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Conditional expression systems for 4-repeat wild-
type (WT) tau or the corresponding mutants V337M
and R406W were established in human neuroglioma
H4 cells to study the effect of tau mutations on the
physicochemical properties of tau, and to develop a
cellular model for the formation of filamentous tau
characteristic of frontotemporal dementia with par-
kinsonism linked to chromosome 17 (FTDP-17) and
Alzheimer’s disease. Upon induction tau expression
increased, reaching maximal levels at 5 to 7 days. WT
tau was phosphorylated at amino acids T181, S202/
T205, T231, and S396/S404. The R406W mutation de-
creased tau phosphorylation at each of these sites as
did the V337M mutation except for S396/S404 sites
that increased. Most tau in postnuclear cell lysates
was recovered in the supernatant fraction after cen-
trifugation at 200,000 � g. The amount of tau in the
pellet fraction increased more in mutant transfectants
compared to WT when the induction was extended
beyond 5 days. This particulate tau could be partially
extracted with salt , Triton X-100, or sarkosyl. Of the
transfectants, R406W had the highest proportion of
sarkosyl-insoluble tau by day 7. This insoluble frac-
tion was thioflavin S-positive and contained 15- to
5-nm-wide filaments with tau immunoreactivities.
The R406W filaments were more abundant than those
detected in similar preparations from WT or V337M
transfectants. At the light microscopy level, most tau
was found with microtubules, or diffusely distributed
in the cytoplasm, but none of this appeared thioflavin
S-positive. The results suggest that conditional tau
transfectants are in a pretangle stage making them an
attractive model system for studying intracellular tan-
gle accumulation and for testing potential therapeutic
agents as inhibitors for tau aggregation. (Am J
Pathol 2002, 161:1711–1722)

Filamentous tau inclusions represent a key pathological
feature in Alzheimer’s disease (AD) and FTDP-17
brains.1,2 The role of these inclusions in neurodegenera-
tion is not certain, but their abundance correlates posi-
tively with the severity of cognitive decline in AD pa-

tients.3 This observation coupled with the discovery of tau
mutations in FTDP-17 suggests that the accumulation of
filamentous tau is detrimental to neuronal viability.4–6

This view is supported by the creation of transgenic
FTDP-17 animal models that exhibit neurofibrillary degen-
eration,7,8 but the potential toxic effects of these tau
accumulations and soluble tau still are not under-
stood.9,10

FTDP-17 missense mutations, including V337M and
R406W are located, respectively, within and flanking the
microtubule (MT)-binding domain of tau that also consti-
tutes the core of AD paired helical filaments.11 The
FTDP-17 mutations can inhibit tau-MT interactions in
vivo12 and/or promote tau self-assembly13–15 and aggre-
gation,16 but the mechanism of FTDP-17 tau filament
accumulation remains unclear. Phosphorylation of wild-
type (WT) tau has been shown to modulate its binding to
MTs and may lead to an increase in the pool of tau
available for filament assembly in tauopathies. Hyper-
phosphorylated tau from AD brains not only has a de-
creased ability to promote MT polymerization, but it can
strip normal tau from MTs. This causes MT depolymer-
ization and leads to tau filament assembly.17,18

In vitro, GSK-3� has been shown to phosphorylate
recombinant WT tau at the same sites as P301L and
V337M mutants, but the R406W mutant was phosphory-
lated at only a subset of these sites.19 Purification of WT
and R406W tau from a FTDP-17 brain demonstrated a
decrease in phosphorylation of the mutant tau in soluble
cytosolic fractions, but not in sarkosyl-insoluble frac-
tions.20 In addition, studies on nonneuronal cells trans-
fected with tau indicate that the expression of FTDP-17
tau affects cytoskeletal integrity differently than WT
tau.16,21–25 In these cell culture models, the transfected
FTDP-17 tau appeared to be phosphorylated differently
than WT tau, and mutants with increased aggregation did
not bundle MTs as well as WT tau.16 Filamentous tau
inclusions were originally reported in a �280K CHO line,
but the filaments were less than 10 nm in diameter; were
not immunogold labeled; were not characterized for sar-
kosyl insolubility; and were not observed in WT, V337M,
or R406W cell lines.16 More recently, filamentous inclu-
sions have been reported in okadaic acid/hydroxynon-
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enal-treated SH-SY5Y neuroblastomas; but again these
filaments were less than 10 nm in diameter and were
poorly immunogold labeled with only one antibody to
tau.25 To date, none of the cell culture models have been
shown convincingly to develop filamentous tau inclusions
with structural, morphological, and biochemical proper-
ties consistent with those found in AD or related disor-
ders, and this lack of filament formation in transient or
most stable transfectants may indicate that cytosolic lev-
els of tau are below the critical concentration. In this
article, we describe the generation and characterization
of conditional transfectants from human neuroglioma H4
cells expressing 4-repeat WT, V337M, or R406W tau.
Using the tetracycline-off inducible mechanism to
achieve more abundant tau expression, we examined the
effects of FTDP-17 mutations on phosphorylation, aggre-
gation, and filament assembly of tau. Glioma cells were
used because abnormal accumulations of tau have been
observed in glial cells,26 and they have a relatively large
cytoplasmic volume.

