 min with the door open and then returned to their home cage.
For conditioning, after 24 h, mice were placed into the light compart-
ment and the sliding door was closed when both hind limbs of mice
were entered into the dark box and an electric foot shock (0.2 mA,
Fig. 1. Expression of human caspase-cleaved tau in the brain of transgenicmice. (A, B) Transgeni
type (WT) and TauC3mice were analyzed byWestern blotting using human tau (HT7), TauC3-
the blots in (A)were quantifiedby densitometric analysis. Data aremeans±SEM (n=3) (B). (C
with HT7 and TauC3 antibodies. Scale bars, black: 400 μm, red: 100 μm. (For interpretation of th
article.)
1 s) was then delivered by the floor grids. Ten seconds later, the mice
were returned to their home cage. Tests were carried out 24 h after
the conditioning and the latency time for mice to enter the dark com-
partment was measured with a 7 min cut-off.

3. Results

3.1. Generation of a neuron-specific TauC3 transgenic mouse

To examine the role of TauC3 in memory impairment, we generated
TauC3 mice expressing a short isoform of 4 repeat (0N4R) human tau
lacking the 20 C-terminal amino acids. The caspase cleavage product of
0N4R tau (0N4R tau1–363) corresponding to 2N4R tau (2N4R tau1–421)
was expressed under the control of a brain-specific angiogenesis inhibitor
1-associated protein 4 (BAI1-AP4) promoter (Kim et al., 2004). The BAI1-
AP4 promoter in the BAI1-AP4/β-galactosidase transgenic mice drives
neuron-specific expression of β-galactosidase in the sub-regions of the
brain, mainly in the cortex and hippocampus. Accordingly, the results
from Western blot analysis using human tau-specific HT7 antibody and
caspase 3-cleaved tau-specific TauC3 antibody (Gamblin et al., 2003) re-
vealed that human TauC3 protein with a molecular weight of 50 kDa
was detected in a number of brain areas, including the cortex, hippocam-
pus, striatum, and cerebellum of TauC3 mice but not in wild-type mice
(Fig. 1A). On the other hand, TauC3was not detected in the peripheral tis-
sues of TauC3 mice (Fig. S1A).

When we examined both mouse and human tau proteins by
Western blot analysis using TG5 antibody, the amount of total tau pro-
tein was about 8% (cerebellum) to 54% (hippocampus) higher in
TauC3 mice than in wild-type littermates (Fig. 1B). Although predicted
molecular weight of TauC3 was about 2 kDa less than wild-type tau, it
was hard to distinguish the difference between full-length tau and
TauC3 with Western blotting because of the hyperphosphorylation of
TauC3 in the mice (Fig. S1C). Examination of tissue- and cell type-
specific expression of TauC3 using immunohistochemical analysis re-
vealed that HT7-positive human TauC3 was largely expressed in the
cortex and hippocampus of TauC3 mice (Fig. S1B). In addition, HT7
and TauC3 antibodies detected human TauC3 in the layer I to II of
c expression of human TauC3 in themouse brain. Tissue extracts from1.3-month-oldwild-
specific (TauC3), and total tau (TG5) antibodies (A). Total human TauC3 andmouse tau on
) The cortex and hippocampus of 1.3month-oldWT and TauC3micewere immunostained
e references to color in this figure legend, the reader is referred to the web version of this
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cerebral cortex, and in the CA3 pyramidal cell layer of the hippocampus
in TauC3mice (Fig. 1C), important regions for spatialmemory and long-
term memory consolidation.
3.2. Impairedmemory function and reduced synaptic density in TauC3mice
at an early age

