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Mutations in the human tau gene cause frontotempo-
ral dementia and parkinsonism linked to chromo-
some 17. Some mutations, including mutations in in-
tron 10, induce increased levels of the functionally
normal four-repeat tau protein isoform, leading to
neurodegeneration. We generated transgenic mice
that overexpress the four-repeat human tau protein
isoform specifically in neurons. The transgenic mice
developed axonal degeneration in brain and spinal
cord. In the model, axonal dilations with accumula-
tion of neurofilaments, mitochondria, and vesicles
were documented. The axonopathy and the accompa-
nying dysfunctional sensorimotor capacities were
transgene-dosage related. These findings proved that
merely increasing the concentration of the four-re-
peat tau protein isoform is sufficient to injure neu-
rons in the central nervous system, without for-
mation of intraneuronal neurofibrillary tangles.
Evidence for astrogliosis and ubiquitination of accu-
mulated proteins in the dilated part of the axon sup-
ported this conclusion. This transgenic model, over-
expressing the longest isoform of human tau protein,
recapitulates features of known neurodegenerative
diseases, including Alzheimer’s disease and other
tauopathies. The model makes it possible to study the
interaction with additional factors, to be incorpo-

rated genetically, or with other biological triggers
that are implicated in neurodegeneration. (Am J
Pathol 1999, 155:2153–2165)

The tau protein belongs to a heterogeneous family of
microtubule-associated proteins, predominantly ex-
pressed in neurons.1 Alternative splicing of the human
tau gene encodes at least six different mRNA species (6
kb) that yield six low-molecular-weight (LMW) tau protein
isoforms ranging from 352 to 441 amino acids, which are
differentially phosphorylated.2,3 In addition, “big tau” pro-
tein is encoded by an 8-kb mRNA that contains an addi-
tional exon 4A (and/or exon 6),4,5 resulting in isoforms
ranging from 90–100 kd (MMW) to 110–120 kd (HMW).
The LMW tau proteins are present in the central nervous
system (CNS) and the peripheral nervous system (PNS),
MMW tau isoforms are identified in the optic nerve, and
HMW tau proteins are abundant in the PNS and spinal
cord.6 Since tau protein is required for neurite elaboration
in different cell types,7–10 a central role in neuronal pro-
cess outgrowth and integrity is proposed. Moreover, se-
lective inhibition of tau protein expression in primary cer-
ebellar neurons prevents formation of neurite asymmetry
and elaboration of an axon.11 In tau protein-deficient
mice a modest alteration of microtubular organization in
small-caliber axons was observed.12

Recently, missense and splice-site mutations were de-
tected in the human tau gene in patients with inherited
frontotemporal dementia and parkinsonism linked to
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chromosome 17 (FTDP-17).13–19 Most of the exonic mu-
tations located within the microtubule binding repeats
rendered the tau protein less functional for microtubule
binding and stabilization.20,21 Thus the neurodegenera-
tion appeared to be caused by reduced levels of func-
tional tau protein. On the other hand, mutations in intron
10 and mutations N279K and S305N in exon 10 were
shown to induce a preponderance of tau protein isoforms
with four microtubule-binding repeats.13,14,17,20,22 Like-
wise, the silent FTDP-17 mutation L284L, located in the
exon 10 splicing silencer sequence, resulted in excess
exon 10 inclusion.23 These observations were interpreted
to mean that increased levels of normal functional tau
protein also could provoke neuronal dysfunction. Two
previous studies showed a somatodendritic localization
and hyperphosphorylation of the exogenous tau protein,
similar to the pretangle changes that precede the neuro-
fibrillary pathology in Alzheimer’s disease, in brain of
mice transgenic for human tau protein.24,25 However,
neither neuronal dysfunction nor abnormal behavior has
been demonstrated thus far in mice overexpressing any
human tau isoform.24,25

We have also tested the hypothesis that overproduction
of tau protein with four microtubule-binding repeats can
constitute a gain of a toxic function in vivo. We have gener-
ated transgenic mice that overexpress this tau protein iso-
form specifically in neurons. We report here that these trans-
genic mice develop an axonopathy that recapitulates some
features of known neurodegenerative diseases, including
Alzheimer’s disease and other tauopathies.

Materials and Methods

Production of Transgenic Mice

Human Tau40 cDNA, which was deduced from the cDNA
clone tau40,26 was ligated in the mouse thy-1 expression
cassette.27 A PvuI-NotI restriction fragment was microin-
jected, and transgenic founders were identified by South-
ern blotting of StuI-restricted mouse tail-biopt DNA. Rou-
tine genotyping of transgenic offspring, bred into the
FVB/N genetic background, was performed on tail-biopt
DNA by polymerase chain reaction (PCR).

Sensorimotor Tests

The behavioral experiments constitute a transversal
study in which transgenic mice from different founder
strains were tested at the age of 2–4 months. Five groups
of mice were tested: 46 wild-type FVB mice, 31 htau40-1
heterozygous mice, 8 htau40-1 homozygous mice, 17
htau40-5 heterozygous mice, and 12 htau40-5 homozy-
gous mice. The animals were subjected to three senso-
rimotor tasks designed to assess muscle strength, endur-
ance, coordination, and equilibrium.28

The forced swimming test was performed identically to
a probe test in the Morris water maze test, as described
before.29 One-way analysis of variance (ANOVA) was
used to test for differences in swimming distance be-
tween the five groups.

