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Abstract
Conditional overexpression of four-repeat human tau containing the P301L missense mutation in
the rTg4510 mouse model of tauopathy leads to progressive accumulation of neurofibrillary
tangles and hyperphosphorylated, sarkosyl-insoluble tau species, which are biochemically
comparable to abnormal tau characteristic of hereditary tauopathies termed FTDP-17. To fully
understand the impact of tau species at different stages of self-assembly on neurodegeneration, we
fractionated rTg4510 brain representing several stages of tauopathy to obtain TBS-extractable
(S1), high salt/sarkosyl-extractable (S3), and sarkosyl-insoluble (P3) fractions. Under reducing
condition, the S1 fraction was demonstrated by Western blotting to contain both 50–60 kDa
normally-sized and 64 kDa tau. Both are thermo-stable, but the 64 kDa tau showed a higher
degree of phosphorylation. Under non-reducing condition, nearly all TBS-extractable 64 kDa tau
were detected as ~130 kDa species consistent with the size of dimer. Quantitative analysis showed
~80 times more 64 kDa tau in S1 than P3 fraction. Immunoelectron microscopy revealed tau-
positive granules/short filaments in S1 fraction. These structures displayed MC1
immunoreactivities indicative of conformational/pathological change of tau. MC1
immunoreactivity was detected by dot blotting in samples from 2.5 month-old mice, whereas
Ab39 immunoreactivity indicative of late stages of tau assembly was detected only in P3 fraction.
Quantitative analysis also demonstrated a significant inverse correlation between brain weight and
64 kDa tau, but the level of TBS-extractable 64 kDa tau reflects neurodegeneration better than that
of sarkosyl-insoluble 64 kDa tau. Together, the findings suggest that TBS-extractable 64 kDa tau
production is a potential target for therapeutic intervention of tauopathies.
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INTRODUCTION
Accumulation of intracellular neurofibrillary tangles (NFTs) consisting of microtubule-
associated protein tau is a major hallmark of Alzheimer’s disease (AD) and related diseases
regarded as tauopathies [1–3]. Tau protein derived from NFTs is insoluble in the detergent
sarkosyl and has elevated levels of both phosphorylation and ubiquitination - features that
distinguish NFTs from normal tau protein. In human tauopathies, accumulation of fibrillary
tau and neuronal loss have been localized in brain regions associated with cognitive
dysfunction [4], suggesting a close link between these features. This notion is supported by
studies of transgenic animals overexpressing human tau (hTau) [5–12]. The rTg4510 mouse
model expresses mutant hTau containing the frontotemporal dementia with parkinsonism
linked to tau on chromosome 17 (FTDP-17-Tau) associated P301L mutation and hTau
expression can be by suppressed doxycycline [13,14]. In rTg4510 mice, expression of
P301L hTau induces NFT formation, neuronal loss and behavioral abnormalities (e.g.
memory dysfunction) in an age-dependent manner. Importantly, changes in memory index
have been noted in rTg4510 prior to the appearance of sarkosyl-insoluble tau, suggesting a
poor relationship between sarkosyl-insoluble tau production and memory impairment [15].
Furthermore, suppression of hTau halted neuronal loss and partially reversed cognitive
dysfunction without preventing NFTs [14], suggesting that NFTs themselves are not initially
cytotoxic. Thus, the initial mechanisms that lead to neuronal death and memory impairment
in these mice remain unclear.

Studies of brain specimens from individuals with AD indicate that the progression of
tauopathy is likely to involve different pools of tau [16]. A pool of hyperphosphorylated tau
—referred to as AD-P tau— previously has been isolated from AD brains through
differential centrifugation [16]. This form of tau was recovered from a pellet fraction
(27,000 × g to 200,000 × g) from AD brains homogenized in a buffer containing 0.32 M
sucrose [16]. AD-P tau does not appear to associate with any filamentous elements, yet it is
able to self-assemble into filaments comparable to those that accumulate in AD brains [17].
Furthermore, two additional pools of hyperphosphorylated abnormal tau have been
identified based on their solubility in sarkosyl [18].

Due to the rapid progression of tau pathology in specific brain regions and the conditional
expression of tau, the rTg4510 mouse model has proven to be a useful tool for investigating
the progression of tauopathy. These mice produce 140 and 170 kDa abnormal tau species,
the level of which is significantly and negatively correlated to the memory index of the mice
[15]. The 140 kDa tau and normal tau are similar in solubility, and both can be recovered in
the supernatant fraction obtained by centrifuging brain extracts at 150,000 × g for 15 min. In
comparison, the 170 kDa species is primarily sarkosyl-insoluble. Both 140 and 170 kDa tau
represent a very small proportion of total tau in rTg4510 mice; however, they have been
considered as tau species at early-stages of aggregation [15]. Regardless, it remains unclear
as to changes of different tau pools during the progression of tauopathy. To address these
issues, we examined the profile and solubility of tau protein using specimens derived from 2
to 14 month-old rTg4510 mice and characterized a pool of TBS-extractable tau in depth.

EXPERIMENTAL PROCEDURES
Mice

The parental mutant hTau responder line, parental tTAactivator line, and the resultant F1
rTg4510 mice and littermates were generated and maintained as previously described by
SantaCruz et al. [14]. Mice were maintained on a standard diet lacking doxycycline to
ensure that transgenic hTau was expressed throughout the lifetime of the experimental
animals. JNPL3 mouse line was maintained as hemizygotes on an outbred Swiss Webster

Sahara et al. Page 2

J Alzheimers Dis. Author manuscript; available in PMC 2013 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



background [19]. All procedures involving mice and their care were approved by the Mayo
Clinic and University of Florida Institutional Animal Care and Use Committees.