We then measured memory function of TauC3 mice. The results
from Y-maze test revealed that spatial working memory impairment
was initiated at 1.3 months and completely lost at 4 months in TauC3
mice (0.73 to 0.55) (Fig. 2A). In the novel object recognition test, control
littermates spent more time exploring the novel object than the object
previously explored 1 day before (Fig. 2B). In contrast, TauC3 mice
showed impaired preference to the new object at when they were 1.3
months old, and this impairment continued to worsen until 5 months
of age (67% to 56%). In both tests, memory function started to be im-
paired as early as at 1.3 months in TauC3 mice (Fig. 2A, B). We also ex-
amined TauC3mice on passive avoidancememory test. During training,
learning and memory represented by escape latency was slowed at
around 2months in TauC3mice. Specifically, TauC3mice showed a def-
icit in recalling an electric shock given a day before, in which escape la-
tency decreased from 363 s to 78 s during 1.3 to 5 months of age
Fig. 2. Rapid memory impairment and reduced synaptic proteins in TauC3 mice. (A–C) Memor
memory with a Y-maze test (A), recognition memory with a novel object recognition test (B),
(***p b 0.005, n=WT, 10males and 8 females; TauC3, 10males and 9 females). (D, E) Immuno
(CA3 region)were immunostained using synaptophysin antibody (mf) andHoechst 33342 (py)
of synaptophysin (Syn) on the blot in (D) (means ± SEM, **p b 0.05, ***p b 0.005, n = 3, sli
Hippocampal tissue lysates of wild-type (WT) and TauC3 mice were examined with Wester
means ± SEM (***p b 0.05, n = 6) (G).
(Fig. 2C). Together, these results suggest that TauC3mice show learning
and memory impairments as early as 1.3 to 2 months of age.

Because synaptic integrity is closely associated with memory func-
tion in AD, we compared synaptic density in aging TauC3 and wild-
type mice. An immunohistochemical analysis revealed that the
synaptophysin, a synaptic vesicle protein reflective of synaptic density
(Masliah et al., 1989), began to decrease in the hippocampal CA3
mossy fiber layer in 1.3 month-old TauC3 mice and were more reduced
at 3months compared to control littermates (Fig. 2D, E). Investigation of
the synaptic proteins with Western blotting revealed that the levels of
postsynaptic density-95 (PSD95), N-methyl-D-aspartic receptors 1
(NR1), and 2B (NR2B) significantly decreased in the hippocampus of 3
and 6 month-old TauC3 mice (Fig. 2F, G). Together with the memory
impairments, age-dependent reduction of synaptic density in TauC3
mice may cause the observed memory impairment through synaptic
dysfunction.

While TauC3 was detected in the cerebellum of the transgenic mice,
wire-hang test revealed little difference between TauC3 and wild-type
mice in motor weakness or muscle atrophy (Fig. S2A). In addition, Y-
maze spontaneous alternation representing hyperactivity showed no dif-
ference (Fig. S2B). Examination of cell death and neuronal loss with
TUNEL assays showed a few of TUNEL-positive signals (1.25–3.25/mm2)
in the hippocampus and cortex of 6 month-old TauC3 mice and its
y deficits in TauC3 mice. Wild-type (WT) and TauC3 mice were examined for their spatial
and cognitive learning memory with a passive avoidance test (C). Data are means ± SEM
histochemistry of synaptophysin in the hippocampus of TauC3mice. Hippocampal tissues
.mf;mossy fiber region, py, pyramidal region. Scale bars, 50 μm(D). Densitometric analysis
ce = 6) (E). (F, G) Western blotting showing reduced synaptic proteins in TauC3 mice.
n blot analysis (F) and the signals on the blots were quantified as in (E). Bars represent
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insignificant increase up to 12month of age (Fig. S2C). However, analysis
with hematoxylin staining revealed no significant reduction in total cell
numbers of the affected tissues in TauC3 mice (Fig. S2D). The astrogliosis
detected by glial fibrillary acidic protein (GFAP)-positive activated astro-
cyte was not significant up to 12 months in the hippocampus and cortex
(Fig. S2E). Additionally, there was no significant difference in life span
until 22 months between wild-type and TauC3 mice (Fig. S2F).

