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Neurobiology of Disease

Retarded Axonal Transport of R406W Mutant Tau in
Transgenic Mice with a Neurodegenerative Tauopathy
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Intracellular accumulations of filamentous tau inclusions are neuropathological hallmarks of neurodegenerative diseases known as
tauopathies. The discovery of multiple pathogenic tau gene mutations in many kindreds with familial frontotemporal dementia with
parkinsonism linked to chromosome 17 (FTDP-17) unequivocally confirmed the central role of tau abnormalities in the etiology of
neurodegenerative disorders. To examine the effects of tau gene mutations and the role of tau abnormalities in neurodegenerative
tauopathies, transgenic (Tg) mice were engineered to express the longest human tau isoform (T40) with or without the R406W mutation
(RW and hWT Tg mice, respectively) that is pathogenic for FTDP-17 in several kindreds. RW but not hWT tau Tg mice developed an
age-dependent accumulation of insoluble filamentous tau aggregates in neuronal perikarya of the cerebral cortex, hippocampus, cere-
bellum, and spinal cord. Significantly, CNS axons in RW mice contained reduced levels of tau when compared with hWT mice, and this
was linked to retarded axonal transport and increased accumulation of an insoluble pool of RW but not hWT tau. Furthermore, RW but
not hWT mice demonstrated neurodegeneration and a reduced lifespan. These data indicate that the R406W mutation causes reduced
binding of this mutant tau to microtubules, resulting in slower axonal transport. This altered tau function caused by the RW mutation
leads to increased accumulation and reduced solubility of RW tau in an age-dependent manner, culminating in the formation of filamen-

tous intraneuronal tau aggregates similar to that observed in tauopathy patients.
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Introduction

Filamentous tau pathologies in the CNS are hallmark lesions of a
class of neurodegenerative diseases collectively known as tauopa-
thies (Lee et al., 2001). Although Alzheimer’s disease (AD) is a
mixed tauopathy with associated amyloid 8 deposits, examples of
primary tauopathies include progressive supranuclear palsy,
Pick’s disease, corticobasal degeneration, amyotrophic lateral
sclerosis/parkinsonism-dementia complex, and autosomal dom-
inantly inherited frontotemporal dementia with parkinsonism
linked to chromosome 17 (FTDP-17). Indeed, discovery of nu-
merous pathogenic tau mutations in multiple FTDP-17 kindreds
provided unequivocal proof that tau abnormalities alone are suf-
ficient to cause neurodegeneration. To date, >30 different in-
tronic and exonic pathogenic mutations have been identified in
the tau gene of >50 distinct FTDP-17 kindreds (Clark et al., 1998;
Dumanchin et al., 1998; Hutton et al., 1998; Poorkaj et al., 1998;
Spillantini et al., 1998).
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Several mechanisms have been proposed to explain how
FTDP-17 mutations alter tau and cause neurodegeneration. For
example, intronic and some exonic tau gene mutations affect
alternative splicing of exon 10 and consequently change the rel-
ative proportion of tau isoforms with four or three microtubule
(MT) binding repeats (Hong et al., 1998; Hutton et al., 1998;
D’Souza et al., 1999; Delisle et al., 1999; Grover et al., 1999; Ha-
segawa et al., 1999; Varani et al., 1999; Yasuda et al., 1999, 2000;
Spillantini et al., 2000; Stanford et al., 2000). Other exonic fau
gene mutations (e.g., P301L, R406W) impair the ability of tau to
bind to and stabilize MTs as well as to promote the assembly of
MTs (Hasegawa et al., 1998; Hong et al., 1998). Some of these
mutations (e.g., P301L) also facilitate the pathological fibrillo-
genesis of tau (Hasegawa et al., 1998; Hong et al., 1998; Bugiani et
al., 1999; D’Souza et al., 1999; Murrell et al., 1999; Rizzu et al.,
1999; Barghorn et al., 2000; Pickering-Brown et al., 2000; Rizzini
et al., 2000). Finally, several tau gene mutations, most notably
R406W, alter the phosphorylation state and solubility of tau,
thereby contributing to the formation of fibrillary tau aggregates
(Lee et al., 1991; Crowther and Goedert, 2000; Perez et al., 2000;
Sahara et al., 2000; Vogelsberg-Ragaglia et al., 2000; Connell et al.,
2001; Delobel et al., 2002).

Transgenic (Tg) mouse models of tauopathies have provided
insights into the pathogenesis of tau lesions and their contribu-
tions to the onset and progression of neurodegenerative disease.
Overexpression of human wild-type (hWT) tau in Tg mice can
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result in somato-dendritic and/or axonal tau aggregates associ-
ated with an early onset neurodegenerative phenotype (Ishihara
etal., 1999, 2001a,b; Spittaels et al., 1999; Probst et al., 2000; Lee
etal., 2001). Some of these Tg mice also develop AD-like neuro-
fibrillary tangles (NFTs) in neurons with advancing age (Ishihara
et al., 2001b). Furthermore, there is accumulating evidence that
FTDP-17 mutations, such as P301L (Lewis et al., 2000; Gotz et al.,
2001), V337M (Tanemura et al., 2002) and R406W (Lim et al.,
2001; Tatebayashi et al., 2002), accelerate the formation of NFT-
like intraneuronal inclusions by mutant tau proteins and induce
a more severe neurodegenerative phenotype in Tg mice that ex-
press mutant tau compared with hWT tau mice. Nonetheless, the
mechanisms whereby tau mutations induce more profound ac-
cumulations of fibrillary tau inclusions in neuronal perikarya
than hWT tau in Tg mice remains poorly understood.

To address this question, we generated lines of Tg mice engi-
neered to overexpress either hWT tau or R406W (RW) mutant
tau. The RW mutation, located on exon 13 of the tau gene, was
identified in three distinct FTDP-17 kindreds (Hutton et al.,
1998; Rizzu et al., 1999; Van Swieten et al., 1999). The RW mu-
tation reduces the ability of tau to bind MTs (Hong et al., 1998)
and impairs the assembly as well as the stability of MTs in vitro
and in cell culture systems (Rizzu et al., 1999; Barghorn et al.,
2000; Vogelsberg-Ragaglia et al., 2000). Because RW tau Tg mice
express tau much more prominently in the somato-dendritic
compartment than in axons compared with hWT tau Tg mice, we
speculated that this may result from a mutation-induced reduced
binding of tau to MTs and therefore retardation of the slow ax-
onal transport of RW tau. The data presented here confirm this
hypothesis and suggest that RW tau may cause FTDP-17 by a
novel mechanism that impairs the axonal transport of this tau
mutant attributable to reduced binding to MTs.