Tissue extraction
Mice were euthanized by cervical dislocation in order to preserve the metabolic environment
of the brain and to prevent artifacts that could alter the biochemical profiles of tau. Mouse
brains were bisected down the midline to yield two hemispheres. The cerebral cortex and
hippocampus (ctx+hip) of the right hemisphere of each animal were quickly frozen on dry
ice and stored at −80°C until use. Tissues were then homogenized in 10 volumes of Tris-
buffered saline [TBS: 50 mM Tris/HCl (pH 7.4), 274 mM NaCl, 5 mM KCl, 1% protease
inhibitor mixture (Sigma, St. Louis, MO), 1% phosphatase inhibitor cocktail I & II (Sigma),
and 1 mM phenylmethylsulfonyl fluoride (PMSF)] [14,15]. The homogenates were either
centrifuged at 150,000 × g (protocol A) or 27,000 × g (protocol B) for 20 min at 4°C to
obtain supernatant (S1) and pellet fractions (Figs. 1A, B). Pellets were homogenized in 5
volumes of high salt/sucrose buffer [0.8 M NaCl, 10% sucrose, 10 mM Tris/HCl, (pH 7.4), 1
mM EGTA, 1 mM PMSF] and centrifuged as above. The supernatants were collected and
incubated with sarkosyl (1% final concentration; Sigma) for one hour at 37°C, followed by
centrifugation at 150,000 × g for one hour at 4°C to obtain salt and sarkosyl-extractable (S3)
and sarkosyl-insoluble (P3) fractions. The P3 pellet was re-suspended in TE buffer [10 mM
Tris/HCl (pH 8.0), 1 mM EDTA] to a volume equivalent to half of that of the brain
specimens used to produce brain homogenates. To prepare heat-stable samples, we
incubated a portion of the S1 fraction at 95°C for 10 min followed by centrifugation at
27,000 × g for 20 min. The supernatants were concentrated by using a centrifugal filter
(Amicon Ultra, Millipore, MA) and subjected to SDS-PAGE. The separated protein bands
were visualized through CBB staining using a SimpleBlue™ SafeStain kit (Invitrogen,
Grand Island, NY). Human temporal cortices were provided by the Mayo Clinic
Jacksonville brain bank for neurodegenerative disorders. Tissue extraction was followed by
protocol B as shown above. The experimental procedure involving human tissues was
approved by the Mayo Clinic institutional review board.

Western blotting and dot blotting
Fractionated tissue extracts were dissolved in SDS-sample buffer containing β-
mercaptoethanol (2.5%). The heat-treated samples (60°C for 15 min) were separated by gel
electrophoresis on 10% Tris-glycine SDS-PAGE gels or 4–12% Bis-Tris SDS-PAGE gels
containing a 15-well comb (Invitrogen) and transferred onto nitrocellulose membranes
(BioRad Laboratories, Hercules, CA). For dot blotting, samples were pre-treated by
Dynabeads Protein G (Invitrogen) to absorb mouse IgG background. 20 μl of Dynabeads
were washed with PBS and mixed with 200 μl of S1 fraction. The mixture was incubated on
a rotator overnight at 4°C. 1 μl of each immune-depressed sample was spotted on
nitrocellulose membranes. After blocking with a blocking solution containing 5% nonfat
milk and 0.1% Triton-X100 in TBS, the membranes were incubated with various antibodies,
washed to remove excess antibodies, and then incubated with peroxidase-conjugated goat
anti-rabbit antibodies (1:5000; Jackson ImmunoResearch, West Grove, PA) or anti-mouse
IgG (1:5000; Jackson ImmunoResearch). Bound antibodies were detected using an enhanced
chemiluminescence system (ECL PLUS kit; PerkinElmer). Western blot immunoreactivity
was visualized by a computer-linked LAS-4000 BioImaging Analyzer System (Fujifilm,
Tokyo, Japan) and quantitative analysis was performed by Multi Gauge v3.1 software
(Fujifilm). To detect tau protein, we subjected different fractions (S1, S3, P1) derived from
0.01 mg of tissue to SDS-PAGE. For comparing different fractions, we loaded S1, S3, and
P3 fractions into gels at a ratio of 1:16:50 (based on tissue weight). To quantitate tau protein
and to compare tau protein levels across individual mouse brains, we determined the relative
amounts of tau in S1 by normalizing tau protein levels by those of glyceraldehyde-3-
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phosphate-dehydrogenase (GAPDH). For the inter-gel standard, three mouse brain samples
were selected and loaded into each gel. Then, the averaged relative amount of these samples
was used for the correction between multiple blot intensities.

Antibodies
We used polyclonal tau antibodies E1, WKS44, and WKS46 [20]; pS212 (Invitrogen); and
pS422 (Invitrogen); and monoclonal tau antibodies PHF1, CP13, and MC1 (provided by Dr.
Peter Davies, Albert Einstein College of Medicine); Ab39 [21,22]; Tau5 (provided by Dr.
Lester I. Binder, Northwestern University Medical School); Tau13 (Covance, Emeryville,
CA); 12E8 (provided by Dr. Peter Seubert, Elan Pharmaceuticals); PHF6 (AbCam); and
Tau46 (Zymed). Of the aforementioned antibodies, PHF1, PHF6, CP13, 12E8, pS212, and
pS422 recognize phosphorylated epitopes. The remaining antibodies recognize non-
phosphorylated epitopes. The location of epitopes recognized by different antibodies is
listed in Supplemental Table 1. Other monoclonal antibodies used were specific to GAPDH
(Biodesign, Saco, ME); β-actin; or β-tubulin (Sigma).