3.3. Appearance of hyperphosphorylated tau oligomers in TauC3 mice
showing memory deficit

To gain insight into the mechanism how TauC3 produces memory
deficits, we first analyzed tau phosphorylation. FromWestern blot anal-
ysis using various phospho-tau-specific antibodies, we found that tau
phosphorylation at PHF-1 Ser 396/404 epitope, which occurs at late
stage in other taumouse models and AD patients, was already detected
in the hippocampus of 1.3 month-old TauC3 mice and increased until 3
months (Fig. 3A, B). Similar patterns of tau hyperphosphorylation were
detected at other epitopes, such as CP13 (Ser 202), pT231 (Thr 231), and
Fig. 3. Appearance of tau oligomers with hyperphosphorylation in TauC3 mice. (A, B) Hyperph
pocampal tissue lysates of wild-type (WT) and TauC3mice were examined withWestern blotti
resent means ± SEM (**p b 0.05, ***p b 0.005, n = 3) (B). C, D) Detection of tau oligomers in
analyzed with Western blotting. Arrows: tau oligomers, arrowhead: monomeric tau, n.s.: n
means ± SEM (***p b 0.005, n = 3) (D).
12E8 (Ser 262/356), in TauC3 mice (Fig. S3A). Additionally, conforma-
tional change of tau protein detected by anMC-1 antibodywas apparent
in the brains of 1.3 and 2 month-old TauC3mice (Fig. 3A, B). These data
show that tau hyperphosphorylation occurs in TauC3 mice showing
memory impairment.

Different tau species, frequently seen as both detergent-soluble and
-insoluble tau, have also been implicated in AD pathogenesis (Hanger
et al., 1991; Kopeikina et al., 2012). Thus, we investigated the presence
of detergent-soluble tau oligomers in TauC3 mice. To identify the tau
oligomers, mouse hippocampal lysates were resolved in the lysis
buffer containing N-ethylmaleimide (NEM) which protects native
disulfide bonds but prevents non-specific disulfide bond formation
after cell lysis (Molinari and Helenius, 1999). Unlike with reducing
condition, a Western blot analysis under non-reducing condition lack-
ing β-mercaptoethanol and DTT revealed a high molecular weight
(around 170 kDa) of human tau (HT7) in TauC3 mice but not in wild-
type littermates. (Figs. 3C, S3B). Interestingly, 170 kDa human tau was
first observed in the hippocampus of TauC3 mice at 1.3 months of age
and its level increased until 3 months, whereas 50 kDa human tau
osphorylation and conformational change of tau in the hippocampus of TauC3 mice. Hip-
ng (A). The signals on the blots in (A) were quantified by densitometric analysis. Bars rep-
TauC3 mice. Hippocampal tissue lysates dissolved in non-reducing sample buffer were

onspecific signal (C). The signals on the blots were quantified as in (B). Bars represent
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was not detected. On the contrary, Western blotting using a TG5 anti-
body under the same condition revealed that the half of the total tau
protein was detected at 50 kDa and the other half at 170 kDa. The ma-
jority of tau signal was detected at 170 kDa in TauC3 mice by PHF-1,
MC-1, and tau oligomer-specific T22 (Lasagna-Reeves et al., 2012) anti-
bodies, and these signals further increasedwith aging. Given that reduc-
ing condition converts PHF-1-positive tau oligomer to monomer on the
protein gel, it is likely that all PHF-1-positive tau tends to form oligo-
mers in non-reducing condition and thus detected only as oligomer by
Western blotting (Fig. 3C, D). Analysis of other AD model mice, 3X TG
mice which express APPswe, PS, and tau P301L (Oddo et al., 2003), re-
vealed the presence of both 170 kDa and 50 kDa human tau in
9 month-old mice showing memory impairment but 170 kDa Tau was
not in 2 month-old mice with normal memory function (Fig. S3C).
Together, the results indicate that TauC3 in TauC3mice is present exclu-
sively as oligomers which are highly phosphorylated.

3.4. Accumulation of detergent-insoluble tau aggregates in TauC3 mice

To examine detergent-insoluble tau aggregates, tau protein was se-
rially extracted from hippocampal lysates into an aqueous-soluble
(RAB), detergent (NP-40)-soluble (RIPA), and detergent-insoluble but
70% formic acid-soluble (70% FA) tau fractions. A Western blot analysis
of the fractions with a TG5 antibody revealed that compared to wild-
type mice, the total amount of detergent-insoluble but FA-soluble tau
was detected in the brain of TauC3 mice at 1.3 months and increased
in TauC3 mice in an age-dependent manner (Fig. 4A, B). Interestingly,
HT7-positive human TauC3 andMC-1-positive tau with conformational
change were detected in the detergent-insoluble fraction and their
levels drastically increased during aging of TauC3 mice compared to
that of total tau, although there was some variation between the mice.