Materials and Methods

Antibodies

WKS44 was raised against a tau polypeptide corre-
sponding to amino acid residues 162 to 17827 and used
at 1:250 dilution for immunofluorescence with the anti-
tubulin TUB 2.1 (Sigma, St. Louis, MO) at 1:200 dilution.
For immunofluorescence studies of tau phosphorylation,
mouse monoclonal antibodies PHF1, CP13, TG3, AT180,
and AT270, respectively, were used at 1:20, 1:75, 1:5,
1:75, and 1:75 dilution. PHF1, CP13, and TG3 were pro-
vided by Dr. P. Davies (Albert Einstein College of Medi-
cine, Bronx, NY); AT180 and AT270 were purchased from
Pierce Endogen (Rockford, IL). For Western blotting, tau
antibodies were used at the following dilutions in the
blocking solution: affinity-purified rabbit polyclonal
WKS44 (1:1000), mouse monoclonals Tau46 (1:2000),
PHF1 (1:100), CP13 (1:250), AT100 (1:250), AT180 (1:
250), AT270 (1:500), and TG3 (1:5). Tau46 recognizes
tau peptides corresponding to amino acids 404 to 441.
PHF1, CP13, AT100, AT180, TG3, and AT270 recognize
sites phosphorylated, respectively, at S396/S404, S202/
T205, T212/S214, T231, T231/S235, and T181. Other an-
tibodies used for immunogold labeling were rabbit poly-
clonal E1 raised against a tau peptide corresponding to
the tau sequence 19 to 33, mouse monoclonal anti-ker-
atin, and anti-vimentin antibodies obtained from DAKO
(Carpinteria, CA), and polyclonal antibodies to glial fibril-
lary acidic protein and neurofilament, respectively.28

H4 Neuroglioma Cells

A founder line, generated by transfecting human neuro-
glioma H4 cells with pUHD15-1neo (Clontech Laborato-
ries Inc., Palo Alto, CA) that encodes tetracycline-
repressible transactivator, was generously provided by Dr.
R. E. Tanzi (Massachusetts General Hospital, Charlestown,
MA). These cells, referred to as H4-15neo, were grown in

Dulbecco’s modified Eagle’s medium (Life Technologies,
Gaithersburg, MD) containing 10% fetal bovine serum (Life
Technologies), 200 �g/ml G418 (Life Technologies), and 2
�g/ml tetracycline (Sigma) and maintained in a humidified
incubator at 37°C with 5% CO2.

Preparation of tau Plasmids for Transfection

The cDNA for 4-repeat WT (2-, 3-) tau in pBlueScript was
provided by Dr. A. Andreadis (E. K. Shriver Center for
Mental Retardation, Waltham, MA). They were digested
with SalI and cloned into the XhoI site of pcDNA3. The tau
cDNAs from pcDNA3 were removed by digestion with
EcoRI and then ligated into the tetracycline-responsive
(pTRE) vector (Clontech, Palo Alto, CA).

To construct vectors containing tau with the V337M or
R406W mutation, we used the site-directed mutagenesis
strategy described before.40 A reverse-strand oligo 5�-
CCGCGAGACCCACCCTTGGAGGCTCCAGATTTATC-3�
was used with the following primers: V337M 5�-CAGGAG-
GTGGCCAGATGGAAGTAAAATCTG-3� or R406W 5�-
GGGACACGTCTCCATGGCATCTCAGCAAT-3� to mutate
WT (2-, 3-) tau in pBlueScript using polymerase chain reac-
tion with the aid of the Gene Editor Site-Directed Mutagen-
esis Kit (Promega, Madison, WI). The cDNAs were then
cloned into pcDNA3 and pTRE. DH5� competent cells
(Clontech) were transformed using the above pTRE con-
structs and plated to select positive clones. Colonies were
picked, grown, and the pTRE plasmid containing the cDNA
of interest was isolated using the Qiagen Maxi-Prep Plasmid
Purification Kit (Qiagen, Santa Clarita, CA). The sequence
and orientation were verified using an ABI377 automated
sequencer with the Big Dye Terminator Sequencing Kit
(Perkin Elmer, Norwalk, CT) and restriction enzyme size
analysis, respectively.

Generation of Inducible tau Transfectants

The pTRE constructs from above and pBabe-Puro, a kind
gift of Dr. T.-W. Kim (Massachusetts General Hospital,
Boston, MA) were used to co-transfect H4-15neo founder
cells with the aid of Tfx-20 (Promega). The cells were
seeded in six-well plates at 4 � 105 cells per well. On the
following day, cells were transferred to 100-mm dishes
(Becton Dickinson Labware, Franklin Lakes, NJ) and se-
lected with 1 �g/ml of puromycin (Sigma). Clonal cell
lines were screened for inducible tau expression using
the dual-immunofluorescence protocol described below.

Induction of tau Expression in Transfected H4
Cells

Transfected H4 cells were plated at 2 to 4 � 105 cells per
dish (150-mm diameter, Becton Dickinson) in medium
containing tetracycline. On the following day, the medium
was removed and the cells were washed three times with
10 ml of Dulbecco’s phosphate-buffered saline (PBS)
(Life Technologies) before their incubation with medium
lacking the tetracycline to induce tau expression. After
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different durations of induction, cells were harvested to
prepare lysates and insoluble tau fractions.

Double Immunofluorescence

Cells were plated on coverslips (5000 per well) in 24-well
plates (Corning Inc., Corning, NY) and maintained as
described above. At the end of induction, the coverslips
were washed three times with 100 �l of stabilization
buffer (80 mmol/L PIPES at pH 6.8, 1 mmol/L MgCl2, 1
mmol/L EGTA, 1 mmol/L GTP, and 30% glycerol), dehy-
drated for 5 minutes in methanol, and fixed for 15 minutes
in 2% paraformaldehyde made with stabilization buffer.
The coverslips were then washed three times in 100 �l of
stabilization buffer before the incubation with 10 mmol/L
of phosphate at pH 6.8 and 137 mmol/L of NaCl (PBS)
containing 0.3% Triton X-100 for 5 minutes to disrupt the
cell membranes. After washing three times in 100 �l of
100 mmol/L Tris at pH 7.6 (TS), the coverslips were
blocked for 30 minutes in TS containing 3% goat serum,
followed by incubation for 30 minutes with a polyclonal
anti-tau (WKS44) and a monoclonal anti-tubulin antibod-
ies in TS containing 1% goat serum or WKS44 and a
monoclonal antibody to phosphorylated tau epitope. The
cells were washed six times with 100 �l of TS containing
1% goat serum and incubated for 30 minutes in the dark
with fluorochrome-conjugated secondary antibodies (1/
200), Alexa 594 goat anti-mouse IgG, and Alexa 488 goat
anti-rabbit IgG (Molecular Probes, Eugene, OR), in TS
containing 1% goat serum. The coverslips were washed
and mounted on microscope slides using a 3:1 glycerol
and PBS solution. The cells were viewed on a Leica
Laborlux S microscope (Leica Microsystems, Wetzlar,
Germany) with images collected using a 12-bit mono-
chrome Minimax camera (Princeton Instruments Inc.,
Princeton, NJ). Data were collected and analyzed using
the MCID software version 2.8 (Imaging Research Inc.,
St. Catherines, Ontario, Canada) to quantitate the relative
phosphorylation of WT and mutant tau.