Two-dimensional SDS-polyacrylamide gel electrophoresis (2D SDS-PAGE)
S1 fraction samples were prepared in rehydration solution containing 7 M urea, 2 M
thiourea, and IPG buffer using 2-D Clean-Up Kit (GE Healthcare Life Science, Piscataway,
NJ). They were loaded onto 11 cm IPG strips (pH 4–7 or pH 3–10; GE Healthcare Life
Science), followed by isoelectric focusing. Second dimension separation was performed
with 10% SDS-PAGE at 150 V using the Criterion™ gel electrophoresis system (BioRad
Laboratories). Subsequently, gels were transferred onto nitrocellulose membranes (BioRad
Laboratories) for Western blotting using tau antibodies WKS44 and PHF1.

Immunogold electronmicroscopy
Samples were adsorbed onto carbon/formvar-coated 400 mesh copper grids (EM Science,
Fort Washington, PA) for 60 sec. After washing with filtered TBS three times, the grids
were blocked for 15 min in blocking solution (filtered TBS containing 0.04% bovine serum
albumin and 2% horse serum), and then incubated for 2 hours with Tau46 (1:50) and E1
(1:20) antibodies. Excess antibodies were removed by washing with the blocking solution
three times. The grids were subsequently incubated for 1 hour in 5 nm gold-conjugated anti-
rabbit and 10 nm gold-conjugated anti-mouse secondary antibodies (1:20; GE Healthcare
Life Science). After washing with TBS five times, the grids were stained with 2% uranyl
acetate for 45 sec and examined with a Philips 208S electron microscope (Philips, Hillsboro,
OR). All antibodies were diluted with the blocking solution.

Statistical analysis
Statistical analysis was conducted using PRISM4 (GraphPad Software Inc., La Jolla, CA)
and one-way ANOVA, unless noted otherwise.

RESULTS
Isolation of TBS-extractable 64 kDa tau

In previous studies of rTg4510 mice [14,23], brain homogenates were centrifuged at
150,000 × g (protocol A) to yield supernatant and pellet fractions (Fig. 1A). The pellet was
subsequently treated with high salt/sucrose buffer and centrifuged as above. The
supernatants were treated with sarkosyl and separated into sarkosyl-extractable and
sarkosyl-insoluble fractions. In the present study, we followed a different protocol (protocol
B), in which tissue homogenates were centrifuged at 27,000 × g. This protocol has
previously been used to study abnormal tau from AD brains (Fig. 1A) [24]. Regardless of
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the protocols, supernatant fractions obtained from the first centrifugation step (S1 fraction)
of brain and spinal cord preparations from aged rTg4510 tau transgenic mice contain tau
proteins of size [50–60 kDa; consistent with that of normal tau (Fig. 1B)], as determined by
immunoblotting. Larger sized tau of 64 kDa in molecular weight, referred to as TBS-
extractable 64 kDa, was recovered only in the S1 fraction following protocol B in aged
rTg4510 transgenic mice (Fig. 1B). Such tau species, detected in brain specimen from
rTg4510 mice were not found in spinal cord – a region that displayed no tauopathy (Fig. 1B)
[14]. TBS-extractable 64 kDa tau was also demonstrated in the S1 fraction from the aged
constitutive transgenic model, JNPL3, in which the same 0N4R human P301L tau is
overexpressed as in rTg4510 mice, but at lower levels and in an altered expression pattern
[5]. We analyzed brain and spinal cord extracts derived from a female 16 month-old JNPL3
mouse which displayed hind limb paralysis, a phenotype that we have previously shown
correlates with degree of tauopathy in the spinal cord of this model [19]. Similar to brain
extracts from rTg4510 mice, brain extracts from JNPL3 mice also contained the TBS-
extractable 64 kDa tau, though at a lesser extent. The preponderance of this TBS-extractable
64 kDa tau in JNPL3 mice was observed in the spinal cord, which is a main site of tauopathy
in this model (Fig. 1B and C).

To further confirm the existence of TBS-extractable 64 kDa tau in S1 fraction recovered by
low speed centrifugation (27,000 × g, protocol B in Fig. 1A and B), we analyzed rTg4510
mice ranging from 2 month to 14 months, time points that cover the progression from early
to severe tauopathy in this model. 64 kDa tau was detected in the S1 fraction from rTg4510
brain samples from 4 months of age onward and in the P3 fraction at all ages examined by
probing with antibodies specific to hTau (E1) and phospho-tau (PHF1) (Fig. 1C). The
amount of sarkosyl-insoluble tau was more abundant in 8 than 4 or 2 month-old rTg4510
mice (Fig. 1C). 64 kDa tau was rarely detected in sarkosyl-soluble (S3) fraction from
rTg4510 mouse brains with E1 and PHF-1 antibodies. Similar to what was observed in
rTg4510 mice, the S1 and P3 fractions from brain and spinal cords of aged JNPL3 mice with
hind-limb paralysis contained 64 kDa tau immunoreactive with E1 and PHF1 antibodies. In
contrast to rTg4510, the S3 fraction from JNPL3 specimens (particularly those derived from
the spinal cord of mice with a more severe motor phenotype) contained appreciable levels of
64 kDa tau (Fig. 1C) that was both immunopositive for E1 and PHF1. It has been noted that
P3 fraction contains filamentous tau aggregates among other elements and that enrichment
of tau filaments as precipitates can be achieved via further centrifugation (150, 000 × g for 1
hour) through a sucrose density gradient [18,25]. Therefore, it is possible that 64 kDa tau in
S1 and S3 fractions were constituents of tau assemblies at earlier stages of tau-self
interactions.