The second sensorimotor task measured the ability of
the mouse to walk along a suspended narrow horizontal
rod as an index of psychomotor integration and equilib-
rium. Each mouse was placed in the middle of a 50-cm-
long aluminum rod of 14-mm diameter. The walking rod
held an escape platform at each end and was positioned
50 cm above a flat surface. If the mouse succeeded in
walking on the rod and/or reaching one of the escape
platforms without falling off, it was scored as 1, and if the
animal fell off, it was scored 0. The contingency x2 test
was used for comparison between different groups.
When x2 appeared to be significant, odds ratios and their
two-sided 95% confidence intervals were calculated to
determine the strength of the association.

Finally, the inverted wire mesh grid test referred to the
ability to grasp an elevated horizontal wire grid and to
remain suspended for 1 minute. The net was positioned
50 cm above a flat surface and measured 40 cm 3 20
cm, with meshes of 0.5 cm 3 0.5 cm. If the animal
remained suspended for 1 minute, it was scored 1, and if
the animal dropped off, it was scored 0. The contingency
x2 test was used for comparison between different
groups. When x2 appeared to be significant, odds ratios
and their two-sided 95% confidence intervals were cal-
culated to determine the strength of the association.

The statistical analyses were conducted with the SAS
6.12 computer package. All reported P values are two-
sided and were considered statistically significant when
P , 0.05 (the Bonferroni correction was applied for mul-
tiple testing).

Western Blotting

Brain and spinal cord tissue were homogenized in 2 ml
and 350 ml, respectively, of buffer containing detergents,
proteinase, and phosphatase inhibitors, ie, 0.1 mol/L
2-(N-morpholino)ethanesulfonic acid (pH 6.4), 0.5
mmol/L MgCl2, 1 mmol/L EDTA, 1 mmol/L EGTA, 1
mmol/L dithiothreitol, 5 mg/ml leupeptin, 5 mg/ml pepsta-
tin, 200 mmol/L phenylmethylsulfonyl fluoride, 20 mmol/L
NaF, 200 mmol/L sodium orthovanadate, 1 mmol/L oka-
daic acid, 5 mg/ml soybean trypsin inhibitor, 1% Triton
X-100, 1% sodium desoxycholate, and 0.1% sodium do-
decyl sulfate. Likewise, two sciatic nerves and 15 spinal
ganglia of wild-type and htau40-1 heterozygous trans-
genic mice were dissected and homogenized in 100 ml
and 50 ml homogenization buffer, respectively. After cen-
trifugation (100,000 3 g for 30 minutes at 4°C), the su-
pernatant was denatured and reduced before separation
on Tris-glycine-buffered polyacrylamide gels (8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to nitrocellulose filters as
described.29 Protein concentration of cleared homoge-
nates was determined with the Bio-Rad Detergent Com-
patible protein assay (Bio-Rad Laboratories, Hercules,
CA), and equal amounts were loaded.

Because the secondary goat anti-mouse antibody
bound on Western blot to proteins of 55 and 67 kd,
thereby interfering with the monoclonal anti-tau immuno-
responses (especially of AT-8 and AT-180), supernatant
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of brain and spinal cord homogenates were incubated
with immobilized protein-G (Pierce, Rockford, IL) at 4°C
for 2.5 hours and purified from mouse IgG by centrifuga-
tion (8000 rpm, 5 minutes, 4°C). For the same reason,
detection of human tau protein in spinal ganglia and
sciatic nerve homogenates was performed with poly-
clonal antibody B19.

The phosphate-independent antibodies directed to tau
protein were monoclonal antibodies HT-7 (Innogenetics,
Ghent, Belgium) and Tau-5 (Pharmingen, San Diego, CA)
and polyclonal antibody B19 (gift of J. P. Brion, Free
University of Brussels, Brussels, Belgium).30 Used mono-
clonal antibodies directed to phosphorylated tau protein
epitopes are listed below.

To dephosphorylate the tau protein before densitomet-
ric quantification on Western blot, brain and spinal cord
homogenates were diluted in a dephosphorylation buffer
(Boehringer Mannheim) containing Escherichia coli alka-
line phosphatase (type III; Sigma) at 50 units/ml and
incubated for 2 hours at 25°C. Samples to be loaded on
the gel were prepared as mentioned above.

Histochemistry, Immunohistochemistry,
and Antibodies

For immunohistochemical detection of human tau protein
in the htau40 transgenic mice, paraformaldehyde (4% in
phosphate-buffered saline), fixed free-floating vibratome
slices (40 mm) were incubated with different monoclonal
and polyclonal antibodies. Brain and spinal cord sections
were incubated with biotin-conjugated secondary anti-
body, submerged in Strept-ABComplex/horseradish per-
oxidase, and stained with 3,39-diaminobenzidine tetrahy-
drochloride. The phosphate-independent antibodies
directed to tau protein were HT-7, the epitope of which
has been mapped on human tau between positions 159
and 163; Tau-5, directed to an epitope mapped in the
middle of human and murine tau protein; and B19, reac-
tive with the tau protein sequence 154–195.30 Applied
antibodies directed to phosphorylated tau protein were
AT-8, AT-180, AT-270 (Innogenetics), and PHF-1 (gift of
P. Davies, Albert Einstein College of Medicine, New York,
NY). Their epitopes have been determined as phos-
phoSer199 and/or phosphoSer202,31,32 phosphoThr231,33

phosphoThr181,33 and phosphoSer396 and/or phos-
phoSer404,34 respectively. Antibodies Alz-5035,36 and
MC-137 (both gifts of P. Davies) are directed to paired
helical filament tau protein. For detection of neurofilament
subunit NF-H, antibodies SMI-31, SMI-32 (Affiniti, Not-
tingham, UK), and NF-200 (Sigma, St. Louis, MO) were
applied. NF-M and NF-L were detected by antibodies
NF-68 and NF-160 (Sigma), respectively. Antibodies NF-
68, NF-160, and NF-200 are phosphate-independent;
SMI-31 and SMI-32 are phosphate-dependent. Anti-glial
fibrillary acidic protein (anti-GFAP) and ubiquitin were
purchased (DAKO A/S, Glostrup, Denmark).