Preparation of Cell Lysates

After removal of feeding media and washing briefly with
10 ml of PBS, the cells were collected by scraping them
off in 10 ml of PBS per 150-mm dish. The cells were
counted, pelleted at 180 � g for 10 minutes, resus-
pended at 20,000 to 25,000 cells/�l in lysis buffer (20
mmol/L MES at pH 6.8, 80 mmol/L NaCl, 1 mmol/L MgCl2,
2 mmol/L EGTA, 10 mmol/L NaH2PO4, 20 mmol/L NaF, 1
mmol/L phenylmethyl sulfonyl fluoride, and 10 �g/ml leu-
peptin) and then homogenized with 40 strokes using a
Thomas pestle tissue grinder (Thomas Scientific,
Swedesboro, NJ). The homogenates were centrifuged for
5 minutes at 500 � g to remove nuclei. The postnuclear
lysates were collected and mixed 4:1 with 6� reducing
sample buffer [375 mmol/L Tris, 12% sodium dodecyl
sulfate (SDS), 12% �-mercaptoethanol, 60% glycerol,
and 0.002% bromphenol blue at pH 6.8] giving a final
concentration of 1.6 to 2.0 � 104 cells/�l of sample.

Preparation of Particulate tau

Postnuclear cell lysates prepared as described above
were incubated at 4°C for 20 minutes to depolymerize
MTs and then centrifuged for 20 minutes at 200,000 � g.
Supernatants were collected and immediately mixed with
6� reducing sample buffer and boiled 10 minutes. The
pellets were resuspended in a volume of lysis buffer
equivalent to one fourth of the starting volume and imme-
diately mixed with 6� sample buffer. This was done to
adjust the amount of tau in the pellet samples so it more
closely resembled that found in the supernatants. This
facilitated the quantitation of the tau by densitometric
analysis. Samples prepared from three to seven indepen-
dent experiments were used for quantitative Western
blotting analyses.

To determine the solubility of particulate tau from trans-
fectants, the pellets were prepared in lysis buffer contain-
ing an additional 500 mmol/L NaCl, 1% Triton X-100, 1%
Triton X-100 plus 0.5% deoxycholate plus 0.1% SDS or
500 mmol/L NaCl plus 10% sucrose plus 1% sarkosyl.
The samples were vortexed for 30 minutes at room tem-
perature and incubated another 30 minutes at 37°C (for
those in NaCl or Triton X-100) or 4 hours at room temper-
ature or overnight at 4°C (for those in sarkosyl) and
centrifuged at 200,000 � g for 20 minutes. Again, super-
natants were collected and mixed with 6� sample buffer.
The pellets were resuspended with a Thomas pestle tis-
sue grinder in a reduced amount of lysis buffer plus
extracting agents. These pellet samples were then mixed
with 6� sample buffer and analyzed by Western blotting.
Sarkosyl-insoluble pellets were also resuspended as de-
scribed and then mixed with 9 vol of 10 �mol/L of thio-
flavin S in 30 mmol/L of MOPs at pH 7.4 to assess filament
formation.

Western Blot Analysis

Samples were run on 10% SDS-polyacrylamide gel elec-
trophoresis gels and transferred to nitrocellulose paper
overnight at 4°C. The blots were incubated with a block-
ing solution containing 5% milk proteins, 0.1% goat se-
rum, and 0.1% Tween-20 in Tris-buffered saline (TBS) (25
mmol/L Tris, 150 mmol/L NaCl, pH 7.4) for 30 minutes
before incubation with various tau antibodies for 1 hour at
room temperature. The blots were washed three times
with TBS containing 0.1% Tween-20, three times with TBS
alone, and then incubated for 1 hour at room temperature
with peroxidase-conjugated goat anti-rabbit or anti-
mouse secondary antibodies (Chemicon, Temecula, CA)
at 1:1000 dilution in blocking solution. After washing off
the unbound antibodies, the blots were developed using
enhanced chemiluminescence (Amersham Pharmacia
Biotech, Uppsala, Sweden). To quantitate phosphoryla-
tion of total tau in lysates, blots were probed first with the
rabbit polyclonal WKS44 and then reprobed with various
mouse monoclonals (PHF1, CP13, AT180, AT270) to
phosphorylated epitopes. Immunoreactivity of tau pro-
teins was analyzed from scanned films using MCID soft-
ware (Imaging Research Inc.), and the amount of phos-
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phorylated epitope in each cell line was normalized to
total tau for comparison of WT and mutant tau.

Thioflavin S Binding

Thioflavin S binding measured by fluorescence was used
to determine the amount of tau filament formation in con-
ditional transfectants using a Cary Eclipse fluorescence
spectrophotometer (Walnut Creek, CA).29 Sarkosyl-insol-
uble aggregates were collected as described and resus-
pended in 30 mmol/L of MOPs at pH 7.4 with 10 �mol/L
of thioflavin S. These were then excited at 440 nm, and
the emission spectrum was collected from 460 to 600 nm.
The peak areas were integrated to get the fluorescence
intensity. Noninduced transfectants were used as con-
trols. Three separate experiments were performed, and
the ratio of thioflavin S binding of induced/noninduced
transfectant was determined by dividing the fluorescence
intensity of sarkosyl-insoluble preparations from induced
transfectants by the fluorescence intensity of identical
preparations from noninduced transfectants.