Distinct property of TBS-extractable 64 kDa tau
To determine the relative amounts of hTau in different fractionations derived from rTg4510
mice, we performed quantitative analysis of E1 antibody immunoblotting of samples from 3
to 4 and 6 to 8 month-old animals according to protocol B. Upon correction for differences
in sample dilution, we determined the proportion of total human tau (i.e. S1+S3+P3) in
different fractions. As summarized in Fig. 1D, more than 93% of tau was recovered in the
S1 fraction, followed by S3 and P3 fractions, which represent less than 6.3% and 0.5% of
the total, respectively. The proportion of tau in P3 fractions increased with age of animals
(6–8 versus 3–4 month-old). Of those partitioned into S1 fraction of the brain, only ~3% was
due to the presence of 64 kDa tau species in rTg4510 mice between 3 and 4 months of age,
though this increased to ~14% in 6 to 8 month-old rTg4510 mice. Our quantitative analysis
also showed the presence of about 78–80 times more 64 kDa tau in the S1 than in the P3
fraction (Fig. 1D).
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We next carried out detailed analyses of tau in 1 to 14 month-old rTg4510 mice, focusing on
the S1 and P3 fractions, since the S3 fraction did not contain abnormal sized tau. To analyze
the progression of tau phosphorylation, blotting was performed with PHF1 antibody (Fig.
2A), which was widely used for the detection of hyperphosphorylated tau [26,27]. In
addition to the aforementioned 64 kDa tau species, larger sized tau species were present in
samples from 4 months and older mice and more abundant in older ones (Fig. 2A). In the S1
fraction, most large tau species were discerned as discrete bands upon immunoblotting. In
contrast, most large tau in the P3 fraction appeared as smears displaying wide ranges of
electrophoretic mobility (Fig. 2A; bottom panel). A portion of high molecular weight
(HMW) tau in the P3 fraction from rTg4510 brain (indicated arrows in Fig. 2A) was too
large to enter the gel, and the amount of HMW tau in the P3 increased with age and severity
of tauopathy in rTg4510 mice. The results raise the possibility that 64 kDa tau species
partitioned to the S1 fraction were at earlier states of self-assembly and/or less modified than
those located in the P3 fraction. Upon quantitative analysis of 64 kDa tau in the S1 fraction
versus brain weight, we demonstrated a significant inverse correlation between these two
parameters (Fig. 2B, D), regardless whether animals of all ages, 1 to 8 month-old or 14
month-old were considered. In this regard, it has been reported that tauopathy causes
progressive, age-dependent forebrain atrophy in rTg4510 mice [14,28]. Similar analysis
showed a significant inverse relationship between the levels of 64 kDa in the P3 fraction and
brain weight, when mice of all ages or 8 month-old or younger were examined (Fig. 2C, D).
However, for 1 to 6 month-old mice the relationship between sarkosyl-insoluble 64 kDa tau
and brain weight is not as well correlated as that displayed by the TBS-extractable tau and
brain weight (i.e. p=0.1003 versus p=0.0018) (Fig. 2D). In addition, dot blot analysis of the
P3 fraction showed an age-dependent increase of PHF1-immunoreactivity until 6 months of
age. However, the inverse correlation between the total amount of sarkosyl-insoluble tau and
brain weight disappeared in mice over 6 months of age (data not shown). These results
suggest that the level of TBS-extractable 64 kDa tau species appears to reflect neuronal loss
better than that of sarkosyl-insoluble tau species.

Phosphorylation sites in TBS-extractable 64 kDa tau
To analyze tau phosphorylation, we probed blots of S1 fractions derived from brain extracts
from 4 and 8 month-old rTg4510 mice with a panel of tau antibodies against
phosphorylation-dependent or phosphorylation-independent tau epitopes (Fig. 3A). TBS-
extractable 64 kDa tau (indicated by arrows on right side of blots in Fig. 3A) was readily
detected by nine phosphorylation-dependent antibodies tested (AT270, CP13, pS212,
AT100, PHF6, 12E8, PHF1, pS400, and pS422). By contrast, some of these phosphorylated
epitopes were hardly detected in normal tau (indicated by bold lines on right side of blots in
Fig. 3A), even though the level of normal tau is much higher than that of 64 kDa tau
according to immunolabeling with phosphorylation-independent tau antibodies (E1,
WKS44, and Tau46). The results support the notion that TBS-extractable 64 kDa tau differs
from normal tau in the extent of phosphorylation and is phosphorylated at multiple sites.

To evaluate tau phosphorylation during the progression of tauopathy in this model, we
probed Western blots of S1 fraction with 12E8, PHF1 and E1 antibodies and performed
quantitative analysis (Fig. 3B). The ratios of phosphorylated tau to total tau (50–64 kDa)
(e.g., 12E8 versus E1, respectively) were determined and values derived from samples of 2
month-old mice were regarded as one. As summarized in Fig. 3C, the proportion of
phosphorylated tau increased as the age of mice increased. The extent of tau
phosphorylation in 8 month-old mice is as high as sevenfold (Fig. 3C) of that from 2 month-
old.