Sections of muscle were submitted to standard hema-
toxylin/eosin (H&E) staining. Tunel staining was applied
to analyze the CNS for apoptotic neurons. Bielschowsky’s
silver impregnation and thioflavine-S staining were used

to determine the presence of tangle-like structures in
neurons of the central nervous system of the transgenic
mice.29,38

Quantification of Axonopathy in the CNS

Four wild-type FVB mice, 3 htau40-1 and 3 htau40-5
homozygous mice, and 5 htau40-1 heterozygous mice
were transcardially perfused with paraformaldehyde (4%
in PBS). Brain and spinal cord were immersion-fixed
overnight. Vibratome slices (40 mm) were generated from
the right brain hemisphere. Eight cortical slices compris-
ing the hippocampal structures were incubated with
monoclonal antibody SMI-32. Immunoreactive axonal di-
lations with a diameter equal to or larger than the diam-
eter of the nucleus of fifth-layer neocortical pyramidal
neurons were counted. Likewise, vibratome sections
were made of the mainly thoracal part of the spinal cord,
and eight randomly taken thoracal sections were incu-
bated with SMI-32. In parallel, the left hemisphere of each
brain and the mainly thoracolumbal part of the spinal
cord were embedded in paraffin. Microtome sections (6
mm) of brain and spinal cord were impregnated accord-
ing to the method of Bielschowsky’s silver staining. The
number of argyrophilic axonal dilations was counted in
three series of three successive slices. Only cortical
slices that comprised the hippocampus were considered
in the quantitative analysis of the brain, and only axonal
dilations equal to or exceeding the diameter of the nu-
cleus of motor neurons were counted in the spinal cord
sections. Three researchers independently performed
counting, and the number of dilated axons was averaged
for each section of spinal cord or hemisphere. Silver
impregnation and SMI-32 immunostaining yielded similar
results. The Kruskal-Wallis test was used to evaluate the
statistical differences in the average number of axonal
dilations between the different groups of transgenic mice.

Quantification of Neurons in the Ventral Horn of
the Spinal Cord

Six wild-type FVB mice and six htau40-1 homozygous
mice that were 3 months old were transcardially perfused
with paraformaldehyde (4% in PBS). Spinal cords were
immersion-fixed overnight and embedded in paraffin. Mi-
crotome sections (6 mm) of the thoracolumbal region
were submitted to standard cresyl violet staining. Com-
posite images from a 3CCD color video camera were
collected and assembled with appropriate software
(AIS/C 4.0; Imaging Research, St. Catharine’s, ON), and
the number of neurons in the right ventral horn in three
series of three successive sections was quantitated. Two
researchers independently performed counting, and the
number of neurons, averaged for each mouse, was sta-
tistically analyzed by the Kruskal-Wallis test.

Ultrastructural Analysis

For transmission electron microscopy (TEM), specific re-
gions were excised from 40-mm-thick vibratome sections
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fixed in 4% paraformaldehyde and 0.1% glutaraldehyde
in PBS. For immunogold labeling, samples incubated
with AT-8 and Alz-50 after permeabilization with Triton
X-100 were further incubated with a secondary antibody
conjugated to 1.4-nm gold particles and enhanced with
HQ-silver (Nanoprobes, Stony Brook, NY). All samples
were postfixed with glutaraldehyde, embedded, and pro-
cessed for electron microscopy. Samples were addition-
ally postfixed with OsO4 before embedding.

Results

Generation of Human tau40 Transgenic Mice
and Phenotyping

Transgenic mice that overexpress the four-repeat human
tau protein isoform with two N-terminal inserts were gen-
erated using a recombinant DNA construct based on the
mouse thy-1 gene (Figure 1a). Three founder strains were
selected, ie, htau40-1, htau40-2, and htau40-5, which
transmitted the transgene in a stable Mendelian fashion.
Transgenic mice from the three lines expressed the hu-
man tau protein exclusively in neurons. Western blotting
of brain (Figure 1b) and spinal cord homogenates (Figure
1c) with the monoclonal antibody HT-7 demonstrated the
highest expression of human tau protein in transgenic
mice from strains htau40-1 and htau40-2. Western blot-
ting with monoclonal antibody Tau-5 allowed us to deter-
mine the relative levels of human to mouse tau protein by
densitometric scanning (Figure 1, b and c). To obtain
accurate quantification of total tau proteins, the tau iso-
forms were dephosphorylated by pretreatment of homog-
enates with alkaline phosphatase before application to
the gel. The murine tau protein in brain and spinal cord
homogenates in wild-type animals was used as an inter-
nal standard for normalization. In heterozygous mice of
strain htau40-1, the level of human tau protein was about
four-fold higher relative to endogenous mouse tau protein
levels, whereas in strain htau40-5 human tau protein lev-
els were 1.5 times those of murine tau protein. Human tau
protein levels in spinal cord were also quantitated and
estimated to be in the same range (Figure 1d).

In addition, the presence of human tau protein was
demonstrated in the PNS of htau40 transgenic mice, ie, in
homogenates of sciatic nerves and of spinal ganglia
(Figure 1e). Moreover, axons originating from nerve cell
bodies in the spinal ganglia were immunoreactive for
monoclonal antibody HT-7 in the posterior column of the
spinal cord (not shown).