Immunogold Electron Microscopy

Sarkosyl-insoluble samples, collected as described or
fractionated further by sucrose gradient centrifugation,
were examined by immunogold electron microscopy. The
sucrose fractionation was performed by resuspension of
the sarkosyl-insoluble samples in 1.5 ml of lysis buffer
containing 10% (�0.3 mol/L) sucrose and running them
on a step gradient containing 5 ml each of 1.5 mol/L and
2.0 mol/L sucrose in lysis buffer. After centrifugation at
160,000 � g for 16 hours, the following samples were
collected: 2 ml at the top of the gradient, 4 ml of the 1.5
mol/L sucrose fraction, 1 ml at the 1.5/2.0 interface, 4 ml
of the 2.0 mol/L sucrose, and 0.5 ml of the remaining 2.0
mol/L sucrose fraction including the pellet. The sarkosyl-
insoluble materials were immediately adsorbed on to
carbon/formvar-coated 400 mesh copper grids (EM Sci-
ences) for 1 to 3 minutes or 15 to 60 seconds if unfrac-
tionated. The grids were washed three times with filtered
TBS, blocked for 30 minutes on a filtered TBS solution
containing 0.04% bovine serum albumin and 2% horse
serum, and then incubated for 1 to 2 hours in primary
antibody. Excess antibodies were removed by washing
three times in blocking solution, and the grids were incu-
bated for 1 hour in solutions containing Aurugold
5-nm gold-conjugated anti-rabbit or 10-nm gold-conju-
gated anti-mouse secondary antibody (1:20 dilution,
Amersham). After washing five times with TBS, the grids
were stained with 2% uranyl acetate for 45 seconds
and examined with an EM 208S electron microscope
(Phillips, Hillsboro, OR). All antibodies were diluted with
the blocking reagent. The tau primary antibodies used
were the mouse monoclonal Tau46 (1:50) and the rab-
bit polyclonal E1 (1:20). Samples incubated without
primary antibodies or with mouse monoclonal antibod-
ies to tubulin (1:15), keratin (1:100), and vimentin (1:
100) were used as negative controls. Electron micro-
graphs containing filaments with at least four gold

particles were scanned, and length measurements
were taken using the MCID software.

Results

Immunolabeling of Cell Lines for tau Expression

Cells transfected with WT or FTDP-17 (2-, 3-) tau cDNA in
the inducible pTRE vector (Figure 1) were screened for
tau expression after 3 days of induction. Transfectants
maintained in media containing tetracycline were used as
controls. The screening was accomplished by monitoring
tau expression in fixed H4 cells grown on glass cover-
slips. WKS44, which recognizes total tau, was used in
conjunction with a mouse monoclonal anti-tubulin anti-
body (TUB2.1) to determine whether the tau was co-
localized with the MT network. Cell lines that expressed
the highest levels of tau after 3 days of induction and
contained undetectable amounts of tau without the induc-
tion were chosen for further characterization. In these
transfectants, tau immunoreactivities were detected with
MT networks and MT bundles (Figure 2). They also dis-
tributed diffusely in the cytoplasm. The bundling was
observed more frequently in WT and R406W transfec-
tants than in the V337M line (Figure 2) and was never
detected in the pTRE vector control line lacking tau cDNA
(data not shown). Together this indicates that most
V337M cells did not express the highest levels of tau. The
expression of tau in each of the transfectants with a 5-day
or shorter induction was not uniform, and cells express-
ing higher levels of tau often were observed next to cells
producing little or no tau (Figure 2). After 7 days of
induction, most cells in each line displayed some tau
immunoreactivities. In contrast to other transfectants,
most of the V337M cells expressed comparable levels of
tau, whereas WT or R406W tau expression varied widely
in cells belonging to the same transfectant.

Immunoblotting of Lysates from tau
Transfectants

Western blotting of postnuclear cell lysates from WT and
mutant transfectants was used to verify tau expression on
induction. In the presence of tetracycline, tau was not

Figure 1. Schematic representation of human brain tau. A: Full-length 4-re-
peat tau with 441 amino acid residues [4R (�2, �3)]. B: Full-length 4-repeat
tau with 383 amino acid residues lacking exons 2 and 3 [4R (�2, �3)]. The
sites of the N-terminal inserts, MT-binding repeats, mutations, and epitopes
recognized by antibodies to nonphosphorylated tau (WKS44, E1, and Tau46)
and phosphorylated tau (AT270, CP-13, AT-100, AT-180, TG-3, and PHF-1)
are marked.

1714 DeTure et al
AJP November 2002, Vol. 161, No. 5



detectable by Western blotting (Figure 3A, day 0). In
comparison, tau was detected within 24 hours of tetracy-
cline removal. The level of tau appeared to reach its
maximum by day 7 (Figure 3A). Extension of the induction
period beyond 5 to 7 days led to generation of small
amounts of degraded tau fragments that were smaller in
molecular weight than 4-repeat recombinant tau.

The level of tau in lysates from different transfectants
was determined by using different known amounts of
recombinant WT tau as standards in immunoblotting.

Densitometric analyses of Western blots of lysates from
comparable number of cells with a 5-day induction dem-
onstrated that the WT sample contained �40% more tau
than either V337M or R406W. With a 7-day induction, the
amount of tau detected in WT, V337M, and R406W, re-
spectively, were 12.6 � 3.8 (average � SEM), 6.8 � 2.0,
and 5.1 � 2.8 �g per 106 cells, and these levels were
often approached after only 5 days of induction. At these
levels, tau saturated the MT network generating large
amounts of free cytosolic tau.30

Figure 2. Double-immunofluorescence staining of tau transfectants. Cells were labeled with antibodies to tau (green) and tubulin (red). Transfectants expressed
variable levels of tau after 3 days of induction, but by 7 days of induction most of the cells expressed tau. As the expression of tau increased the MT network
becomes reorganized. Co-localization of tau and MT (orange to yellow color) was observed in cells expressing low levels of tau; but as levels of tau increased,
tau was observed in MT bundles and in regions of cytosol lacking of MTs. By day 7, most of the cells have tau expression.