Besides immunoblotting with phosphorylation-dependent antibodies, we used 2D SDS-
PAGE at pH 3–10 and pH 4–7 to profile tau phosphorylation in the S1 fraction of rTg4510
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mouse brain at 6 months. After 2D electrophoresis was completed, proteins in
polyacrylamide gel were transferred to nitrocellulose membrane and blotted by
phosphorylation-independent tau antibody WKS44. As a result, 2D SDS-PAGE/Western
blot (2D-Western blot) analysis of S1 fraction from 6 month-old rTg4510 mice revealed
multiple 64 kDa tau isoforms having isoelectric points ranging from pH 5.0 to pH 6.0
(validated by control proteins β-tubulin and β-actin as shown in Fig. 3E), values that are far
more acidic than the theoretical isoelectric point (pH 9.4) of the 4R0N tau isoform, which
contains the P301L mutation (Fig. 3D & E). 2D-Western blot by using PHF1 antibody
confirmed that hyperphosphorylated 64 kDa tau was displayed to multiple spots (Fig. 3D).
These data support further that 64 kDa tau is modified by phosphorylation. Interestingly, it
should be noted that multiple spots of 64 kDa tau were migrated to the same position on the
second dimension of electrophoresis (shown in Fig. 3E) indicating that the mobility shift of
the 64 kDa tau was not entirely dependent on increased molecular weight by additional
phosphorylation.

Distinction between normal and TBS-extractable 64 kDa tau in sedimentations properties
and reaction to reducing agent

To find out whether normal and TBS-extractable 64 kDa tau have different physicochemical
properties, the S1 fraction from 6 month-old rTg4510 mice was centrifuged further at
150,000×g for 20 min to obtain a supernatant (S1c) and a pellet (S1p) fraction (Fig. 4A).
When the S1p fraction was analyzed under reducing (+β-mercaptoethanol [βME], Fig. 4B)
and non-reducing conditions, most of the tau was detected in the region around 64 kDa
(arrow in Fig. 4A) and ~ 130 kDa (dimer in Fig. 4B), respectively. In comparison, the
electrophoretic mobility of most tau in S1c is comparable to normal tau and was not affected
by the presence or absence of reducing agent βME (Fig. 4B). The results indicate the
presence of tau assemblies in S1p preparation and the involvement of disulfide bond cross-
linkage in tau-self interaction, and are consistent with previous findings of cysteine-
dependent tau dimers [29,30].

To test whether TBS-extractable 64 kDa tau is comparable to normal tau in terms of thermo-
stability, the S1c and S1p fractions were heat-treated at 95°C for 10 min, and centrifuged to
separate heat-stable from heat-unstable proteins. Similar preparations from non-transgenic
mice were used as controls and 4R0N recombinant tau was included as a reference. All heat-
treated samples were separated by SDS-PAGE, stained with Coomassie blue or probed with
E1 and PHF1 antibodies by Western blotting (Supplemental Fig. 1). Coomassie blue
staining showed the presence far more 50–60 kDa (marked by bracket) and 64 kDa (marked
by arrow) proteins in rTg4510 than non-transgenic preparations, when samples from S1c
and S1p fractions, respectively, were analyzed (Supplemental Fig. 1). Importantly, these
sized proteins displayed E1 and PHF1 immunoreactivities, indicating that TBS-extractable
64 kDa tau is as thermo-stable as normal tau (Supplemental Fig. 1).

Ultrastructural analysis of TBS-extractable 64 kDa tau
To determine the morphological properties of tau assemblies located in the S1p fraction, we
used electron microscopy with or without immunogold labeling. Numerous granular
aggregates and short filaments (~200 nm in length and 10–17 nm in width) were detected in
S1p samples derived from 6-month-old rTg4510 mice (Fig. 4, C and E). Structures were
rarely detected in corresponding preparation from 6 month-old non-transgenic controls (Fig.
4D). By counting the number of granules and filaments in multiple fields (9 fields, 1.8 μm ×
1.8 μm), we estimated that granular elements represent about 30% of the total (n=5.4±1.1 in
an area of 3.24 μm2) and the rest were short filaments (n=13.9±1.1 in an area of 3.24 μm2).
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Immunogold labeling of S1p samples revealed tau immunoreactivities in granular and short
filamentous structures (Fig. 4, G and H). Since the P3 fraction contained 64 kDa tau species
and has previously been shown to contain filamentous elements, we determined whether
there are dimensional differences between such filaments and those recovered in the S1p
fraction. Conventional transmission electron microscopic analysis of samples revealed the
presence of filaments that were much longer in the P3 than those in S1p fraction (Fig. 4, E
and F). The results as well as those obtained from biochemical profiling of tau are consistent
with the notion that the S1p fraction contains tau at earlier stages of assembly than P3.

Relevance of TBS-extractable 64 kDa tau to tauopathy in FTDP-17
To determine the relevance of TBS-extractable 64 kDa tau to human tauopathy, we
fractionated human brain homogenates from FTDP-17 harboring P301L mutation, using
protocol B and centrifugation of the S1 fraction at 150,000×g to derive S1c and S1p
fractions. Because the level of hTau in rTg4510 mouse brain is significantly higher than that
in human brain, we loaded 20-fold more FTDP-17 human brain sample so that the Western
blots would show comparable intensities. As the sample loading ratio of human brain
samples was different from the rTg4510 mouse brain samples, the intensity of S3 fractions
from human brain samples was much less than that from rTg4510 mouse brain samples
(Supplemental Fig. 2). Similar to what was observed in rTg4510 mice, S1p and P3 fractions
from human specimens contained higher molecular weight, phosphorylated tau species (e.g.
12E8 and PHF1 immunoreactive) larger than normal tau (Supplemental Fig. 2 and Fig. 4A) -
some did not enter the gel and others appeared as smears. The electrophoretic profiles of tau
in samples derived from human FTDP-17 brain are more complex than those in
corresponding preparations from rTg4510 mice. In the P3 fraction, three distinctive tau
species of size 60, 64 and 68 kDa were detected in samples from human as previously
reported [18,31], but only 64 kDa tau was found in those from transgenic mice. The
difference between human FTDP-17 and rTg4510 samples likely reflects the presence of
multiple human tau isoforms in human brain rather than the single 0N4R human tau isoform
found in the rTg4510 model. The human FTDP-17 samples contained a number of lower
molecular weight products which were absent in the rTg4510 samples, and this may reflect
degradation that is associated with post-mortem delay associated with human studies.