Behavior and Motor Problems of htau40
Transgenic Mice

Homozygous htau40-1 and htau40-2 transgenic mice al-
ready displayed at weaning some neurological symp-
toms. When lifted by the tail, wild-type FVB mice exhib-
ited an escape reflex by extending their legs, as opposed
to homozygous transgenic mice, which flexed their hind
limbs. Before the transgenic mice were subjected to the

standard cognitive test, ie, the Morris water maze,29 their
motor abilities were examined in a forced swimming test.
The swimming speed of htau40-1 homozygous mice was
significantly lower than that of wild-type, heterozygous
and homozygous htau40-5 mice. In 1 minute, homozy-
gous htau40-1 mice traversed only about 70% of the

Figure 1. Recombinant DNA construct used to generate htau40 transgenic
mice and Western blot analysis of expression of human tau40 protein in
brain, spinal cord, spinal ganglia, and sciatic nerve of selected transgenic
mouse strains. a: Structure of the authentic mouse thy1 gene and the mod-
ified mini-gene construct yielding neuron-specific expression of the embed-
ded cDNA.43 Original exons are numbered and represented by black blocks.
b: Western blotting of extracts of brain derived from wild-type and from
transgenic htau40 mice with antibodies Tau-5 and HT-7. Approximately 10
mg of protein was loaded per lane. Samples were treated with alkaline
phosphatase before application on the gel. c: Western blotting of extracts of
spinal cord derived from wild-type and from transgenic htau40 mice with
antibodies Tau-5 and HT-7. Approximately 10 mg of protein was loaded per
lane. Samples were treated with alkaline phosphatase before loading on the
gel. d: Numeric results from densitometric scanning and quantification of
Western blots displayed in b and c. e: Western blotting of extracts of spinal
ganglia (sp.g.) and sciatic nerves (sc.n.) derived from wild-type and htau40-1
transgenic mice with polyclonal antibody B19. Approximately 5 mg of protein
was loaded per lane. WT, wild-type mice; H and HH, heterozygous and
homozygous htau40 mice, respectively. The three different transgenic mouse
strains are indicated as htau40-1, -2, and -5. All mice were about 3 months old
(61 week).
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distance covered by wild-type littermates (Figure 2b).
Subsequently, this motor disturbance, which prevented
the mice from being tested in the Morris water maze, was
studied in two additional sensorimotor tasks: rod walking
and inverted grid hanging. This showed that the severity
of the impairment was related to the level of expression of
the transgene (Figure 2). Compared to wild-type mice,
fewer homozygous htau40-1, heterozygous htau40-1,
and homozygous htau40-5 mice were able to walk on a
rod. In comparison with wild-type mice, they were 90, 13,
or 5 times more likely, respectively, to fall off the rod.
Significantly more homozygous htau40-1 mice dropped
off the rod, in comparison with homozygous and het-
erozygous mice of the strain with lowest expression, and
more heterozygous mice of strain htau40-1 fell than het-
erozygous htau40-5 transgenic animals (Figure 2a). Like-
wise, significantly more homozygous mice of strain
htau40-1 lost hold of the inverted wire mesh grid, in
comparison with wild-type and other transgenic mice that
lack or express the transgene to a lower extent (Figure
2c). These observations prove that htau40 transgenic
mice displayed a reduced endurance, a postural insta-
bility, a loss of motor coordination and of maintenance of
equilibrium, and a muscular weakness.

Surprisingly, heterozygous htau40-1 mice exhibited a
somewhat higher swimming speed than wild-type mice
did. The heterozygous htau40-1 mice were, however,
agitated and stressed, and this appeared to compensate
for their mild motor impairment (Figure 2b).

Histochemical, Immunohistochemical, and
Ultrastructural Analysis

The brain and spinal cord of 15 homozygous and het-
erozygous htau40-1, -2, and -5 transgenic mice,
aged between 8 weeks and 8 months, were analyzed
histochemically, immunohistochemically, and ultrastruc-
turally to determine the neuropathological cause of their
phenotype.

H&E staining did not show striking abnormalities.
Bielschowsky’s silver impregnation did reveal, however,
grossly dilated axons in brain and spinal cord. These
dilations had mostly a rounded contour and were often as
large as neighboring neuronal cell bodies. In brain, di-
lated axons were mainly present in the neocortex, hip-
pocampus, and thalamus, but were rare in the subcorti-
cal white matter, corpus callosum, and internal capsule
(Figure 3, a and b). The proximal location of the dilated
axons in the gray matter suggested a proximal type of
axonopathy. In the spinal cord, the dilated axons were
present mostly in the gray matter, as well as in some
white matter fiber tracts. In addition to the dilated axons,
silver staining revealed thickened and irregularly shaped,
argyrophilic dystrophic neurites scattered throughout
brain and spinal cord gray matter (Figure 3c). However,
staining with silver or thioflavine-S did not reveal neurofi-
brillary tangles.

Immunohistochemically, the expression of human tau
protein was widespread in the brain of all htau40 trans-
genic mice analyzed. Monoclonal antibody HT-7 stained
nerve cell bodies and their processes in hippocampus,
cortex, and subcortical nuclei most strongly, especially in
cortical layer V. Also in the spinal cord, the axons, den-
drites, and perikaria were clearly stained. With antibodies
directed to specified phosphorylated epitopes of human
tau protein, ie, AT-8, AT-180, AT-270, and PHF-1, a wide-
spread somatodendritic localization of phosphorylated
human tau protein became visible (Figure 4a). Pyramidal
neurons in the cortex and hippocampus and nerve cells
within the thalamus stained strongly, as did the axonal
processes in corpus callosum and the mossy fibers of the
hippocampal granular cells. In the spinal cord, nerve cell
bodies and their processes were stained by these anti-
bodies. A more limited set of neurons and the dystrophic
neurites were strongly reactive with antibodies Alz-50
and MC-1, which recognize a conformational epitope of
the tau protein present in paired helical filaments20 (Fig-
ure 4, b and c). Neurons immunoreactive for human tau