tau Assembly in Inducible Transfectants 1715
AJP November 2002, Vol. 161, No. 5



The WT and mutant tau differed in their electrophoretic
profiles. When lysates from WT transfectant were probed
with tau antibodies to nonphosphorylated epitopes with
WKS44 five bands of molecular weight equal to or higher
than that of recombinant tau (56 kd) were detected (Fig-
ure 3A). Densitometric scanning of immunoblots showed
that the largest tau species in the WT transfectants was
68 kd in molecular weight and was in low abundance or
absent in the corresponding V337M and R406W trans-
fectants. tau of 64, 61, 58, and 56 kd were also detected
in the WT transfectants. Of the four tau species, the 64-kd
band was not readily detected in the lysates from V337M
and R406W transfectants and the 61- and 58-kd tau were
missing or in low abundance in R406W but not V337M
tau. The 56-kd band was the most abundant species for
R406W giving it the simplest profile. Such differences
between mutant and WT tau in gel electrophoretic pro-

files were observed in transfectants with different dura-
tions of tau expression and expression levels.

Analyses of tau Phosphorylation

The differences in electrophoretic mobility observed
among WT, V337M, and R406W tau are likely because of
changes in phosphorylation. This is supported by the
data obtained from immunoblotting of cell lysates with a
series of antibodies specific to different phosphorylated
tau epitopes (Figure 3B). In WT tau, both the 68-kd and
64-kd bands displayed CP13, AT180, and AT270 immu-
noreactivities, and only the 68-kd tau was labeled by
PHF-1. In comparison, smaller intact tau displayed very
little phospho-tau immunoreactivities except with AT180.
Phosphorylated tau epitopes were also detected in
V337M and R406W tau, but the patterns and the intensi-
ties of immunolabeling were different from that displayed
by WT tau. In addition to the aforementioned antibodies,
lysates were also probed with two other phosphorylation-
sensitive tau antibodies, TG3 and AT100, but weak im-
munoreactivity was only detected after 9 to 15 days of
induction.

To compare the extent of phosphorylation in mutant
and WT tau, lysates obtained from transfectants with a
5-day induction were probed with WKS44 and double-
labeled with PHF1, CP13, AT180, and AT270, respec-
tively. The volumes of lysates loaded for Western blots
were adjusted so the WKS44 immunoreactivities of un-
dergraded tau for each transfectant were comparable
and the major bands are within the linear range of recom-
binant tau standards. The area of tau bands marked for
quantitation of WKS44 immunoreactivities was identical to
that marked for quantitation of phospho-tau immunoreactiv-
ities. This allowed for more consistent densitometric quan-
titation of the phosphorylated and nonphosphorylated tau.
Comparison of the ratio between phosphorylated and non-
phosphorylated tau immunoreactivities of intact tau in dif-
ferent lysates revealed differences between WT and mutant
tau in the extent of phosphorylation (Table 1). Statistical
analysis of four separate preparations demonstrated that
R406W tau was significantly (P � 0.02) less phosphorylated
than WT tau at PHF1, CP13, AT180, and AT270 epitopes.
Similarly, V337M was less phosphorylated than WT at all
epitopes examined (P � 0.02) except the PHF1 site, which
was more phosphorylated than WT tau (P � 0.02).

To verify the Western blotting findings, transfectants
with a 5-day induction were double-labeled with WKS44
and PHF1, CP13, AT180, or AT270 (Figure 4), and the
intensity of fluorescence signal from each cell (or a small

Figure 3. Western blotting of postnuclear lysate from inducible transfectants.
A: Time-dependent induction of tau expression: lysates obtained 0, 2, 3, 5,
and 7 days after tetracycline-off induction were subjected to Western blotting
using WKS44, an antibody to nonphosphorylated tau epitopes. Recombinant
4R (�2, �3) tau (rT) and molecular weight standards (not shown) were used
as references. The lysates from WT transfectants contain tau species of 68, 64,
61, 58, 56 kd, and lower molecular weight. tau species larger than the
recombinant standard (56 kd) in size are regarded as intact tau with post-
translational modifications. B: Phosphorylation of lysates from transfectants
with a 5-day induced expression of WT (lanes 2 and 3), VM (lanes 4 and 5),
and RW tau (lanes 6 and 7) were probed with WKS44, PHF1, CP13, AT180,
and AT270. Four-repeat (2-, 3-) recombinant tau was included as a reference.
The location of 68-kd and 56-kd regions are marked. All samples displayed
phosphorylated tau immunoreactivities. However, the labeling pattern and
the relative levels of different phospho-tau species were different between
the WT and mutant tau (Table 1).

Table 1. Relative Phosphorylation of WT and Mutant tau at the PHF1, CP13, AT180, and AT 270 Sites Assessed by Western
Blotting

Tau isoform PHF1/WKS44 CP13/WKS44 AT180/WKS44 AT270/WKS44

WT 1.00 (0.09) 1.00 (0.09) 1.00 (0.17) 1.00 (0.16)
V337M 1.41 (0.29) 0.15 (0.04) 0.72 (0.15) 0.45 (0.17)
R406W 0.76 (0.14) 0.17 (0.03) 0.74 (0.18) 0.33 (0.07)

Note: The mutant values are statistically different from the WT (P � 0.02, n 	 4). The numbers shown in parentheses represent standard deviations.
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group of cells with similar immunoreactivity) was quanti-
tated by image analysis. Cells containing similar levels of
tau (based on WKS44 fluorescence immunoreactivity)
were compared for their CP13, AT180, and PHF1 immu-
noreactivities. Three hundred to six hundred cells from
each transfectant were analyzed, and the analysis was
repeated with duplicated samples. The results (Table
2) are in agreement with those derived from Western

blot analyses of total cell lysates by demonstrating an
increase of PHF1 staining in V337M and a decrease of
PHF1 phosphorylation in R406W when compared to
WT tau. Likewise, the CP13 and AT180 immunoreac-
tivities were both decreased in the V337M and R406W
tau when compared to WT. Immunofluorescent quanti-
tation was not done with AT270 as the antibody stained
some nuclear antigens not recognize by all other tau