Pathological alteration of TBS-extractable 64 kDa tau
To confirm early pathological alteration of 64 kDa tau species, both S1c and S1p fractions
were examined for the immunoreactivity of MC1, Ab39 and Tau13 antibodies (Fig. 5). The
MC1 antibody recognized specific tau conformation in which the amino-terminal region
comes into contact with the microtubule-binding domains [32]. The conformational change
from normal unfolded state to this compact folding state has been considered to be essential
for tau aggregation process [27,33]. The Ab39 antibody is known to recognize a unique
epitope in NFT although its precise epitope is still unknown due to difficulties associated
with its use for Western blotting analysis [22,34]. Tau13 antibody is hTau specific and
phosphorylation-independent monoclonal antibody. Our dot blotting data clearly showed
that MC1-immunoreactivity in S1p fraction from rTg4510 mice was significantly higher
than that in S1p fraction from non-tg mice at both 2.5 and 8 months of age (Fig. 5B). Based
on pathological alteration of tau in rTg4510 mice, it was reasonable that the P3 fraction from
8 month-old rTg4510 mice showed higher MC1-immunoreactivity than the P3 fraction from
2.5 month-old rTg4510 mice (Fig. 5B). On the other hand, Ab39-immunoreactivities in both
S1c and S1p fractions from rTg4510 mice were not significantly different from those from
non-tg mice (Fig. 5C) while Tau13-immunoreactivities in those fractions from rTg4510
were clearly positive to compare with those from non-tg mice (Fig. 5D). As the Ab39
antibody preferentially detects NFT in tauopathy brains [19,22,34], Ab39-immunoreactivity
was only positive in P3 fraction from 8 month-old rTg4510 mice (Fig. 5C). Similar to the
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MC1 antibody, Tau13-immunoreactivity in P3 fraction from 8 month-old rTg4510 mice was
higher than that in P3 fraction from 2.5 month-old rTg4510 mice (Fig. 5D). These data
suggest that TBS-extractable 64 kDa tau has a MC1-positive conformation, and differs from
mature tangles.

DISCUSSION
Findings of tau mutations in frontotemporal dementia affected subjects and mutant tau
expression causing formation of tau-positive inclusions, neuronal loss and behavior
abnormalities in various animal models have established a role of this protein in
neurodegeneration [5–12]. The abundance of NFTs has been reported to correlate positively
with the severity of cognitive impairment in AD [35]. However, accumulating evidences
derived from studies of experimental models have indicated that NFTs may not be
neurotoxic. For example, a Drosophila model of tauopathy showed neuronal cell loss
without NFT formation [36] and suppression of hTau overexpression in a transgenic mouse
model prevented further neuronal loss and cognitive impairment without decreasing NFT
count [14]. These studies suggest that tau assemblies at certain stages of self-interactions
before NFTs are formed may be involved in neuronal loss.