Similarly, a filter trap assay followed by a dot blot analysis revealed
that sodium dodecyl sulfate (SDS)-resistant insoluble tau aggregates
were detected in 2 and 3 month-old TauC3 mice and increased during
aging (Fig. 4C, D). These results indicate that NP-40- or SDS-insoluble
aggregates of tau as well as tau oligomers accumulate in the hippocam-
pus of TauC3 mice showing memory impairment. Moreover, silver
staining-positive tau aggregates were detected at 3 months in the
Fig. 4. Detergent-insoluble tau aggregates in TauC3 mouse brain. (A, B) Western blotting show
(WT) and TauC3 hippocampal tissue lysates insoluble in RIPA buffer containing 0.5% NP-40
densitometric analysis. Bars represent the relative ratio of NP-40-insoluble tau of TauC3 mic
age-dependent increase of tau aggregates inTauC3mice. Tissue extracts of thehippocampal CA3
as in (B). Bars represent means ± SEM (***p b 0.005, n = 3) (D).
cortex and hippocampus of TauC3 mice and further increased at 6
months (Fig. S4A). Electronmicroscopic analysis following an immuno-
precipitation assay also showed tau aggregates with filamentous struc-
ture in 1.3 month-old TauC3 mice and more of them in 6 month-old
TauC3 mice (Fig. S4B), as tau oligomers and detergent-insoluble tau ag-
gregates increased with aging.

3.5. Aggregation blockers reduce memory impairment and tau oligomers in
TauC3 mice

To investigate the pathologic significance of tau oligomers,we decid-
ed to test the effect of methylene blue and Congo red, which are sup-
posed to be β-sheet aggregation blockers, on the pathology in TauC3
mice. Methylene blue is now in phase III clinical trials for drug develop-
ment in AD (Gravitz, 2011), but the mechanisms by which it alleviates
AD pathology are not yet clearly shown. As reported (Pickhardt et al.,
2005), our results from an in vitro aggregation assay showed that puri-
fied tau proteins, over time, began to form thioflavin T (ThT)-positive
aggregates in the presence of heparin (Fig. 5A). As expected, the forma-
tion of tau aggregateswas hampered by the addition of methylene blue,
confirming that methylene blue blocks the formation of tau aggregates
in vitro. Congo red is known to ameliorate the pathogenesis of
Huntington's disease and binds to β-sheet aggregates (Sanchez et al.,
2003). In our assay, Congo red also inhibited the formation of tau aggre-
gates (Fig. 5A). We then addressed the effects of thesemolecules on the
memory control in TauC3 mice. After daily i.p.-injection of methylene
blue for 30 days or biweekly i.c.v.-injection with Congo red (Fig. S5A),
memory in TauC3mice was examined. Spatial and recognitionmemory
impairments in TauC3 mice were inhibited by methylene blue or less
but still significantly by Congo red (Fig. 5B, C). In contrast, daily i.p.-in-
jection of Congo red did not affect memory impairment in TauC3 mice
(Fig. S5B). It may be due with poor ability of Congo red to penetrate
the blood–brain barrier (Wood et al., 2007). These results indicate that
tau aggregation blockers can effectively rescue memory impairment in
TauC3 mice.

When we analyzed the effect of aggregation blockers on the forma-
tion of tau oligomers,Western blot analysis revealed that the amount of
tau oligomers (170 kDa) was remarkably reduced in TauC3 mice after
ing the increase of detergent (NP40)-insoluble tau aggregates in TauC3 mice. Wild-type
were analyzed with Western blotting (A). The signals on the blots were quantified by
e to WT mice with means ± SEM (p b 0.05, n = 3) (B). (C, D) Filter trap assay showing
regionwere analyzedwithfilter trap assay (C) and the signals on the blotswere quantified