Figure 4. Immunofluorescence staining of phosphorylated tau in inducible transfectants. WT, V337M, and R406W transfectants after a 5-day induction were
labeled with WKS44 (recognizes nonphosphorylated tau) and PHF1, CP13, or AT180 (recognizes phosphorylated tau). Many cells were intensely labeled with
WKS44, but immunoreactivity with PHF1, CP13, or AT180 antibodies to phosphorylated epitopes varied greatly (Table 2). Some of these images were adjusted
to view the CP13 and AT180 better.
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antibodies tested. The data demonstrate clearly that
V337M and R406W mutations alter tau phosphorylation
at sites distant from the mutations.

Particulate tau

To determine whether expression of mutant tau leads to
generation of tau aggregates similar to those observed
with FTDP-17 brain tissue preparations, lysates were pre-
pared from transfectants with increasing induction peri-
ods under MT depolymerizing conditions and centrifuged
at high speed to obtain a particulate tau fraction (Figure
5). The amounts of tau present in the supernatant and
corresponding pellet were determined by densitometric
analysis of immunoblots, and the proportion of tau dis-
tributed in the pellet and lysate was calculated. Such
analyses demonstrated that after 3 days of induction 10%
of the tau in all transfectants was pelletable. There were
no significant differences between the WT and mutants
samples in the proportion of particulate tau unless the
induction time was extended. By 7 days of tau induction,

13 � 3% (average � SD) and 17 � 2%, respectively, of
the V337M and R406W tau were recovered in the pellet
fraction. In contrast, the proportion of WT tau in the pellet
fraction (10 � 3%) was not changed even though WT
transfectants expressed the most tau. These increases in
the amount of particulate tau in V337M and R406W cell
lines at day 7 were significant compared to WT (P � 0.05,
P � 0.005; n 	 7).

Three batches of transfectants after 7 days of induction
were further examined to determine the solubility proper-
ties of particulate tau. In the presence of 500 mmol/L of
NaCl (Figure 5A) or 1% Triton X-100 plus 0.5% deoxy-
cholate and 0.1% SDS (Figure 5C), more than 90 � 10%
of the particulate V337M could be solubilized. In contrast,
only 65 � 14% and 55 � 2%, respectively, of the partic-
ulate tau in WT and R406W were solubilized by the same
reagents, suggesting that some of the particulate tau are
peripherally associated with membranes. It is not clear
why V337M tau is more soluble in these detergents than
other forms of tau. Perhaps, the region of tau involved in
association with membranes is affected by the V337M
mutation because of an alteration of tau’s conformation.
Transfectants with 7 or more days of induction were
further demonstrated to contain tau resistant to 500
mmol/L NaCl, 0.3 mol/L sucrose, and 1% sarkosyl (Figure
6A). This form of tau was estimated to account for 0.5 �
0.2% of total tau in R406W and less than 0.1% in WT or
V337M. The results demonstrate that, similar to AD brains
and FTDP-17 transgenic mice, conditional transfectants
contain sarkosyl-insoluble tau.

Sarkosyl-insoluble fractions from AD contain tau-
paired helical filaments capable of binding thioflavin S.31

This fluorescence assay was used to assess whether
sarkosyl-insoluble fractions from H4 cells contained tau
aggregates similar to those in AD. The results (Figure 6B)
clearly showed that there were differences between in-
duced and noninduced (NI) transfectants in thioflavin S
binding. After 7 days of induction, the R406W transfec-
tants (2.1 � 0.2 � NI) generated more sarkosyl-insoluble,
polymerized tau, than WT (1.7 � 0.1 � NI) or V337M
(1.7 � 0.3 � NI) transfectants. The difference between
R406W was statistically significant (P � 0.02, n 	 3). With
5 days of induction, only sarkosyl-insoluble preparations
from R406W transfectant displayed thioflavin S binding
higher (1.2 � NI) than that measured in noninduced
transfectants.

The possibility that the pelletable tau fractions resistant
to membrane-solubilizing agents might have contained
filamentous tau was explored further with immunogold
electron microscopic analysis of cell lysates insoluble in
sarkosyl and fractionated by resuspension in 0.3 mol/L of

Table 2. Relative Phosphorylation of WT and Mutant tau at the PHF1, CP13, and AT180 Assessed by Immunofluorescence

Tau isoform PHF1/WKS44 CP13/WKS44 AT180/WKS44

WT 1.00 (0.10) 1.00 (0.08) 1.00 (0.05)
V337M 1.27 (0.03) 0.50 (0.09) 0.32 (0.06)
R406W 0.71 (0.09) 0.72 (0.07) 0.47 (0.07)

Note: The mutant values are statistically different from the WT (P � 0.001, n 	 300 to 600). The results were unchanged when excluding mitotic
cells or those cells with lower tau expression. The numbers shown in parentheses represent standard deviations.