Materials and Methods

Generation of h(WT and RW tau Tg mice. Two cDNA constructs contain-
ing the longest human brain tau isoform (T40) with (RW tau) or without
(hWT tau) the R406W tau mutation were cloned into the mouse prion
promoter (MoPrP.Xho) expression vector at the Xhol site. A 15.3 kb NotI
fragment containing T40, the MoPrP promoter, together with its 3" and
5" untranslated sequences, was microinjected into fertilized C57BL6 X
C3H (B6C3/F1) mouse eggs and then implanted into pseudopregnant
females. Genomic DNA samples were isolated from the tails of Tg and
non-Tg mice using the Puregene DNA Isolation kit (Gentra Systems,
Minneapolis, MN). Potential founders and Tg offspring were identified
by slot blots with a *?P-labeled T40 cDNA probe, and homozygous Tg
mouse lines were generated. All of the mice used in this study were
maintained in the B6C3 background.

Determination of expression levels and phosphorylation state of tau. tau
expression in the brain and the spinal cord of Tg mice were determined
by Western blot analysis as described previously (Ishihara et al., 1999).
Briefly, mice were deeply anesthetized, and the brain and spinal cord
were removed. To determine the total tau protein expressed in Tg mice,
tissue was directly homogenized in 2 ml/gm 2% of SDS buffer (15%
sucrose, 50 mMm Tris, 1 mm PMSF, 0.1% protease inhibitor mixtures
containing 1 ug/ml each of pepstatin A, leupeptin, N-tosyl-L-
phenylalanine chloromethyl ketone, N-tosyl-L-lysine chloromethyl ke-
tone, and soybean trypsin inhibitor, and 100 mm EDTA, pH 7.6-8.0),
sonicated, and centrifuged at 50,000 X g for 60 min at 22°C in a TL-100
ultracentrifuge (Beckman Instruments, Fullerton, CA). Protein concen-
trations were then determined using the BCA assay kit (Pierce, Rockford,
IL). Equal amounts (60 pg) of samples were subsequently resolved on
7.5% SDS-PAGE slab gels and transferred onto nitrocellulose mem-
branes. The membranes were probed with the antibodies described be-
low and detected quantitatively using either ['2°I]-labeled goat anti-
mouse IgG or [ '*°T]-labeled Protein A (NEN, Boston, MA) as secondary
antibodies.
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To generate heat-stable fractions, tissue was homogenized in 2 ml/gm
ice-cold high-salt reassembly buffer (hi-salt buffer) (0.1 M MES, 1 mm
EGTA, 0.5 mm MgSO,, 0.75 M NaCl, 0.02 m NaF, 1 mm PMSF, and 0.1%
protease inhibitor mixtures) and centrifuged at 50,000 X g for 40 min at
4°C in a TL-100 ultracentrifuge (Beckman Instruments). The superna-
tants were boiled for 5 min, chilled on ice for 5 min, and recentrifuged at
10,000 X g for 20 min at 4°C. Protein concentrations were then deter-
mined for the second supernatants using the BCA assay kit (Pierce).
Equal amounts (15 ug) of samples were subsequently resolved on 7.5%
SDS-PAGE slab gels and transferred onto nitrocellulose membranes. The
membranes were probed with primary antibodies and the appropriate
[ '#1]-labeled secondary antibodies.

tau protein solubility in the CNS of Tg mice. The solubility of tau pro-
teins in the Tg mouse CNS was analyzed by immunoblot using serially
extracted CNS samples. Soluble protein was extracted from cerebral cor-
tex and spinal cord from 1-, 6-, and 12-month-old RW and hWT tau Tg
and non-Tg mice (n = 3 per group) with RAB hi-salt buffer (0.1 m MES,
1 mM EGTA, and 0.5 mm MgSO,, pH 7.0). The pellets were rehomog-
enized with 1 M sucrose-RAB buffer and centrifuged at 50,000 X g for 20
min at 4°C to remove myelin and related lipids. The resulting pellets were
reextracted with 1 ml/gm radioimmunoprecipitation assay (RIPA)
buffer (50 mm Tris, 150 mm NaCl, 1% NP-40, 5 mm EDTA, 0.5% sodium
deoxycholate, and 0.1% SDS, pH 8.0) and centrifuged at 50,000 X g for
20 min at 4°C to generate RIPA-soluble samples. Finally, the RIPA-
insoluble pellets were sonicated with 70% formic acid (FA) to recover the
most insoluble aggregates. Quantitative Western blot analyses were used
to determine tau levels in each fraction as described previously (Ishihara
etal., 1999).

Microtubule binding assay. Brains from 12-month-old hWT and RW
Tg mice (n = 3 per group) were homogenized in 1 ml/gm PIPES buffer
(PB) (80 mm PIPES, 1 mm MgCL-6H,0, 1 M EGTA, 0.1% protease in-
hibitor mixture, and 1 mm PMSF, pH 6.8), put on ice for 20 min, and
centrifuged at 12,000 X g for 20 min at 4°C. The supernatants containing
100 mM GTP were recentrifuged at 50,000 X g for 30 min at 4°C in a
TL-100 ultracentrifuge (Beckman Instruments). To assemble MTs, 100
mum GTP and equal amount of PB—glycerol (66% glycerol with density
1.25 mg/ml) were added to the second supernatants, and the mixture was
warmed to 37°C for 20 min in a water bath. The samples were then
centrifuged at 50,000 X g for 30 min at 30°C in a TL-100 ultracentrifuge.
The supernatants (containing unassembled tubulin and free tau) and
pellets (containing MTs and bound tau) were harvested, and PB equiva-
lent to those in the supernatant was used to elute tau bound to MTs. Forty
microliter samples from supernatants and 20 ul samples from pellet were
resolved on 7.5% SDS-PAGE slab gels and transferred onto nitrocellulose
membranes. The membranes were probed with primary rabbit anti-tau
antibody 17026, followed by [ '*°I]-labeled Protein A as described above.
A statistical analysis using Student’s ¢ tests was then performed on the
quantitative Western blot studies.