Fig. 5.Methylene blue inhibits tau oligomer formation and improvesmemory function in TauC3mice. (A) Methylene blue or Congo red inhibits filament formation of purified tau protein
in vitro. Purified tau protein (10 μM) was incubated with heparin (20 μM) in the absence or presence of methylene blue (MB, 10 μM) or Congo red (CR, 10 μM). After being added with
thioflavin T (ThT, 25 μM), the reaction mixtures were measured for the absorbance with spectrofluorometer. (B, C) Methylene blue or Congo red retards the memory impairment in
TauC3 mice. Wild-type (WT) and TauC3 mice (1 month of age) were daily i.p.-injected with MB (10 mg/kg/day) for 30 days or biweekly i.c.v.-injected with CR (75 μg). Mice were then
examined for spatial memory with a Y-maze test (B) and recognition memory with a novel recognition test (C). Values are means ± SEM. (*p b 0.1, **p b 0.05, ***p b 0.005, n = WT
PBS, 6 males and 5 females; WT MB, 5 males and 6 females; TauC3 PBS, 10 males and 8 females; TauC3 MB, 9 males and 9 females; TauC3 CR, 6 males and 5 females). (D,
E)Methylene blue preferentially decreases the amounts of TauC3, PHF-1-positive tau, and their oligomers. The hippocampal tissues examined in (B) and (C)were analyzedwithWestern
blotting under reducing condition (D) or non-reducing condition (E). Arrows: tau oligomers, arrowhead: taumonomer, n.s., nonspecific signal. (F)Methyleneblue rescues the loss of spine
density. Cultured hippocampal neurons (DIV 13) were transfected with GFP, GFP-tau, GFP-TauC3, or both GFP-tau and GFP-TauC3, after which cells were left untreated or treated with
50 nMMB for 24 h (left panels). Spine density of the neurons was quantified (means ± SEM, ***p b 0.005, n = 5) (right panel). Scale bars, 10 μm.
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exposure to methylene blue (Fig. 5E) or Congo red (Fig. S5C). In the
same tissue, the amount of total tau (TG5)was a little reduced bymeth-
ylene blue, whereas TauC3 (HT7) and PHF-1 tau were largely reduced
(Fig. 5D). An immunohistochemical analysis showed similar patterns;
TauC3 and T22-positive tau oligomers were apparently reduced in
TauC3 mice (Fig. S5D). Interestingly, unlike full-length tau, overexpres-
sion of TauC3 alone or coexpression with full-length tau apparently re-
duced spine density in the primary hippocampal neurons (Fig. 5F).
Consistently, it was reported that TauC3 stimulates the formation of
ThT-positive tau filaments and aggregates in vitro (Gamblin et al.,
2003; Rissman et al., 2004). Moreover, methylene blue was potent in
blocking the loss of spine density triggered by TauC3 in cultured neu-
rons (Fig. 5F) and rescued the loss of synaptic proteins, such as PSD95
and NR1, in TauC3 mice (Fig. S5E).
3.6. Rapamycin attenuates memory deficits in TauC3 mice

We further analyzed TauC3mice for the usage as an ADmodel mouse
featured with tau oligomers. We examined the effects of rapamycin, a
mTOR inhibitor and autophagy inducer that has been tested in
Huntington's disease, Parkinson's disease, and AD (Bove et al., 2011;
Caccamo et al., 2010; Ravikumar et al., 2004), on clearing the
aggregated tau. One month-old TauC3 mice were daily injected
with rapamycin for 30 days and examined for memory impairment. On
a Y-maze test at 30 days after drug treatment, rapamycin rescuedmemo-
ry impairment in TauC3 mice almost to the control level (Fig. 6A). Novel
object recognition test also illustrated that recognition memory was im-
proved by rapamycin (Fig. 6B). On both tests, rapamycin did not signifi-
cantly affect memory function in wild-type mice.