To identify tau species related to the development of tauopathy and progression of neuronal
dysfunction, we examined tau protein biochemistry in an inducible P301L mutant htau
transgenic mouse model. As demonstrated in the present study, induced hTau expression
caused an age-dependent increase of TBS-extractable tau of 64 kDa in molecular weight.
This form of tau is larger than normal tau, recoverable in the supernatant (S1) fraction
following centrifugation of brain homogenates at 27,000 × g, and separable from normal tau
after further centrifugation at 150,000 × g, and abnormally phosphorylated. In the brains of
FTDP-17 patients, hyperphosphorylated tau was also recovered in the fraction recovered
following 27,000 × g to 150,000 × g centrifugation. Our results are in line with previous
findings showing that AD P-tau is primarily isolated from the 27,000 × g to 200,000 × g
fraction of AD brain extracts [16]. Immunochemical and morphological analyses showed
that less than 30% of tau in the AD P-tau fraction is derived from filamentous species [16].
Consistent with these observations, we did not find tau filaments (>200 nm length) in the
TBS-extractable 64 kDa tau preparations. Instead, we observed amorphous, tau-
immunopositive granular aggregates and short filaments. This morphological finding was
further supported by MC1 immunoreactivity and Ab39 insensitivity. The MC1 antibody,
which was raised to Alz50 [37] immunoaffinity purified paired helical filaments from AD
brain [32], identifies an early pathogenic conformation of tau [27]. On the other hand, the
Ab39 antibody raised to crude AD brain homogenate preferentially detects NFTs [21,22,34].
Our results indicate that the TBS-extractable 64 kDa tau-enriched fraction contains tau
products with abnormal conformation at less advanced stages of self-assembly than NFTs.
Interestingly, in brain samples from 6 month-old rTg4510 mice, there was ~80 times more
64 kDa tau in the TBS-extractable fraction than in the sarkosyl-insoluble fraction, indicating
that more than 95% of 64 kDa tau may comprise soluble tau species. In Western blots,
sarkosyl-insoluble tau from human tauopathy brains appears high molecular weight smears
(see Supplemental Fig. 2 and [24,38,39]). Although these high molecular smear species can
be accounted as a major pool of hyperphosphorylated tau from human diseased brain, the 64
kDa tau in the TBS-extractable fraction from rTg4510 mice was more abundant than htau
immunoreactive smear in sarkosyl-insoluble fraction from rTg4510 mice (see Supplemental
Fig. 2 and note that S1 and P3 fraction were derived from 0.01 and 0.5 mg of tissue,
respectively). Therefore, it is possible that soluble hyperphosphorylated tau species, not
NFTs, are involved in neuronal dysfunction.
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Our previous work that examined the tau aggregation pathway using an in vitro tau self-
assembly system demonstrated the existence of tau aggregation intermediates (e.g., tau
dimer, tau multimer, and granular tau oligomer) [40]. Tau multimers with apparent
molecular weights of ~140 kDa and ~170 kDa have been reported in previous studies of
rTg4510 brains, using a Tris-glycine gel system operating at pH 6.8 [15]. The 170 kDa tau
was shown to display sarkosyl-insolubility whereas the 140 kDa species was extractable in
TBS and recovered in supernatant after centrifugation at 150,000×g for 15 min [15]. Tau
multimers were only observed after prolonged exposure during ECL reaction indicating that
these multimers are proportionally very small fractions [15]. In our hand, analysis of TBS-
extractable tau fraction using two other SDS-PAGE buffer systems—a Bis-Tris gel system
operating pH of 7.0 and a Tris-acetate gel system operating pH of 8.1—showed that under
non-reducing conditions tau multimers migrate to ~120 kDa and ~130 kDa, molecular sizes
consistent with those of tau dimer species weighing 50–60 kDa and 64 kDa, respectively
([30,40] and Fig. 4B). We found that most tau dimers were 64 kDa tau species, whereas
most tau monomers were normal tau (Fig. 4B). However, these reducing agent sensitive tau
dimers were not detected in previous rTg4510 studies [15]. Although we cannot resolve this
discrepancy, differences between previous and present studies were tissue preparation
protocols (150,000×g and 27,000×g centrifugations for TBS-extraction, respectively) and
the age of mice for the reducing agent sensitivity analysis (3.5 month-old in [15], and 6
month-old rTg4510 mice in the present study, respectively). It is conceivable that tau dimers
composed of either normal tau or 64 kDa tau species can be recognized by the antibody
TOC1, which was raised against cross-linked tau dimer and detected tau oligomers [41]. To
determine whether cognitive function and neuronal loss are triggered by the same subspecies
of tau, the correlation analysis between cognitive performance of rTg4510 mice and levels
of TBS-extractable 64 kDa tau species need to be examined in future.

Mass spectrometric analysis and mapping using phosphoepitope-specific antibodies of AD
brain samples have revealed that insoluble tau possesses 45 phosphorylation sites (for
review, see [42]). Under physiological conditions, tau phosphorylation sites may turn over
rapidly through the regulation of multiple kinases and phosphatases. In brains undergoing
tauopathy, abnormal highly phosphorylated tau seems to influence self-aggregation by
maintaining a stable state of phosphorylation. In the present study, we observed more than
10 phosphoepitope-positive sites on TBS-extractable 64 kDa tau in 8 month-old rTg4510
mice. Two-dimensional gel electrophoresis revealed that 64 kDa tau has multiple isoelectric
points, ranging from pH 5.0 to pH 6.0. By contrast, the 4R0N tau isoform with P301L
mutation has a theoretical isoelectric point of pH 9.4. Taken together, this indicates that the
phosphorylation sites in 64 kDa tau neutralize the basic charge of tau. Most interestingly,
multiple isoelectric points of 64 kDa tau indicate that 64 kDa tau is heterogeneously
phosphorylated. Since it remains unknown which specific phosphorylation sites underlie the
mobility shift of tau proteins in SDS-PAGE, it would be worthwhile to perform
phosphopeptide mass spectrometry of TBS-extractable 64 kDa tau species.