Immunohistochemical analyses. RW and hWT tau Tg mice and non-Tg
mice (1-, 6-,and 12-month-old; n = 3 per age group) were perfused with
4% paraformaldehyde in PBS or 70% ethanol in isotonic saline after
being lethally anesthetized by an intraperitoneal injection of ketamine
hydrochloride (1 mg/10 gm) and xylazine (0.1 mg/10 gm), in accordance
with protocols approved by the University of Pennsylvania. The brains
and spinal cords of mice were removed and processed as described pre-
viously (Zhang et al., 1997). Paraffin-embedded tissue was cut into
6-pum-thick sections, and every fifth section was examined by immuno-
histochemistry (Tu et al., 1996; Ishihara et al., 1999).

Analysis of slow axonal transport in Tg mice. Sixty RW (from three
differentlines) and age-matched hWT tau Tg mice at 2, 6, and 12 months
ofage (1 = 6 per age group) were deeply anesthetized, alaminectomy was
performed to expose the T13 to L1 segments of spinal cord, and 200 uCi
[?3S]-labeled methionine in 0.7 ul of saline were microinjected into three
anterior horn sites (L4, L5, and L6) over a period of 10 min/injection
using a stereotactic apparatus as described previously (Zhang et al.,
1997). Mice from RW line 37 and hWT line 23 at 2, 6, and 12 months of
age and mice from RW line 60 and 65 at 6 months old were used in this
study. Mice were killed 7 d after microinjection, and the L4-L5 ventral
roots and the contiguous spinal nerves were removed and cut into five to
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seven consecutive 2 mm segments on a steel ruler. The spinal cords at
L4-L5 were also dissected as a positive control for metabolic labeling.
The corresponding ventral root segments from three mice were pooled
and extracted in 200 ul of RIPA buffer, sonicated for 20 sec, and centri-
fuged at 14,000 X g for 10 min at 4°C. tau or low molecular weight
neurofilament subunit (NFL) was immunoprecipitated from the super-
natant with 17026 or anti-NFL coupled to Protein A/G plus agarose
(beads; Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C.
Bound tau or NFL proteins were eluted by boiling in sample buffer for 5
min, resolved by SDS-PAGE, and immunoblotted in triplicate gels as
described previously (Zhang et al., 1997). Each axonal transport experi-
ment for each age group was repeated twice using three h(WT and three
R406W mutant Tg mice per experiment. The amount of radiolabeled tau
or NFL transported per segment was expressed as a percentage of total
radiolabeled transported tau or NFL protein within all five to seven seg-
ments of ventral roots. Quantification of transported [ **S]methionine
radiolabeled tau and NFL were the average of six mice from the two
experiments.

Levels of RW and hWT tau as well as the middle molecular weight
neurofilament subunit (NFM) in the ventral root axons of Tg mice were
further analyzed after nerve ligation by Western blots as describe above.
RW and hWT Tg and non-Tg mice at 2 and 12 months (n = 3 per age
group) underwent left or right laminectomy to expose the L4-L6 spinal
cord segments under deep anesthesia. The L5 dorsal root ganglia were
exposed, and the L5 ventral root nerve proximal to the junction of motor
and sensory nerves was ligated unilaterally with 9-0 nylon sutures in the
nerves. One week after ligation, 12 mm segments of the L5 ventral root
nerves were dissected from the ligated and nonligated sides and prepared
for quantitative Western blot analysis, and statistical analysis was per-
formed (Zhang et al., 1997).

To investigate the possibility that the retardation of tau transport re-
sulted in increased tau accumulation and aggregation in an insoluble
pool, we examined the solubility of the newly synthesized radiolabeled
tau proteins in the spinal cord of RW and hWT Tg mice 7 d after injection
of [ **S]methionine into the spinal cords as described above. tau protein
was sequentially extracted from spinal cords with RAB hi-salt buffer,
followed by 2% SDS and finally with 70% FA from all three lines of RW
and age-matched paired hWT tau Tg mice (n = 3 per group) as described
above. Radiolabeled tau proteins from serial extractions were collected
by immunoprecipitation with the anti-tau antibody 17026 and separated
by SDS-PAGE. Statistical analyses were performed as described previ-
ously (Zhang et al., 1997; Ishihara et al., 1999).

Preembedding immunoelectron microscopy. Preembedding immuno-
electron microscopy (immuno-EM) was performed for the RW and
hWT tau Tg mice and non-Tg mice at 1, 6, and 12 months of age (n = 2
per group). The mice were deeply anesthetized and perfused intracardi-
ally with 10 ml of 0.05% glutaraldehyde and 0.5% paraformaldehyde in
0.1 M cacodylate buffer, pH 7.4, followed by 50 ml of 0.2% glutaraldehyde
and 2% paraformaldehyde in 0.1 M cacodylate buffer. The brains and
spinal cords were removed and postfixed with 4% paraformaldehyde,
0.2% glutaraldehyde, and 0.2% picric acid in 0.1 M cacodylate buffer
overnight. The cerebral cortex, hippocampus, cerebellum, and L5 spinal
cord segments were dissected and cut into 50-um-thick sections with a
vibratome. Sections were quenched in 0.1% sodium borohydride in Tris
buffered saline for 10 min and subsequently in 20% ethanol for 10 min.
The sections were blocked in 5% donor horse serum in PBS with 0.1%
cold water fish skin gelatin and 1% chicken egg albumin for 60 min,
incubated with 17026, a rabbit polyclonal antibody to recombinant tau
protein in 0.1% bovine serum albumin, and PBS overnight at 4°C. Sub-
sequently, sections were washed and incubated with either biotinylated
goat anti-rabbit IgG for 2 hr at room temperature. Sections were visual-
ized with diaminobenzidine, followed by silver-gold intensification using
silver methenamine developer containing 3% methenamine, 5% silver
nitrate, and 1% sodium tetraborate at 60°C for 10 min as described
previously (Ishihara et al., 2001b). The reaction was stopped with 2%
sodium acetate and then stabilized in 3% sodium thiosulphate for 5 min.
Gold toning was performed by incubating the sections in 0.1% gold
chloride for 5 min, followed by stabilizing with 3% sodium thiosulfate for
5 min. Sections were fixed with 2% glutaraldehyde in PBS buffer over-
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night. Sections with positive staining were postfixed in 0.5% osmium tetrox-
ide for 20 min at 4°C, dehydrated with graded series of ethanols, and embed-
ded in Epon-Araldite resin at 60°C for 48 hr. Ultrathin sections of these
blocks were cut and mounted on 100 mesh EM grids and examined using a
JEM1010 electron microscope (Jeol, Peabody, MA) at 80 kV.