Fig. 6.Rapamycin rescuesmemory deficit and reduces tau oligomers and aggregates in TauC3mice. (A, B) Rapamycin rescues spatial and recognitionmemory impairment in TauC3mice.Wild-
type (WT) and TauC3micewere daily i.p.-injected from onemonth of age for 30 days with rapamycin (10mg/kg). Spatial memorywasmeasured twice at 1.3months (10 days after injection)
and 2 months (30 days after injection) of age (A) and recognition memory at 2 months of age (B). Data are means ± SEM (**p b 0.05, ***p b 0.005, n=WT PBS, 6 males and 6 females; WT
rapamycin, 7 males and 6 females; TauC3 PBS, 10 males and 9 females; TauC3 rapamycin, 8 males and 9 females). (C, D) Reduction of the phosphorylated tau and detergent-insoluble tau ag-
gregates by rapamycin in TauC3 mice. Hippocampal tissues examined in (B) were analyzed with Western blotting (C) or fractionated into RIPA-insoluble (FA-soluble) fractions for Western
blotting (D). (E) Enhanced autophagy markers in the rapamycin-treated hippocampal tissues of TauC3 mice. (F) Effect of rapamycin on tau oligomers in TauC3mice. The hippocampal tissues
examined in (C) and (D) were analyzed withWestern blotting under non-reducing condition. Arrows: tau oligomers, arrowhead: tau monomer, n.s.: nonspecific signal.
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Rapamycin greatly reduced the levels of AT100 signal, a phosphoryla-
tion for taufilament assembly (Gotz et al., 2010), in TauC3mice,while the
level of total tau was not much changed (Fig. 6C). In addition, rapamycin
reduced the amounts of NP-40-soluble PHF-1 tau and NP-40-insoluble
(70% FA-soluble) tau aggregates with different efficacy against distinctly
modified TauC3 (Fig. 6D). In the same experiments, we found that the
level of LC3-II increased in the brain of TauC3 mice, while p62, an
ubiquitin-binding autophagy marker, decreased by rapamycin (Fig. 6E).
As expected, rapamycin seemed to enhance autophagy flux in the brain
of TauC3 mice. Western blot analysis under non-reducing condition re-
vealed that rapamycin also reduced the amount of tau oligomers
(170 kDa) in TauC3mice but less thanmethylene blue (Fig. 6F). It appears
that rapamycin functions to improve memory in TauC3 mice with en-
hanced clearance of tau oligomers and aggregates, probably due to its
stimulatory effects on autophagy.

Together with the memory rescue effects by methylene blue and
rapamycin, both of whichwere shown to affect the amounts of tau olig-
omers and aggregates, TauC3mousemay be a useful ADmodel to eluci-
date tau oligomer-associated pathogenesis and to evaluate therapeutic
drug options (Fig. S6).

4. Discussion

Because of their association with toxicity, the roles of oligomers of
disease-associated proteins have received considerable attention in
many neurodegenerative diseases, such as Aβ and tau oligomers in
AD,Huntingtin oligomers inHuntington's disease, andα-synuclein olig-
omers in Parkinson's disease (Haass and Selkoe, 2007). However, the
presence and role of tau oligomers in animal models and AD pathogen-
esis are still poorly understood. To our surprise, TauC3 mice show early
memory deficits from 1.3 months of age. This is compared to a non-
mutated and non-cleaved forms of tau, which usually leads to memory
deficits in aged mice (N9–18 months) (Duff et al., 2000; Gotz et al.,
1995). Though rTG4510 mice expressing tau P301L, a familiar FTDP-17
tau mutant, show early memory deficits from 3 months (Terwel et al.,
2005) as in TauC3 mice, the expression level of tau P301L is very high
(N13-fold of endogenous mouse tau). In this model, 9-fold overexpres-
sion of tau P301L does not affect memory function (Santacruz et al.,
2005). On the contrary, early memory deficits in TauC3 mice are not
due to transgene's overexpression level, since the expression of TauC3
is less than endogenous mouse tau. It is also unlikely that the regional
expression pattern of TauC3 driven by the promoter BAI1-AP4 plays an
unexpected role, as TauC3 mice did not show other functional deficits,
involving motor coordination that is typically linked to the cerebellum.