Figure 2. Performance of transgenic and wild-type mice in three sensorimotor tasks. a: Number of mice that fell off the walking rod during a 3-minute test period,
expressed relative to the number of tested in each group. Compared to WT mice, significantly more 1H, 1HH, and 5HH mice fell down. *WT-1H: P , 0.001, O.R.
13.5 (40–4.6); WT-1HH: P , 0.001, O.R. 90 (1000–4.5); WT-5HH: P , 0.001, O.R. 5.4 (20.4–1.4). This motor impairment was shown to be gene dosage
dependent. **5H-1HH: P , 0.001, O.R. 38.4 (1.8–1000); 5HH-1HH: P , 0.05, O.R. 17 (0.8–500); ***5H-1H: P , 0.001, O.R. 5.8 (1.6–20.8). b: Swimming speed
defined as distance traveled in 1 minute. In the forced swimming test, 1HH mice (*) traversed a significantly shorter distance in 1 minute than wild-type and other
transgenic mice (P , 0.001). 1H mice (**) performed even better than wild-type littermates (P , 0.05). c: Inverted wire grid hanging, expressed as number of
mice that remained suspended for the entire 1-minute test period, relative to the number of mice tested in each group. Compared to wild-type mice, significantly
more 1HH mice (*) failed to remain suspended on the inverted wire mesh grid. WT-1HH: P , 0.001, O.R. 22.2 (125–3.8). Number of mice tested is given in Materials
and Methods. Asterisks do not denote significance levels, but indicate groups of mice to be compared. WT, wild-type mice; 1H and 1HH, heterozygous andhomozygous
htau40-1 mice, respectively; 5H and 5HH, heterozygous and homozygous htau40-5 mice, respectively. All mice were between 2 and 4 months old.
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protein and axonal dilations also stained with antibodies
directed against the three neurofilament subunits, ie,
NF-L (anti-NF-68), NF-M (anti-NF-160), and NF-H (SMI-
31, SMI-32, NF-200) (Figure 4, d–f). In brain, dilated
SMI-32 immunoreactive axons were abundant in neocor-
tex and amygdala. Western blot analyses of brain and

spinal cord homogenates with phosphate-dependent tau
antibodies confirmed that transgenic human tau was
phosphorylated at different epitopes. As different anti-
bodies exhibit different affinities for these epitopes, quan-
titation on Western blot was not possible. Nevertheless,
the relative degree of phosphorylation of transgenic hu-

Figure 3. Silver staining of brain and spinal cord of homozygous htau40 transgenic mice at the age of 2.5 months. a: Multiple dilated axons or axonal spheroids
(arrows) and some irregular dystrophic axons (arrowheads) in cortex (3360). b: Higher magnification of two dilated axons in thalamus. Note that the dilations
approach the size of neuronal cell bodies (3920). c: Aspect of spinal cord gray matter (anterior horn) with a grossly dilated axon (arrow) and several irregularly
thickened dystrophic axons (arrowheads) (3390).

Figure 4. Immunohistochemistry of brain and spinal cord of homozygous htau40 transgenic mice at 2.5 months. a: Low-power view of neocortex stained with
monoclonal antibody AT-8, showing somatodendritic localization of tau protein in pyramidal neurons of layer V (3110). b: Reaction of monoclonal antibody MC-1
in neocortex with a neuron (arrowhead) and dystrophic neurites (arrows) (3800). c: Anterior horn of spinal cord, showing axonal dilations (arrows),
dystrophic neurites (arrowheads), and a neuronal cell body staining with antibody MC-1 (3365). d: Neuron with axonal dilation (arrow), staining with the
antibody SMI-32, directed to neurofilament (NF)-H. The proximal axon (small arrow) connecting the cell body (arrowhead) has a normal caliber (3600). e
and f: Dilated axons (arrowheads) in thalamus immunostained for NF-L (e) and NF-M (f) (3305).
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man tau varied in both compartments of the CNS: in
spinal cord the AT-8 labeling was always lower than in
brain (Figure 5).

The degree of axonopathy was gene-dosage-related.
Quantitative analysis indicated a significant larger aver-
age number of dilated axons per section of spinal cord
and cortex of homozygous htau40-1 mice compared to
heterozygous littermates and homozygous mice of strain
htau40-5, and of heterozygous htau40-1 mice compared
to htau40-5 homozygous transgenic animals. Dilated ax-
ons were completely absent in wild-type mice, in both
brain and spinal cord (Table 1). The degree of astroglio-
sis in the affected regions of spinal cord and cortex
correlated with the expression level of the human tau
transgene as well (results not shown). GFAP immuno-
staining revealed activated astrocytes in cortex and spi-
nal cord of homozygous htau40-1 mice, which were only
rarely observed, if at all, in the other transgenic htau40
strains (Figure 6, a–d). In addition, immunohistochemical
staining for ubiquitin labeled some of the dilated axons in
cortex and spinal cord (Figure 6, e and f).