Tail suspension test. To monitor motor behavior, we performed the tail
suspension test on the RW and hWT tau Tg mice at 1, 6, 12, 15, and 18
months of age (1 = 20 per age group) as described previously (Ishihara et
al., 2001). Briefly, Tg and non-Tg mice were suspended by their tails for
15 sec, and abnormal motor signs were defined as dystonic movements of
the hindlimbs, or a combination of hindlimbs, forelimbs, and trunk, with
the limbs retracted into the body. Under these conditions, non-Tg con-
trol mice do not display dystonic movements.

Antibodies. The following tau antibodies were used in this study: (1)
T14, a monoclonal antibody specific for amino acids 141-178 of human
tau; (2) 17026, rabbit polyclonal antiserum raised to recombinant hu-
man tau and recognize both human and mouse tau; (3) NFL, a polyclonal
rabbit antiserum specific for NFL (Tu etal., 1995; Zhangetal., 1997), and
(4) B-tubulin, a monoclonal antibody (Sigma, St. Louis, MO).

Results

Generation of RW and hWT T40 tau Tg mice

Tg mice were generated to express the cDNA transgene encoding
RW or hWT T40 tau under the control of the mouse prion pro-
tein promoter. Three lines of RW tau Tg mice (lines 37, 60, and
65) and two lines of hWT tau Tg mice (lines 1 and 23) that stably
expressed the T40 human tau isoform were identified. Homozy-
gous RW tau Tg mice were subsequently generated from het-
erozygous line 37 and 65 mice.

The expression level of total tau proteins in the hWT and RW
Tg mice was determined by Western blot analysis of brain and
spinal cord extracts directly solubilized in 2% SDS (Fig. 1A). We
found that human tau expression levels in brain of heterozygous
(+/—) hWT tau Tgline 23 */~ and homozygous (+/+) RW tau
Tgline 37 /" were similar and are ~8- to 10-fold over endoge-
nous mouse tau. Heterozygous RW mice from tau Tg line 60 */~
showed the highest tau expression level, whereas animals from
the RW tau line 65 /" expressed the lowest level of human tau
among all lines at levels comparable with endogenous mouse tau.
Although tau was not detected in line 65 ™/ with 60 ug of brain
extract (Fig. 1A), low tau protein levels were detected by over-
loading the gel with 10-fold more protein (600 ug) (Fig. 1B).
Because the level of human tau in mice of the RW tau Tg line
37 *'* was similar to that of hWT line 23 ™/~ mice (Fig. 1C), the
majority of the studies described below were performed using
these two lines of Tg mice. However, RW lines 65 /" and 60 */~
mice were also used in the axonal transport and solubility studies.

RW tau showed an increased accumulation of insoluble tau

and reduced binding to MTs when compared with hWT tau

Soluble and insoluble tau proteins from brain tissue of Tg mice
were analyzed by sequential protein extraction as described pre-
viously (Ishihara et al., 1999) (Fig. 1 D). The RAB (i.e., soluble)
tau extracts showed consistent tau protein levels independent of
age. In contrast, there was an increase in the amounts of both
RIPA buffer and FA-extractable human RW tau relative to hWT
tau in the Tg mice at each age examined here. For instance, the
amount of RIPA-extractable tau in the RW and hWT mice at 1
month of age was 13 and 10% of total tau proteins, respectively,
and the differences between the RW and hWT tau Tg mice in-
creased to 21 and 16% of total tau proteins, respectively, at 12
months of age (Fig. 1D, E). As expected, the FA-extractable tau
fraction in the RW mice was significantly higher than that in
hWT mice at each of the three different ages examined here,
although the actual amount of FA-extractable tau as a percentage
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of total tau remains low at only ~0.5% for
RW and 0.3% for hWT mice by 12 months
of age (Fig. 1D, E). Non-Tg control mice
showed no accumulation of insoluble tau
in either the RIPA or FA fractions (Fig.
1D). Furthermore, RW tau is less phos-
phorylated than hWT tau as judged by the
absence of more highly phosphorylated
slower-migrating tau isoforms in RW
when compared with hWT mice (Fig. 1D).
Western blot analyses using a panel of
phosphorylation-dependent anti-tau anti-
bodies demonstrate a selective and dra-
matic reduction in the phosphorylation of
Ser396 and Ser404, consistent with previ-
ously published studies (data not shown)
(Crowther and Goedert, 2000; Perez et al.,
2000; Sahara et al., 2000; Vogelsberg-
Ragaglia et al., 2000, Delobel et al., 2002).
Finally, human tau serially extracted from
the spinal cord of RW and hWT mice also
showed a similar age-related increase in
insoluble tau and reduction in Ser396—
Ser404 phosphorylation (data not shown).
We next examined the ability of RW
and hWT tau expressed in Tg mice to bind
endogenous mouse brain MTs in an in
vitro  MT-binding assay. Significantly
higher amounts of hWT tau (92%) were
recovered bound to MTs compared with
RW tau (65%) (Fig. 1 F,G). Interestingly,
the total amount of soluble free tau in su-
pernatant and MT-bound tau recovered in
the pellet in hWT mice appeared higher
than that in RW mice, and this is most
likely attributable to the accumulation of
some of the RW tau in an insoluble pool.