In summary, the progression of tauopathy in rTg4510 mice is closely associated with the
levels of a pool of abnormal tau. This abnormal tau appears as short filaments and granules
representing oligomeric assemblies of 64 kDa hyperphosphorylated tau. Oligomer formation
involves disulfide cross-linking between tau molecules. The resulting assembly
intermediates are much more abundant than the end products of assembly. Our research goal
is to identify the tau species that must be eliminated in order to halt or reverse tau-induced
neurodegeneration. If the TBS-extractable 64 kDa tau species can be reversibly regulated,
our finding will provide crucial information toward development of tau-based therapy.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Sarkosyl-insoluble tau preparations from the brains of rTg4510 and JNPL3 mice: models
of tauopathy
A. Comparison of two protocols for preparing sarkosyl-insoluble tau. Brain homogenates
were separated into TBS-extractable (S1), high-salt and sarkosyl-extractable (S3), and
sarkosyl-insoluble (P3) fractions. S1 fraction was separated by centrifugation at either at
27,000 × g (protocol A) or at 150,000 × g (protocol B) for 20 min at 4°C. Pellets were re-
homogenized in 5 volumes of high salt/sucrose buffer and centrifuged as above. The
supernatants were collected and incubated with sarkosyl for one hour at 37°C, followed by
centrifugation at 150,000 × g for one hour at 4°C to obtain salt and sarkosyl-extractable
fractions (S3 fraction) and sarkosyl-insoluble pellets. B. Western blots of brain and spinal
cord samples from rTg4510 and JNPL3 mice. S1 fractions from rTg4510 (13 month-old,
female) and JNPL3 (16 month-old, female) mice were derived from 0.01 mg and 0.02 mg of
tissue, respectively. With the two different protocols, Western blots probed with E1 antibody
displayed different tau profiles. The arrow head indicates 64 kDa tau and bold line indicates
50–60 kDa tau. C. Western blots of brain samples from rTg4510 and JNPL3 mice. S1, S3,
and P3 fractions were loaded at a ratio of 1:16:50 (based on tissue weight). S1 fractions from
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rTg4510 and JNPL3 mice were derived from 0.01 mg and 0.02 mg of tissue, respectively.
Arrowheads indicated 64 kDa tau. D. The proportion of P301L hTau in different fractions.
Two age groups were analyzed from Western blots using the E1 antibody. Ratios of 64 kDa
tau in the S1 fraction versus 64 kDa tau in the P3 fraction are shown at the bottom of the
figure.
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Fig. 2. Age-dependent 64 kDa tau accumulation and correlation with brain weight of rTg4510
mice
A. Representative Western blots showing tau (E1 and PHF1 antibodies) and GAPDH in S1
and P3 fractions derived from brains of 1, 2, 4, 6, 8 and 14 month-old rTg4510 and non-
transgenic mice. The same volume of S1 and P3 fractions (containing 0.01 mg or 0.5 mg
wet-weight of brain, respectively) was loaded into the gels. Arrowheads indicated 64 kDa
tau. Arrows in PHF1 blots indicated positions of polyacrylamide gel top. B and C. Scatter
plots showing brain weight (half of forebrain) as a function of PHF1-positive 64 kDa tau in
S1 (B) and P3 (C) fractions. D. Statistical data showing the correlation between 64 kDa tau
levels and brain weights. Spearman nonparametric correlation analysis was performed.
Significant correlation was found: *p<0.05; **p<0.01; and ***p<0.001.
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Fig. 3. Tau phosphorylation in TBS-extractable fractions from rTg4510 mouse brains
A. Western blots of TBS-extractable fractions from rTg4510 (tg) and non-tg (nt) mice aged
4 months (4 M) and 8 months (8 M) using 12 tau-specific antibodies. The same volume
(containing 0.01 mg wet-weight of brain) of each sample was loaded into the gels.
Arrowheads indicated 64 kDa tau. Bold lines indicated 50–60 kDa tau. B. Western blots of
TBS-soluble tau derived from the brains of 2, 4, 6, and 8 month-old rTg4510 mice. Blots
were probed with E1, 12E8, and PHF1 antibodies. Arrowheads indicated 64 kDa tau. C.
Temporal changes in tau phosphorylation with aging. Relative phosphorylation levels
detected by 12E8 and PHF1 antibodies were normalized by the levels of E1-positive tau.
Values are means ± SEM with respect to levels measured from samples of 2 month-old
mice; these levels were scaled to a value of one. D. Two-dimensional SDS-PAGE
characterization of 64 kDa tau. Fifteen micrograms of S1 fraction from the brain of a 6
month-old rTg4510 mouse was separated via isoelectric focusing at a pH range of 4–7 (D)
or 3–10 (E) for the first dimension, and then via 10% SDS-PAGE for the second dimension.
The resulting blots were probed with anti-tau antibody WKS44 and anti-phosphorylated tau
specific antibody PHF1. The pI of 64 kDa tau species was between 5.0 and 6.0. Arrows
indicated molecular size of 64 kDa in the second dimension. Isoelectric point determination
was validated using loading controls (e.g., β-tubulin, β-actin) and ponceau staining (E).
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Fig. 4. Characterization of TBS-extractable 64 kDa tau
A. TBS-extractable (S1) fractions were separated by further centrifugation to 150,000 × g
supernatant (S1c) and precipitate (S1p) fractions, and 64 kDa tau was recovered from the
S1p fraction. B. Reducing and non-reducing SDS-PAGE and Western blotting of S1c and
S1p fractions. Reducing (+βME) and non-reducing (-βME) samples were subjected to
Western blotting with the Tau46 antibody. Heat-stable S1c and S1p fractions from rTg4510
(tg) and non-tg (nt) 6 month-old mice were separated by SDS-PAGE on 4–12% Bis-Tris
gels using MOPS SDS running buffer. C–H. Electron microscopy analysis with or without
immunogold labeling. S1p fractions from rTg4510 (C) and non-tg (D) mice were
immunogold labeled with anti-E1 (4 nm gold) and anti-Tau46 (10 nm gold). Conventional
transmission electron showed short filaments in S1p fraction (E) and longer filaments in P3
fraction (F). In S1p fractions from rTg4510 mice, E1 and Tau46 antibodies labeled
filamentous (G) and granular (H) structures. Scale bar is 200 nm.
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Fig. 5. Dot blot analysis of brain extracts from rTg4510 mice
A. Fractions of S1c (150,000 × g supernatant of S1) and S1p (150,000 × g precipitate of S1)
and P3 fraction from rTg4510 (Tg +; n=3) and wild type control (Tg −; n=3) brain
homogenates were dot blotted. Two age points were evaluated: 2.5 month-old (2.5 M) and 8
month-old (8 M). One μl of each sample was spotted on nitrocellulose membrane and
probed with MC1, Ab39 and Tau13 antibodies. B. Quantification of MC1-immunopositive
signals in different fraction. C. Quantification of Ab39-immunoreactive signals in different
fraction. D. Quantification of Tau13-immunorective signals in different fraction. Relative
signal intensities are means ± SEM normalized to the value from 2.5 month-old wild type
S1c sample. Significant differences were found between rTg4510 and non-tg samples:
*p<0.05; **p<0.01; and ***p<0.001.
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