Ultrastructural examination was performed on brain,
spinal cord, and sciatic nerve from three homozygous

htau40-1 mice and age-matched wild-type mice at the
ages of 8 weeks and 8 months. TEM confirmed the pres-
ence of dilated axons with proportions similar to those of
neuronal cell bodies (Figure 7a). They showed prominent
accumulation of neurofilaments, microtubules, mitochon-
dria, endoplasmatic reticulum, and vesicles (Figure 7d).
Some dilated axons showed signs of degeneration. This
varied from axons containing few degenerating mito-
chondria to axons with numerous dense and multivesicu-
lar bodies. Often the myelin sheat was thinned, detached,
or completely retracted (Figure 7, b and c). Also the thick
dystrophic neurites seen with Bielschowsky’s silver
staining corresponded to dilated axons. Morphologi-
cally, they were similar to the dystrophic axons de-
scribed in Alzheimer’s disease (AD) and other neuro-
degenerative diseases.39

Occasionally, microglia with phagocytosed myelin de-
bris and myelin ovoids were present, indicating Wallerian
degeneration. Ultrastructural signs of apoptosis were ab-
sent, confirming the negative tunel staining (results not
shown).

Ultrastructurally, no filamentous aggregates or tangles
were evident, neither directly by TEM nor after staining
with AT-8 or Alz-50 and gold-labeled secondary antibod-
ies. The latter method resulted in gold particles projecting
on microtubuli or dispersed in the cytoplasm (Figure 8).

The distal part of axons from lumbosacral motor neu-
rons was examined in the sciatic nerve. These revealed
affected axons and scattered macrophages with phago-
cytosed myelin, confirming Wallerian degeneration (Fig-
ure 9a). Some axons had thinned myelin sheaths and
contained axon-Schwann cell networks, as seen in
chronic neuropathies (Figure 9b). The functional impair-
ment of the damaged axons was also reflected by the
skeletal muscle fibers that they innervate. The quadri-
ceps and the gastrocnemius skeletal muscles of homozy-
gous htau40-1 transgenic mice showed grouping of atro-
phic fibers and fascicular atrophy, diagnostic for

Figure 5. Western blotting of extracts of brain and spinal cord from wild-
type and transgenic htau40 mice of 3 months with phosphorylation-depen-
dent antibodies AT-8, AT-180, and PHF-1. Western blots of brain (a) and
spinal cord (b) homogenates of wild-type (WT) and heterozygous htau40-5
(5H) and htau40-1 (1H) transgenic mice. Approximately 100 mg of protein
was loaded per lane for incubation with AT-8 and AT-180, and 15 mg for
detection with PHF-1.

Table 1. Quantification of Dilated Axons in Brain and Spinal
Cord of Transgenic Mice

Mouse
type n

Spinal cord Cerebral cortex

Mean
no.*

Mean no.
rostral**

Mean no.
caudal***

WT 4 0 0 0
1H 5 9.3 9.1 3.7
1HH 3 22.0 29.9 11.5
5HH 3 4.3 5.6 2.7

Numbers of dilated axons in entire transversal sections of the spinal
cord (6 mm thick) and in coronal sections of the entire right
hemispheric cortex (40 mm thick) are presented. Numbers of dilated
axons in the rostral and caudal part of the cerebral neocortex from
sections through the hippocampus were counted. Silver impregnation
(nine sections per mouse type counted) and SMI-32 immunostaining
(eight sections per mouse type counted) yielded similar results. Mice
used were 3 months of age.

The Kruskal-Wallis analysis revealed a gene-dosage related
pathology in the spinal cord and hemispheric cortex. *1H-5HH: P 5
0.02; 1HH-5HH: P 5 0.049; 1HH-1H: P 5 0.02. **1H-5HH: P 5 0.025;
1HH-5HH: P 5 0.049; 1HH-1H: P 5 0.025. ***1H-5HH: P 5 0.23;
1HH-5HH: P 5 0.049; 1HH-1H: P 5 0.025.

WT, wild-type mice; 1H and 1HH, heterozygous and homozygous
htau40-1 mice, respectively; 5HH, homozygous htau40-5 mice; n,
number of mice analyzed.
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neurogenic atrophy (Figure 9c). The degree of muscular
atrophy correlated with the degree of CNS pathology,
inasmuch as little muscular atrophy was observed in
heterozygous htau40-1 mice and homozygous htau40-5
mice as opposed to homozygous htau40-1age-matched
animals. The reduction in muscle mass contributed to a
loss of body weight of about 30% in homozygous
htau40-1 mice, even when the mice were only 2 months
old. As muscle atrophy was demonstrated in homozy-
gous htau40-1 mice, the possibility of neuronal loss in the
ventral horn of the spinal cord was examined. No signif-
icant reduction in the number of neurons was recorded.
In wild-type and homozygous htau40-1 mice, the average
number of neurons was 49 6 13 and 44 6 12, respec-
tively (P 5 0.6310). Rare chromatolytic neurons, charac-
terized by loss of Nissl substance and an excentric nu-

cleus, were observed in the ventral horn of homozygous
htau40-1 transgenic mice.

Discussion

Tauopathies, whether sporadic or inherited, differ in
nerve cell type and brain regions that are affected, while
sharing the presence of filamentous aggregates of hy-
perphosphorylated tau protein.40 This common denomi-
nator has reinforced the view that events leading to the
formation of tau protein filaments or the mere presence of
tangles are sufficient to cause nerve cell degeneration.
Nevertheless, it is not clear whether the formation of
neurofibrillary tangles per se is needed to cause pathol-
ogy. Only recently has the tau protein been linked, di-
rectly, to neurodegenerative diseases,13 and, in combi-
nation with observations in different experimental
systems,41 tau protein has gained the status of a direct
cause of neurodegeneration.