RW tau Tg mice develop somato-
dendritic tau pathology with aging

The distribution of transgenic tau proteins
in the CNS of the Tg mice was examined
immunohistochemically. tau expression
in neurons was observed in multiple CNS
regions, including the neocortex, amyg-
dala, hippocampus, brainstem, and spinal
cord. Notably, the somato-dendritic com-
partment of neurons in the CNS of the RW
mice showed the most intense tau immu-
nostaining (Fig. 2 B, D,F) when compared
with much weaker somato-dendritic tau
staining in CNS neurons of the hWT mice
(Fig. 2A,C,E). The RW tau Tg mice also
showed an age-dependent increase in the
intensity of the somato-dendritic tau
staining, and NFT-like tau pathology was
detected in the hippocampus of 12-
month-old RW mice (Fig. 2G) that resem-
bled NFTs in the hippocampus of a human
FTDP-17 patient with the same R406W
tau gene mutation (Fig. 2H). Further-
more, a subset of these tau inclusions also
was stained with thioflavin S in the RW
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Figure1.  RW mutant tauin Tg mice accumulates as an insoluble pool with advancing age and shows reduced binding to MTs.
A-C, To compare the levels of hWT and RW tau expression in several lines of Tg mice, Western blot analysis of transgenic human
tau and total tau (human plus mouse) levels were estimated using T14, a human-specific anti-tau monoclonal antibody, and
17026, a polyclonal anti-tau antibody that recognizes both human and mouse tau. A, Total tau in brains from the different Tg mice
were recovered after direct extraction with 2% SDS buffer and resolved on 7.5% SDS-PAGE gels. Equal amounts of total proteins
(60 ug) were loaded for non-Tg (N-Tg) and heterozygous hWT (line 23 */~) and RW (line 60 ™/~ and 65 /) and homozygous
RW tau Tg mice (line 37 /). Heterozygous hWT and homozygous RW tau Tg mice (line 37) show similar expression levels of tau
in the brain and the spinal cord at 6 month of age ( 4). Although no obvious tau was clearly detected in RW tau Tg line 65 when 60
g of total CNS proteins were loaded (A), the loading of 10-fold more total proteins (600 r.g) resulted in the visualization of a
protein band that was recognized by the human tau-specific T14 monoclonal antibody ( B). Quantification of the relative tau levels
in hWT and all three lines of RW mice are shown in C. To demonstrate the presence of increase level of less soluble tau protein,
brains from 1-, 6-, and 12-month-old non-Tg and hWT and RW Tg mice were sequentially extracted using RAB hi-salt buffer, RIPA
buffers, and 70% FA (D). Tau protein levels were determined by quantitative Western blotting using the 17026 polyclonal
antibody, followed by [ "2*I]Protein A. Human transgenic T40 in the RIPA and FA fractions progressively accumulate in the brains
of both RW and hWT tau Tg mice but not in the brains of non-Tg mice. However, the age-related increase of the FA-extractable tau
species is larger in the RW mice than the hWT mice (£). **p < 0.01. To compare the binding of hWT and RW tau to endogenous
mouse MTs, MT-binding assays were conducted (F). RW mutant tau showed reduced binding to MTs when compared with hWT
tau from Tg mice ( G). Total tau (T) from hWT and RW mouse brains were used for MT binding assays, and quantification of tau
bound to MTs in the pellet (P) versus those that remained in the supernatant (S) is shown in G.n = 3.**p < 0.001.



Zhang et al. » Retarded Transport of R406W Mutant Tau in Transgenic Mice

A .’ hWT Spinal Cord

i Q,

G RW Hlp campus : H FTﬁP 17 Hlppocampus
y -l * 2 h

FTDP-17 Neocortex

'

RW Neocortex

s

Figure2. RWtauTg mice develop somato-dendritic NFT-like tau pathology. A—F, Immuno-
staining using the polyclonal anti-tau antibody 17026 in the spinal cord (A, B), neocortex (G, D),
and cerebellum (£, F) of hWT and RW tau Tg mice at 12 months of age. Neurons in RW tau Tg
mice progressively accumulated tau in their somato-dendritic compartment, whereas neurons
in the hWT tau Tg mice showed little or no perikaryal tau immunoreactivity. G, H, High-power
photomicrographs demonstrate intense perikaryal tau immunoreactivity in hippocampal hilar
neurons of an 18-month-old RW Tg mouse using the 17026 antibody ( ), which resemble the
filamentous neuronal tau inclusions in the hippocampus of a patient with FTDP-17 caused by a
R406W tau gene mutation (H). Some of the tau-positive neurons in the RW tau Tg mice are
thioflavin S positive (/), similar to the NFTs in an R406W FTDP-17 brain (J). Scale bars: A-f, 100
m; G—J, insets, 10 m.

mice (Fig. 21), similar to patients with this mutation (Fig. 2]). In
contrast, thioflavin S-positive inclusions were not detected in the
hWT mice. Thus, these findings demonstrate that the neuronal
tau inclusions in the CNS of the RW mice and human FTDP-17
patients share common structural characteristics. Finally, in the
Tg but not in the non-Tg mice, numerous reactive astrocytes
were detected with a monoclonal antibody specific for glial fibril-
lary acidic protein in brain and spinal cord (data not shown). In
particular, we observed profound gliosis associated with neuro-
nal tau pathology in the hippocampus of the RW mice.

Retardation of orthograde slow axonal transport of RW tau in
the ventral roots of the RW tau Tg mice

The reduced binding of RW tau to MTs noted above and the
increase in perikarya neuronal tau staining observed in the RW
mice prompted us to hypothesize that the reduced binding of RW
tau to MTs could lead to reduced transport of this mutant tau
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isoform, culminating in the aggregation of RW tau in the somato-
dendritic compartment of neurons. Tau proteins have been
shown previously to move within the slow component of axonal
transport (Mercken et al., 1995). Thus, the transport of tau was
quantified by monitoring radiolabeled tau proteins in ventral
roots 7 d after microinjection of [*>S]-labeled methionine into
the L4-L6 anterior horns of RW and age-matched hWT tau Tg
mice at 2, 6, and 12 months of age. Newly synthesized radiola-
beled tau proteins were detected by immunoprecipitation and
autoradiography. As shown in Figure 3, there was significant re-
duction of radiolabeled tau proteins in the distal segments of the
ventral roots in line 37 /" of adult RW mice compared with
hWT mice at all ages studied here. In fact, human tau was barely
detectable in the most distal segment of the ventral roots of adult
RW mice, although it was readily detectable in the same roots of
the hWT mice. Furthermore, the retardation of tau axonal trans-
port in RW Tg line 37 7" mice was most pronounced at 6
months of age, in which the peak of radiolabeled hWT tau trans-
ported was 4—6 mm along the ventral root compared with 2 mm
for radiolabeled RW tau (Fig. 3E,G). This observation was also
supported in similar studies using RW line 60 /™ at 6 month of
age (Fig. 3M,0) and RW line 65 */* at 6 month of age (data not
shown). In contrast, there was no reduction or change in the
transport of NFL in the same lines of RW mice at any age, and this
is significant because NFL is one of the major cytoskeletal pro-
teins translocated in the slow component of axonal transport
(Fig. 3). Thus, the R406W tau gene mutation specifically impairs
the transport of the mutant tau in the slow component of axonal
transport.