The mechanism responsible for the rapid memory deficit in TauC3
mice is currently unclear. TauC3proteinwas previously reported to pos-
sess enhanced ability to form a self-oligomer than full-length Tau or act
as a seed to increase oligomers with full-length Tau to assemble into fil-
ament in vitro (Gamblin et al., 2003; Rissman et al., 2004). According to
our results, TauC3 evokes neurite regression in cultured neurons,
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probably throughperturbation of themitochondriamembrane potential
and axonal transport (Quintanilla et al., 2009). In addition, T22-positive
and detergent (0.5% NP-40)-soluble high molecular weight (around
170 kDa) of tau was observed in TauC3 mouse as early as at 1.3 months
of age exhibiting memory deficits and reduced synaptic density. Similar
sizes of tau oligomers with approximately 130–190 kDa were also previ-
ously detected in the brains of Tau TGmice and AD patients (Berger et al.,
2007; Flach et al., 2012; Patterson et al., 2011; Sahara et al., 2007). Addi-
tionally, injection of a 120–170 kDa synthetic tau oligomers or an AD
brain-derived 110–160 kDa tau oligomers into mice has been shown to
decrease synaptophysin density (Lasagna-Reeves et al., 2011) and reduce
hippocampal long-term potentiation for memory impairment (Lasagna-
Reeves et al., 2012). Thus, the most prominent factor for the rapid mem-
ory deficits observed in TauC3 mice might be tau oligomer formation at
young age and its detrimental effect on synaptic function formemory im-
pairment. In the same context, the inhibitory effects ofmethylene blue on
memory impairment and synaptic loss in TauC3mice are in part attribut-
ed to the inhibition of tau oligomer formation, though the recent data re-
garding the in vivo role of methylene blue in memory function and tau
toxicity are somewhat controversial (Hosokawa et al., 2012; Stack et al.,
2014). The effect of rapamycin could take place through activating au-
tophagy, as already well indicated. However, we cannot exclude a possi-
bility that it affects tau phosphorylation because rapamycin also
regulates mTOR and GSK3β (Ahn et al., 2014).

While tau oligomers were found from 1.3 months of age and in-
creased up to 3 months in TauC3 mice, TUNEL-positive cell death was
not observed until 6 month of age and barely detected at late stage in
older TauC3 mice. Thus, compared to wild-type mice, there was no sig-
nificant reduction in total cell numbers in the affected tissues of TauC3
mice. Like TauC3 mice, many AD model mice, including TG2576 mice
and tau P301Lmice, do not always showvisible neuronal loss in the cor-
tex and hippocampus despite apparent memory loss (Chapman et al.,
1999; Lewis et al., 2000). Similarly, in 24 month-old TauΔK280 TG
mice, silver staining-positive tau aggregates have been observed
without significant neuronal loss (Terwel et al., 2005). Calignon et al.
also observed caspase activation in the brains of rTG4510mice and con-
comitant fast tangle formationwithout cell death in neuronswithin tan-
gles (de Calignon et al., 2010). While cell death increases in TauC3
model of Drosophila melanogaster (Khurana et al., 2010) and TG mice
expressing the N-terminal tau (tau26–330) (Pristera et al., 2013) or
calpain-cleaved tau (tau45–250) (Lang et al., 2014), neuronal loss re-
mains very limited in TauC3 mice. In those animal models, a presence
of tau oligomers or its relation to memory function remains elusive.

Additionally, we found that TauC3mice were suitable to test the in-
hibitory effects of methylene blue, Congo red, rapamycin, and other
small molecules (data not shown) on the memory impairment, as sim-
ilarly tested in other tau mice (Caccamo et al., 2010). Especially, tau
oligomers in TauC3 mice can serve as a therapeutic marker for drug de-
velopment in Tau pathology. Further, bearing in mind that the onset
and duration of memory decline in other taumousemodels occurs usu-
ally much later and take longer time, rapid loss of memory in TauC3
micewill help analyzing the effects of drug candidates on AD pathogen-
esis early on, as seen in our assays in which twice i.c.v. injection or short
period of i.p. injection was enough for the assay. Taken together, TauC3
mice showed drasticmemory impairment at an early age and themem-
ory impairment was remarkably rescued by drug candidates, which in-
terfered with the formation of tau oligomers in the mice. We propose
that TauC3 mice would be useful for analyzing tau-associated memory
loss and its prevention in AD.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2015.12.006.
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