The current observations in htau40 transgenic mice
constitute the first in vivo evidence for tau protein-medi-
ated axonal damage. In these transgenic mice, the in-
duced intraneuronal excess of tau protein caused ax-
onopathy, evidenced by proximal axonal dilations with
accumulation of neurofilaments, microtubuli, mitochon-
dria, and vesicles, and a Wallerian type of degeneration
of distal parts of the axons. Although no neuron loss was
established, accumulation of ubiquitinated protein conju-
gates in some of the dilated axons and astrogliosis both
in brain and spinal cord of homozygous htau40-1 trans-
genic mice reflect onset of neurodegeneration. Moreover,
this model proves that excess normal tau protein was
sufficient to cause neuronal injury, in the absence of

Figure 6. Immunohistochemistry of brain and spinal cord of homozygous
htau40 transgenic mice of 2.5 months. a–d: GFAP immunostaining of cortex
and spinal cord of homozygous htau40-1 mice showing astrogliosis in the
cortex (b) and anterior horn (d). Compare with cortex (a) and anterior horn
(c) of a wild-type mouse. Magnification: a and b, 3210; c and d, 3190. e and
f: Ubiquitin-positive dilated axons in cortex (e) and spinal cord (f) of a
homozygous htau40-1 mouse (3700).

Figure 7. Ultrastructure of dilated axons with varying degrees of degenera-
tion in spinal cord of 2- and 8-month-old homozygous htau40-1 mice. a:
Dilated axon (arrowhead), larger in diameter than the neighboring neuro-
nal cell body (arrow), is distended by accumulation of neurofilaments,
microtubuli, mitochondria, and vesicles. Compare with several normal axons
present in the lower left-hand corner of the section (32915). b: Dilated axon
with thinned (arrowhead) or absent (arrow) myelin sheath and with
retracted axoplasm (32915). c: Degenerating dystrophic axon filled with
numerous dense and multivesicular bodies and with the myelin sheath
thinned and disrupted (34165). d: Higher magnification of dilated axon,
showing neurofilaments (small arrowheads), microtubuli (small arrow),
mitochondria (large arrowheads), and vesicles (large arrow) (340,000).
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intraneuronal neurofibrillary tangles. The degree of ax-
onopathy, psychomotorical impairment, and muscle atro-
phy was related to the level of expression of the trans-
gene. During the first 8 months, the longest period of
observation at this moment, the pathology in the CNS of
homozygous htau40-1 mice progressed only slightly. De-
tailed analysis of the neuropathology in aging mice up to
2 years will enable us to evaluate the progression of the

pathology affecting the CNS of homozygous htau40-1
mice.

A two- to threefold augmentation of tau protein in the
brain and spinal cord of homozygous htau40-5 trans-
genic mice resulted already in the somatodendritic redis-
tribution and ensuing conformational alterations, evident
from immunoreactivity with Alz-50 and MC-1. The 39un-
translated region of the tau mRNA is known to target the

Figure 8. Immunogold staining of a dilated axon in the spinal cord of a transgenic htau40-1 mouse (homozygous, 8 month). Preembedding immunogold staining
with AT-8 (a) and Alz-50 (b). Note that the silver-enhanced gold particles are equally dispersed in the axoplasm. The irregularity of the particles is due to the silver
enhancement and osmium postfixation. Magnification: a, 325,200; b, 335,700.

Figure 9. Peripheral nerve and skeletal muscle of htau40 transgenic mice at the age of 2 and 8 months. a:
Semithin section of sciatic nerve displaying macrophages filled with myelin debris (arrows), indicative of
Wallerian degeneration. Note also a slightly dilated degenerating axon with a thinned myelin sheath
(arrowhead) (31300). b: Electron micrograph of two axons with prominent axon-Schwann cell networks
(arrows) (33735) as opposed to a normal axon (arrowhead). c: Quadriceps muscle with grouping of
atrophic fibers (left side of field) and normal fibers (right side of field) (3210).
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transcript to the cell body and proximal part of the axon42

but is absent in the Thy1-htau40 construct. Similar sig-
naling sequences in the Thy1 mRNA have not been re-
ported, to our knowledge. Hence, the somatodendritic
and axonal localization of the htau40 protein may be
determined by specific tau protein transport or by diffu-
sion. In addition, the documented phosphorylation of hu-
man tau protein may contribute to its presence in the
somatodendritic compartment, which is presumed to be
a pretangle stage phenomenon.43 Similar redistribution
and conformational alterations have also been observed
in other transgenic mice in which the expression of the
human tau protein was much lower, at about 10%24 and
14%25 of total tau protein. The absence of tangle-like
inclusions in all transgenic models generated so far, ei-
ther with four-repeat or three-repeat tau protein isoforms,
could be explained by expression levels, although addi-
tional factors might be required.24,25,44 This situation is
not essentially different from the problems experienced in
obtaining transgenic mice with amyloid plaques, in which
the level of expression has been proved to be essential.45

The analogy can be taken further: transgenic mice with
amyloid plaques have indicated that plaques might not
be essential for neuronal injury and that they are a late
consequence of ongoing neurodegenerative process-
es.27,29,45

Not reported before are the observed axonal dystro-
phy and axonal dilations in the current htau transgenic
mice. The dilated axons resemble the axonal dilations
seen proximal to an axon ligation or axotomy.46 The
stasis of axoplasm reflected by accumulation of neuro-
filaments and organelles is suggestive of a functional
axotomy and defective axonal transport. Axonal sphe-
roids, similar to the dilated axons in the htau40 transgenic
mice, have been documented in neurological disorders
such as amyotrophic lateral sclerosis, in which disturbed
axonal transport is evident.47–49 This finding lends sup-
port to the hypothesis that an excess of the four-repeat
tau protein would saturate binding sites on the microtu-
bules, thus interfering with kinesin-dependent transport
as observed in cellular paradigms.41 Since tau protein is
considered to be a major component of the short cross-
bridges between microtubules,12 overexpression of tau
protein may increase these cross-bridges and thereby
hinder normal axonal transport. In this respect, we ob-
served binding of the transgenic htau40 protein to iso-
lated neuronal microtubules isolated from htau40-1 trans-
genic mice, by Western blotting on taxol-stabilized brain
homogenates (results not shown). Likewise, the signifi-
cantly reduced extension of the intermediate filaments
caused by the four-repeat tau protein in CHO cells41