Nerve ligation studies further support reduced transport of
RW tau

To further demonstrate retardation of axonal transport in the
RW mice, we ligated ventral nerve roots to measure the levels of
transported tau proteins that accumulated proximal to the liga-
tures. The amounts of human tau protein in the nonligated ven-
tral roots were reduced in the RW mice compared with the h(WT
mice, and this is consistent with decreased steady-state levels of
tau in these axons of RW mice (Fig. 4 A—C). Moreover, RW mice
accumulated less tau proximal to the ligation site than did the
hWT mice, which is also consistent with the observations above
demonstrating retarded tau transport in these animals (Fig. 4A—
D). In sharp contrast, the steady-state and transported NFM in
the ventral roots of the RW and hWT tau Tg mice did not differ
significantly at any age examined here (Fig. 4A, B,E). Thus, our
data suggest that the R406W tau gene mutation specifically re-
tards the slow axonal transport of tau proteins in the RW mice,
and we infer that the pathogenic effects of the R406W mutation
in FTDP-17 patients are mediated at least in part by a novel
mechanism involving alterations in the transport of R406W mu-
tant tau.

Retardation of slow axonal transport of tau in the RW Tg
mice leads to the accumulations of newly synthesized tau in a
less soluble pool

To determine whether or not the reduced binding of RW tau to
MTs and the reduced transport of this mutant tau isoform pro-
mote aggregation of RW tau in neuronal perikarya into a less
soluble pool, we assessed the fate of newly synthesized RW and
hWT tau in three lines of RW mice and one line of hWT mice.
Seven days after [ *°S]methionine injection into the spinal ventral
horns of RW and hWT mice, tau proteins in the spinal cords were
sequentially extracted with RAB hi-salt buffer, 2% SDS, and 70%
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FA, and tau in each fraction was collected
by immunoprecipitation with the anti-tau
antibody 17026. Although the amount of
newly synthesized radiolabeled tau in the
RAB hi-salt buffer fractions from ventral
horn of the spinal cord are comparable in
RW lines 37 %", RW 651" and hWT
mice, almost twice as much RW tau was
recovered from line 60"/~ when com-
pared with hWT mice (Fig. 5A). However,
significant increases in newly synthesized
tau proteins were found in the SDS-
extracted fractions from ventral horn of
the spinal cord in all three lines of RW Tg
mice compared with age-matched hWT
mice (Fig. 5A,B). We did not detect any
tau protein in the FA fractions from both
RW and hWT mice because the majority
of the insoluble tau was recovered after ex-
traction with 2% SDS. These results sug-
gest that reduced transport of newly syn-
thesized RW tau proteins results in their
accumulation in a less soluble pool in the
spinal cord.

RW Tg mice accumulate tau-
immunoreactive straight filaments in
neuronal perikarya

To further characterize the neuronal tau
inclusions in the Tg mice, we performed
ultrastructural studies using preembed-
ding immuno-EM. In both hWT and RW
tau Tg mice, there was only diffuse
perikayal tau staining without filamentous
aggregates in neurons of the cerebral cor-
tex, hippocampus, cerebellum, and spinal
cord at 1 (Fig. 6A,B) to 6 months of age
(data not shown). In contrast, straight fil-
aments with diameters of 10—15 nm were
detected in the perikarya of neurons in the
above-mentioned CNS regions of 12-
month-old RW mice (Fig. 6 D-H), but
similar tau filaments were not identified in
age-matched hWT tau Tg animals (Fig.
6C). However, we did observe occasional
tau-immunolabeled filaments in the h(WT
tau Tg mice over 18 months of age, consis-
tent with previous studies (Ishihara et al.,
2001b), but they were far less abundant
than in 12-month-old RW tau Tg mice
(data not shown). Significantly, none of
these filamentous aggregates were recog-
nized by antibodies to B-tubulin or NFL
(data not shown), thereby indicating that
these tau-immunolabeled filaments were
composed exclusively of assembled tau
without any associated NFs or MTs.

Lifespan is shorter in the RW versus
hWT tau Tg mice

The RW 37 *'* mice had a shorter average
lifespan than the hWT mice. Whereas 90%
of hWT mice survived to 24 months of age,
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only 55% of RW 37 7/~ tau Tg mice sur-
vived this long, and only 10% of the RW
37 "% tau Tg mice survived for 2 years,
although they expressed tau levels that
were comparable with those in the hWT
tau Tg mice that survived 24 months (Fig.
7). In addition, the RW mice developed
progressive motor weakness with advanc-
ing age, as demonstrated by dystonic
movements of their hindlimbs when lifted
by their tails (data not shown). One-third
of RW *'* tau Tg mice showed this pheno-
type by ~12 months of age. Similar motor
impairments were not observed in the
non-Tg or hWT tau Tg mice, suggesting
that there is gene dose-dependent neuro-
toxic effect of the R406W mutation, al-
though the nature of this toxicity is
unclear.

Discussion

The present study provides compelling
data to implicate a distinct molecular
mechanism underlying the pathogenesis
of neuronal tau inclusions and the ensuing
onset and progression of a neurodegenera-
tive tauopathy in a Tg mouse model of hu-
man FTDP-17. Specifically, overexpres-
sion of RW tau in Tg mice resulted in a
marked alteration in the translocation and
distribution of this tau mutant in CNS
neurons of these mice at the earliest ages
examined here, and this was followed by
an age-dependent progressive accumula-
tion of filamentous tau inclusions in the
perikarya of these CNS neurons. Similar
accumulations of neuronal RW tau as fila-
mentous inclusions also were detected in
two previous studies overexpressing the
RW mutation in Tg mice (Lim et al., 2001;