Figure 5. Western blotting of fractionated lysates with WKS44. Lysates were
extracted from transfectants with 7 days of induction under MT depolymer-
izing conditions. The extraction was performed with lysis buffer alone
(Cont), supplemented with 500 mmol/L NaCl (A), 1% Triton X-100 (B), or 1%
Triton X-100 plus 0.1% SDS and 0.5% deoxycholate (Mix-Det) (C). Superna-
tant (S) and pellet (P) fractions were separated by high-speed centrifugation.
All pellets were dissolved in sample buffer in a volume equivalent to one
fourth of that of the lysates. Analyses of multiple blots from six separate
preparations demonstrated that mutant transfectants contain a higher pro-
portion of tau in the pellet fraction than WT. Multiple blots from three
separate preparations were analyzed. tau in R406W transfectants were the
least susceptible to each extraction followed by WT and V337M.
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sucrose and separation on a sucrose step gradient con-
taining 1.5 mol/L and 2.0 mol/L of sucrose cushions.
Similar sarkosyl-insoluble preparations from AD or
FTDP-17 brains have previously been shown to contain
tau proteins with filamentous structures.1,31 Samples
were collected from each sucrose step and the interfaces
between steps and then subjected to immunogold elec-
tron microscopy with antibodies to the amino (E1)- and/or
carboxy-terminus (Tau46) of tau. Filamentous structures
of 15 to 25 nm in diameter were decorated with immuno-
gold (Figure 7; A to D), and very few gold particles were
detected in nonfilamentous elements. Both E1 and Tau46
immunoreactivities were detected in these filaments (Fig-
ure 7D, inset). Unlike paired helical filaments observed in
AD, the filaments made by transfectants did not exhibit
regular twisting. Most of the tau filaments derived from
cultured cells after 7 days of induction were less than 500
nm in length (Figure 7C), but occasionally longer fila-
ments were found (Figure 7D). tau filaments were more
readily detected in samples collected at the interface
between the 1.5-mol/L and 2.0-mol/L sucrose steps, and

filaments were more abundant in R406W (Figure 7, C and
D) samples than WT and V337M transfectants (Figure 7,
A and B). Moreover, the average filament length for
R406W (339 � 152 nm) was greater (P � 0.02) than that
observed from WT (168 � 44 nm) or V337M (172 � 28
nm) transfectants. This confirms the thioflavin S-binding
data that there was more total assembled tau from
R406W transfectants than WT or V337M preparations.
Very few tau filaments were detected in R406W with 5
days of induction even though the level of tau was �90%
of that with 7 days of induction. The results suggest that
the polymerization of tau is time-dependent. No tau fila-
ments were observed in WT and V337M samples with 0 to
5 days of induction or in R406W samples with 0 to 3 days
of induction. Immunogold double labeling of duplicated
samples with polyclonal antibodies to tau and monoclo-
nal antibody to tubulin, vimentin, or keratin did not detect
the staining of tau filaments with antibodies to non-tau
proteins; and similarly Western blotting of sakosyl-insol-
uble samples from WT, V337M, or R406W transfectants
were negative for neurofilament or glial fibrillary acidic
proteins (data not shown).

It is unlikely that tau filaments observed in sarkosyl-
insoluble preparations were formed after cell lysis, be-
cause the lysates were kept at 4°C or processed imme-
diately. In fact, storage of samples at 4°C overnight did
not lead to a noticeable increase of tau filaments while
storage for increasing periods at 4°C reduced the
amount of gold-labeled tau filaments observed (data not
shown). Moreover, addition of recombinant tau to lysates
from vector control transfectants did not lead to the gen-
eration of tau filaments, and these same lysates interfered
with heparin-promoted assembly of recombinant tau in a
dose-dependent manner (data not shown). Staining of
fixed cells with thioflavin S did not label any structures
resembling neurofibrillary tangles, and tau-transfected
cells displayed only occasional weak, homogenous stain-
ing at intensities less than twice background levels (data
not shown). The detection of significant thioflavin S bind-
ing and fluorescence in sarkosyl-insoluble fractions but
not fixed cells likely resulted from increasing the tau
filament concentration during fractionation and pelleting.
Together, the data demonstrate that tau transfectants are
capable of producing tau filaments and that these cells
resemble pretangles containing neurons in their absence
of thioflavin S staining in a fibrous pattern.

Discussion

Excessive amounts of WT or mutant tau may be toxic to
cells and prevent the cloning of stable transfectants with
high levels of tau expression. To circumvent this problem,
the tetracycline-off inducible system was used in the
present studies to generate high concentrations of cyto-
solic tau in cultured cells and to develop a cellular model
for tau filament formation. Moreover, analyses of H4 cell
lysates from induced transfectants clearly demonstrated
that mutant and WT tau had different biochemical and
physicochemical properties. The gel electrophoretic
analyses showed R406W tau from H4 cells migrated

Figure 6. A: Western blotting of samples obtained from extraction of the
pellets derived from Figure 5 (Cont, P) with lysis buffer supplemented with
500 mmol/L of NaCl, 10% sucrose, and 1% sarkosyl. The sarkosyl-soluble (S)
and -insoluble pellet (P) fractions were separated by centrifugation at high
speed. The pellets were resuspended in sample buffer at a volume equivalent
to one half the volume of the extracts. Sarkosyl-insoluble tau was detected in
transfectants after 7 days of induction. Such insoluble tau were more abun-
dant in R406W transfectants and were also detected in cells replated after 8
days of induction and maintained for another 7 days in the absence of
tetracycline. B: Thioflavin S binding to sarkosyl-insoluble preparations of H4
transfectants. To control for background fluorescence in noninduced (NI)
transfectants, fluorescence intensities were normalized to NI signals. Exper-
iments were repeated in triplicate. WT preparations had thioflavin S signals
of 1.7 � 0.1 � NI signals whereas V337M and R406W were 1.7 � 0.3 � NI
and 2.1 � 0.2 � NI, respectively. The increase in R406W compared to WT
was found to be significant (P � 0.02).
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mostly as one band of 56 kd. This pattern is similar to that
reported for the same form of tau expressed in stable
CHO transfectants,16 and the 4-repeat (2�, 3�) R406W
tau isoform22 transiently expressed in COS cells. The gel
electrophoretic profile of WT and V337M tau from H4 cells
did however differ from the same tau isoforms expressed
by transiently transfected CHO and COS cells reported
earlier.24,32 Because S202/T205 (CP13/AT8 epitope) is
phosphorylated in WT transfectant derived from H4, but
not CHO cells, the discrepancy could be because of
differences in kinases/phosphatases between human
and nonhuman cells or central nervous system and non-
central nervous system cells. Alternatively, tau in tran-
sient transfectants may not have sufficient time to achieve
the same extent of phosphorylation as those in stable
transfectants. This possibility, however, is not supported
by our observation of the phosphorylation of S202/T205
or S396/S404 in H4 transfectants after 1 day of induction.