might have an in vivo counterpart in the htau40 transgenic
mice. The axonal dilations in the CNS of htau40 trans-
genic mice also stained with antibodies directed against
the three neurofilament subunits, indicating that accumu-
lation of neurofilaments in the proximal part of the axon
might contribute to deteriorated axonal transport, as has
been postulated in neurofilament-overexpressing trans-
genic mice.49–51 Since the etiology of any tauopathy is
unknown, our findings provide a model to gain insight into

the pathological processes that are operating in different
tauopathies and in tau protein-mediated axonal transport.

Dystrophic neurites, defined as thickened or irregular
neuronal processes immunoreactive for tau protein, are a
well-known feature of neuropathological disorders and
are considered to mark widespread alteration of the neu-
ronal cytoskeleton. In AD, dystrophic axons appear to be
prominent and widespread, are particularly abundant in
the hippocampal fiber systems originating from the sub-
iculum, CA1, and the entorhinal cortex and may repre-
sent one of the main pathological lesions in AD. The
morphological, immunohistochemical, and ultrastructural
features of the dystrophic axons seen in brain of the
htau40 mice resemble those in AD.39,52

The accumulation of ubiquitin-protein conjugates in the
axonal dilations53 and the activation of astrocytes con-
firmed neuronal injury in cortex and spinal cord of trans-
genic mice. Astrogliosis was not observed in CNS of
heterozygous htau40-1 mice that were between 2 and 4
months old, as opposed to homozygous htau40-1 mice of
the same age. This suggests that astrocytes became
activated subsequent to and likely as a consequence of
neuronal injury. The activated astrocytes did not stain
with tau protein-specific antibodies and were therefore
clearly different from the tau-positive tufted astrocytes,
typical for progressive supranuclear palsy.54

The majority of patients suffering from FTDP-17 and
other tauopathies develop tau protein deposits in both
neurons and glial cells. The mouse thy-1 promoter used
by us caused a widespread expression selectively in
neurons of the CNS of htau40 transgenic mice. Therefore,
these mice model not all but some of the pathological
features of FTDP-17 subtypes, which are characterized
by an increased level of four-repeat isoforms present in
neuronal cytosol or sequestered in inclusions. At the
moment four mutations have been described at positions
13, 113, 114, and 116 of the intron after exon 10 of the
tau gene. They all cause overexpression of four-repeat
isoforms and segregate with neurodegenerative ill-
ness.13,14,55 Recently, tau pathology has been reported
for familial multiple system tauopathy with presenile de-
mentia (MSTD)14,56 and disinhibition-dementia-parkin-
sonism-amyotrophy complex (DDPAC),13,20,57 caused
by the 13 and 114 mutations, respectively. In MSTD, the
proven preponderance of the four-repeat tau protein iso-
form caused axonal swellings in the spinal cord and
tangle formation in brain and spinal cord gray matter. In
DDPAC, excess of four-repeat tau protein provoked an-
terior horn pathology and muscle wasting, in the absence
of neurofibrillary tangles. Thus, the prominent axonal
swellings in the spinal cord, the neurogenic atrophy of
muscles, and, in addition, the causal relationship be-
tween these pathological characteristics and their geno-
type make these htau40 transgenic mice interesting an-
imal models that recapitulate features of MSTD and
DDPAC. The pathological findings in the CNS of the
current transgenic mouse models and in DDPAC patients
indicate that increased levels of tau protein or dysregu-
lation of tau protein expression are sufficient to injure
neurons in the CNS.
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In human brain, the ratio of tau isoforms with four and
three repeats (4R/3R) increases from nearly 1 in healthy
individuals to 2, 1.8, and 1.6 in patients suffering from
DDPAC,20 MSTD (M. G. Spillantini, personal communica-
tion), and progressive subcortical gliosis (PSG),55 re-
spectively. The amount of soluble tau remains constant
since the level of 3R tau isoforms decreases proportion-
ally. In murine brain, on the contrary, only 4R tau isoforms
are expressed during adulthood.58 One might assume
that the 4R/3R balance in adult human neurons is more
vulnerable to changes relative to the 4R situation in
adult mice, requiring an absolute increase in 4R tau
isoforms to initiate neuropathology in the later. Ho-
mozygous htau40-5 transgenic mice, estimated to ex-
press 4R tau protein two to three times more compared to
wild-type mice, already exhibit axonopathy and psy-
chomotorical impairments. In descendants of strains
htau40-1 and htau40-2 the same neuropathological fea-
tures are more prominent. Therefore we believe that the
level of overexpression obtained in this study is within the
pathophysiological range, reminiscent of the relative two-
fold increase in 4R tau isoforms in some FTDP-17 sub-
types.

As each tauopathy strikes selectively specific
groups of neurons, further work should be directed at
identifying specific biological triggers or genetic fac-
tors that lead to a specific pattern of neuronal injury
and neuron degeneration, including tangle formation,
thereby provoking the corresponding clinical pheno-
type. In AD the evident candidates are amyloid precur-
sor protein, presenilin, and ApoE4. Others to be con-
sidered are suspected tau protein kinases,59 – 62

excitotoxins,63 ischemia, and resulting radicals64,65

and even sulfated glycosaminoglycans.66 – 68 These
factors can now be tested by incorporation into the
current model, which also offers the potential to screen
for drugs and to test therapeutic strategies.
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