<«

Figure 3.  The slow axonal transport of RW mutant tau is re-
tarded in the ventral roots of RW tau Tg mice. SDS-PAGE shows
progressive retardation of the slow axonal transport for tau in the
ventral roots (VR) and contiguous spinal nerves (SN) of RW line 37
tauTgmiceat2 months ofage (4, (), at6 months of age (£, G),and
at 12 months of age (/, K) compared with age-matched hWT tau
Tgmice, but the slow axonal transport of NFL remains the samein
the RW and hWT tau Tg mice at 2 months (8, D), 6 months (F, H),
and 12 months of age (J, L). Similar retardation of RW tau trans-
portwasalso detectedinasecond RW line, i.e., line 60 at 6 months
of age (M, 0), with no obvious differences in NFL transport (N, P).
tau or NFL protein samples were collected by immunoprecipita-
tion with the anti-tau antibody 17026 (4, G, £, G, 1, K, M, 0) or the
anti-NFL antibody (8, D, , H, J, L, N, P) 7 d after injection of
[ 3*Smethionine into spinal cord (SC). The graphs illustrate quan-
titative measurements of tau (C, G, K, 0) and NFL (D, H, L, P) pro-
teins conveyed by slow axonal transport in pairs of age-matched
RW and hWT Tg mice (n = 6 per age group). At all ages studies,
slow axonal transport of tau in both lines of RW Tg mice is signifi-
cantly reduced compared with hWT, but no differences were
found in the slow axonal transport of NFL between the RW lines
and hWT tau Tg mice. *p << 0.05; **p << 0.01.
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Figure 4.  Nerve ligation of L5 ventral roots in RW mice showed retardation of slow axonal
transport of RW mutant tau (4, B). Quantitative Western blot analysis of tau (bottom panels)
and NFM (top panels) protein levelsin the ligated L5 ventral roots (L) compared with nonligated
L5 ventral roots (U) of non-Tg as well as the hWT and RW mice at 2 (A) and 12 ( B) months of age.
Samples were resolved on 7.5% SDS-PAGE and blotted with the 17026 antibody. Equal volumes
of sample (10 l) were loaded in all lanes. Non-Tg mice showed no detectable signals in the
ventral roots (A, B). (, A histogram demonstrates the signal intensity of tau proteins from
Western blots in the ligated and nonligated ventral roots of the non-Tg, hWT, and RW Tg mice.
D, E, These histograms show the ratio of tau (D) or NFM (£) proteins in the ligated verse
nonligated ventral roots. The ratio of tau in RW Tg mice was significantly lower than thatin hWT
Tg mice at both 2 and 12 months of age (D). In contrast, there was no significant difference in
the ratio of NFM among non-Tg and hWT and RW Tg mice at 2 and 12 months of age (£). *p <
0.05; **p < 0.01.

Tatebayashi et al., 2002), but the mechanisms underlying this
were not addressed. Thus, similar to FTDP-17 patients harboring
the R406W fau gene mutation, the RW mice developed a neuro-
degenerative tauopathy with advancing age that was character-
ized neuropathologically by filamentous intraneuronal tau inclu-
sions that resembled the NFTs observed in AD as well as in
sporadic and hereditary human tauopathies, including FTDP-17.
Although other tau Tg mice with a neurodegenerative tauopathy
phenotype have been reported, we demonstrate for the first time
here that the R406W tau gene mutation leads to a selective im-
pairment in the axonal transport of this human tau mutant in the
RW mice, and this observation suggests a novel mechanism to
account for the pathogenesis of the tau inclusions in these mice.

Previous studies have shown that normal tau proteins move
primarily at 0.2-0.4 mm/d in the slow component of axonal
transport in vivo (Mercken et al., 1995). Our analysis of slow
axonal transport in the tau Tg mice described here demonstrated
that newly synthesized human RW and hWT tau proteins were
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Figure5. Increased accumulation of newly synthesized tau as aless soluble poolin the spinal
cords of the RW Tg mice. A, Sequential extraction of tau with RAB hi-salt buffer, followed by 2%
SDS 7 d after [ **SJmethionine injection into ventral horns of the spinal cords of three different
RW lines and age-matched hWT mice. Radiolabeled tau was collected by immunoprecipitation
with the anti-tau antibody 17026. B, Bar graph shows significant increases in newly synthesized
tau proteins in the SDS fractions of ventral horn of the spinal cord in all three lines of RW Tg mice
compared with age matched hWT mice. n = 18.**p < 0.01.

translocated from neuronal perikarya into axons but that the
slow axonal transport of RW tau was retarded compared with
that of h(WT tau. However, the RW mice did not show a general-
ized disturbance of slow axonal transport because the slow axonal
transport of NFL and NFM were similar in both the RW and the
hWT mice. In contrast to the RW mice, we reported previously
that fast axonal transport was retarded in Tg mice that expressed
very high levels of the shortest human tau isoform (more than
sevenfold) and developed a neurodegenerative tauopathy pheno-
type (Ishihara et al., 1999). However, in these tau Tg mice, we
showed that the impairment in fast axonal transport was caused
by the formation of tau axonal spheroids and a reduction in MTs.
Retardation of fast axonal transport also was described in Tg mice
overexpressing four repeat tau isoforms (Kiinzi et al., 2002).
Other studies reported recently showed that the overexpression
of tau in cultured neuronal cells blocked the axonal transport of
NFs and other organelles, but the authors of this study suggested
that this is most likely attributable to the physical obstruction of
axonal transport by the increased binding of the overexpressed
tau to MTs (Stamer et al., 2002). Unlike both of the scenarios
described above, the primary defect of the RW mutant tau in the
RW mice is reduced binding of the mutant tau to MTs because
this mutant tau preferentially accumulates in neuronal perikarya
rather than in axons and the slow axonal transport of other pro-
teins is not impaired. Our data presented here differ significantly
from a recent slow axonal transport study of WT and mutant tau
in cultured cortical neurons in which the authors did not find any
differences in the rates of tau transport (Utton et al., 2002). The
differences between the two studies are numerous and may be
attributable to the following: (1) the different model systems used
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Figure 6.  Intraneuronal tau inclusions in the RW tau Tg mice are composed of straight filaments. A—H, Preembedding immuno-EM
using 17026 antibodies show tau immunostaining in neuronal perikarya of the hWT and RW tau Tg mice. Neocortical neurons of a
1-month-old hWT mouse (A), a 1-month-old RW mouse (B), and a 12-month-old hWT mouse () demonstrate diffuse tau staining
(arrowheads) but no obvious tau filaments. D, Randomly oriented tau-positive straight filaments are demonstrated in the perikaryon of a
neocortical neuron of a 12-month-old RW tau Tg mouse, and a higher-power view of these filaments (small arrows) is shown in the inset.
E-H, Preembedding immuno-EM using the 17026 antibody shows tau-immunoreactive straight filaments in neurons from several (NS
areasofa 12-month-old RW mouse. Higher-powerviews of the tau filaments (large arrowsin F, H) are from the boxed areasin the adjacent
panels showing lower-power views (£, G). The tau-immunoreactive filaments were found in the cerebellum (£, ) and hippocampus (G,
H).N, Nucleus. Scale bars: A—£, G, 500 nm; F, H, 100 nm.
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in the two studies, i.e., immature cultured
neurons versus mature as well as aged Tg
mice; (2) the transport of enhanced green
fluorescent protein (EGFP)-tagged tau
proteins in the previous study versus un-
tagged tau protein in our study; (3) the
time course of tau transport in cultured
cortical neurons (in hours) versus trans-
port in ventral roots of spinal cord neu-
rons in intact animals (in days); and (4)
expression of EGFP-tagged tau by trans-
fection in a few neurons versus the stable
and permanent expression of transgenic
tau in mice. These and other factors may
explain why Utton et al. (2002) did not
detect differences in the transport rate of
wild-type and mutant tau proteins.