tau proteins are substrates of a number of kinases, and
they are phosphorylated at multiple sites. A decrease in
S396/S404 phosphorylation has previously been re-
ported in CHO and COS cells transiently transfected with
R406W mutant tau.22,24,33 Our results indicate that
FTDP-17 mutations alter the susceptibility of tau to phos-
phorylation at multiple sites, and this was not limited to
serine or threonine residues near the mutation, raising the
possibility that FTDP-17 mutations may change the con-
formation of tau in regions as far as 200 amino acid
residues from the site of mutation. It is possible these
mutations cause conformational changes that mimic AD
pathogenic phosphorylation or alter the accessibility of

tau to certain kinases and phosphatases. This view is
consistent with that reported in a recent study19 and is
also supported by the finding of differences between
recombinant mutant and WT tau in circular dichroism
spectra.34 On the other hand, similar biophysical analysis
performed by others has failed to generate comparable
results.35 Two studies have shown that close association
between the amino terminus and the middle region of tau
molecule is necessary for the generation of the Alz50
epitope specific for AD abnormal pathological tau.36,37

Similar conformational changes may be achieved in AD
by hyperphosphorylation and in FTDP-17 by missense
mutations.

H4 cells expressing mutant or WT tau are heteroge-
neous in morphology, reflecting different degrees of tau
induction in an asynchronous culture. The immunofluo-
rescence data could not distinguish any differences in
MT binding between the WT and mutant tau, suggesting
that V337M and R406W mutations may not have a major
impact on tau-MT interactions. There may be differences
between WT and mutants in binding affinity for the
MTs,38–40 but as the high levels of tau in H4 cells saturate
the endogenous MTs, studies of relative MT affinity were
not undertaken. Small differences between mutant and
WT tau in their affinity for MT binding could precipitate tau
inclusion formation in neurons containing both forms of
tau. This is supported by a recent study that showed
expression of only WT or mutant tau led to similar MT
binding behavior in transfected cells, but co-expression
of WT and mutant tau led to the distribution of mutant tau
diffusely in the cytoplasm, whereas WT associated with

Figure 7. Immunogold labeling of sarkosyl-insoluble preparations enriched with filaments. Sarkosyl-insoluble samples were separated on a sucrose step gradient.
Samples collected from the 1.5 mol/L/2.0 mol/L interface were adsorbed onto electron microscopy grids and immunogold labeled with Tau46, a mouse
monoclonal against the carboxy-terminus of tau (10-nm gold) and E1, a rabbit polyclonal antibody to the amino-terminus of tau (5-nm gold). More filaments were
detected in R406W (C–D) than WT (A) or V337M (B) samples. These filaments are not uniform in diameter and do not display morphology characteristic of paired
helical filaments. Scale bar, 195 nm. The inset in D displays the boxed tau filament with an additional �2.2 of magnification.
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MTs.41 Free mutant tau might polymerize into filaments if
the critical concentration were reached. This is consistent
with our present findings of sarkosyl-insoluble tau fila-
ments in conditional transfectants that contain high levels
of tau.

tau aggregates have previously been detected immu-
nocytochemically in stable CHO transfectants expressing
�280K mutation or tau with three FTDP17 mutations.16

These aggregates contain filaments of diameter that are
equal to or smaller than 10 nm, which differs from the tau
filaments formed in conditional tau transfectants. Be-
cause the sarkosyl solubility of tau aggregates generated
in CHO cells was not reported, it remains uncertain
whether they are comparable to tau aggregates devel-
oped in various tauopathies. Another distinction between
H4 and CHO transfectants is that CHO cells expressing
WT, V337M, or R406W tau did not produce tau aggre-
gates. This likely results from the increased tau expres-
sion that was achieved by using the inducible mecha-
nism, but it may also reflect intrinsic differences between
the CHO cells and human H4 neurogliomas in the ability
to form tau aggregates. Based on our immunoblotting
and thioflavin-binding assays, it was apparent that less
sarkosyl-insoluble aggregated tau formed in WT and
V337M transfectants than in R406W transfectants with 7
days of induction. The relative extent of tau aggregation
detected between different transfectants by three meth-
ods is not the same. Perhaps this is because of the
exclusion of measuring smaller tau aggregates in immu-
noelectron microscopic analyses. The results, however,
do not necessary indicate that the assembly of V337M
tau is slower than R406W, because cells in the V337M
line are more uniform in tau expressions than WT or
R406W cell lines. It is possible that the lower production
of sarkosyl-insoluble tau in V337M is because of the
absence of cells with a high concentration of tau relative
to WT or R406W.

Immunogold electron microscopy and thioflavin
S-binding studies revealed that the decrease of tau sol-
ubility in sarkosyl was associated with the formation of tau
filaments. Filament formation probably reflects the fact
that transfectants have tau that reached the concentra-
tion critical for self-assembly, but it might also result from
the abnormal expression or distribution of molecules ca-
pable of promoting tau assembly as a cellular response
to the presence of excess cytoplasmic tau. tau filaments
produced by H4 cells were not detectable at the light
microscopic level by thioflavin S staining, and tangle-like
staining was not observed using immunofluorescence
and a variety of antibodies to tau. The question remains
why transfectants were able to generate tau filaments,
but failed to develop tangle pathology. One possibility is
that the formation of tangles requires a longer period of
interactions between tau filaments or a higher concentra-
tion of filaments, and such durations and levels were not
reached in 7- to 15-sday transfectants. Additionally, the
presence of additional factors may be needed for the
bundling of tau filaments into tangles, and these may only
be produced during aging or under oxidant stress. In
summary, a cellular model of tau aggregation with pre-
tangle formation and filament assembly has been gener-

ated. The model will be explored for usage in studying
the mechanism of intracellular tangle formation, identify-
ing stresses that might facilitate tangle formation during
aging or AD, and in testing the ability of potential thera-
peutic agents in inhibiting tau assembly.
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