Other insights into the consequences of
FTDP-17 tau gene mutations emerged
from studies on the RW mutant tau in cul-
tured cells as well as in Tg mice. For exam-
ple, we and others have shown that the
R406W mutant tau, when overexpressed
in cultured cells, in the RW mice and in
FTDP-17 patients with the R406W tau
mutation was less phosphorylated, espe-
cially at Ser396 and Ser404, phosphoryla-
tion sites that are in close proximity to this
missense mutation (Perez et al., 2000;
Vogelsberg-Ragaglia et al., 2000; Miyasaka
et al., 2001). These data suggest that the
R406W fau gene mutation may induce a
conformational change at sites flanking
this mutation because this structural
and/or conformational change in tau
probably affects the MT-binding domains
and could lead to reduced MT binding and
its ability to promote MT assembly. In-
deed, our data demonstrate that RW mu-
tant tau bind less well to endogenous
mouse brain MTs than hWT tau is consis-
tent with previous in vitro MT binding and
assembly assays as well as cell culture stud-
ies in which the R406W tau gene mutation
markedly reduces the ability of tau to bind
MTs and promote MT assembly when
compared with other tau mutants or wild-
type tau proteins (Hong et al., 1998; Rizzu
et al, 1999; Barghorn et al, 2000;
Vogelsberg-Ragaglia et al., 2000). Thus, we
suggest that a reduction in the MT-
binding ability of R406W mutant tau at-
tributable to the conformational change
proposed here contributes to the selective
retardation in the slow axonal transport of
tau in the RW mice. The impaired axonal
transport of RW tau causes its accumula-
tion in the somato-dendritic domain of
neurons, wherein it aggregates over time
into filamentous inclusions that eventually
lead to axonal degeneration.

This scenario may account for the fact
that the RW tau Tg mice progressively de-
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Figure7.  RWtauTg mice show reduced longevity. Longevity of hWT and RWL37 tau Tg mice

was studied in cohorts of pups weaned at 1 month of age, and survival ratio of mice in each
cohort was assessed at 6, 12, 18, and 24 months of age (n = 20 mice per age group). Approx-
imately 90 and 5% of AWT ™/~ and RWL37 ™/~ tau Tg mice survived up to 24 months of age,
respectively, and 40% of RWL37 */* tau Tg mice died by 12 months of age.

velop fibrillary tau inclusions in the perikarya of CNS neurons
with advancing age, and these tau lesions closely resemble au-
thentic human NFTs observed in AD, FTDP-17, and other
tauopathies. For example, in addition to being filamentous and
tau immunoreactive, some tangle-like inclusions were stained
with the amyloid binding dye thioflavin S, which indicates that
the tau filaments in these inclusions form B-pleated sheet struc-
tures similar to those in the NFTs of human neurodegenerative
diseases. Moreover, because the insoluble tau aggregates and
NFT-like inclusions in the RW mice are composed solely of mu-
tant human tau without any endogenous mouse tau, we conclude
that R406W mutant tau forms NFT-like filamentous tau lesions
by itself. However, at the ultrastructural level, the neuronal cyto-
plasmic tau lesions in the RW mice are composed primarily of
straight filaments rather than the paired helical filaments as ob-
served in the brains of patients with AD or with FTDP-17 caused
by an R406W tau gene mutation (Reed et al., 1997). Thus, these
results suggest that all six tau isoforms may be required for the
formation of authentic paired helical filaments with the charac-
teristic morphology.

Because other FTDP-17 tau gene mutations in addition to the
R406W substitution also reduce the binding of tau to MTs (Hong
et al., 1998), the data presented here may indicate that impaired
transport of tau into axons is one of the primary molecular mech-
anisms that result in the formation of neuronal cytoplasmic tau
lesions in FTDP-17. Moreover, because the phosphorylation of
tau has been shown to reduce the ability of tau to bind to MTs
(Lovestone et al., 1996; Hong and Lee, 1997), our data provide a
plausible explanation for the abnormal redistribution of tau from
axons to neuronal perikarya in AD and diverse neurodegenera-
tive tauopathies that are characterized by large accumulations of
hyperphosphorylated tau proteins. Future transport studies on
Tg mice with other tau gene mutations should resolve this issue.

In summary, our findings in the RW tau Tg mice suggest that
the R406W fau gene mutation promotes the formation of fila-
mentous tau lesions with advancing age in neuronal perikarya by
a novel mechanism of disease that may be initiated by a
mutation-induced impairment of MT binding. The altered MT
binding leads to retardation in the slow axonal transport of tau,
followed by a cascade of events that include the perikaryal accu-
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mulation of insoluble tau to culminate in the fibrillization of tau
and the formation of NFTs. Although this mechanistic scenario
could be associated exclusively with the R406W tau gene muta-
tion, we speculate that similar types of processes or variations of
this scenario may underlie AD as well as other sporadic and he-
reditary neurodegenerative tauopathies.
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