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ABSTRACT
Tauopathies include a variety of neurodegenerative diseases associated with 
the pathological aggregation of hyperphosphorylated tau, resulting in progressive 
cognitive decline and motor impairment. The underlying mechanism for motor 
deficits related to tauopathy is not yet fully understood. Here, we use a novel transgenic 
tau mouse line, Tau 58/4, with enhanced neuron-specific expression of P301S mutant 
tau to investigate the motor abnormalities in association with the peripheral nervous 
system (PNS). Using stationary beam-, gait- and rotarod tests, motor deficits were 
found in Tau 58/4 mice already 3 months after birth, which deteriorated during 
aging. Hyperphosphorylated tau was detected in the cell bodies and axons of motor 
neurons. At the age of 9 and 12 months, significant denervation of the neuromuscular 
junction in the extensor digitorum longus (EDL) muscle was observed in Tau 58/4 
mice, compared to wild-type (WT) mice. Muscle hypotrophy was observed in Tau 
58/4 mice at 9 and 12 months. Using electron microscopy, we observed ultrastructural 
changes in the sciatic nerve of 12-month-old Tau 58/4 mice indicative of the loss 
of large axonal fibers and hypomyelination (assessed by g-ratio). We conclude that 
the accumulated hyperphosphorylated tau in the axon terminals may induce dying-
back axonal degeneration, myelin abnormalities, neuromuscular junction denervation 
and muscular atrophy, which may be the mechanisms responsible for the deterioration 
of the motor function in Tau 58/4 mice. Tau 58/4 mice represent an interesting 
neuromuscular degeneration model, and the pathological mechanisms might be 
responsible for motor signs observed in some human tauopathies.

INTRODUCTION
Tauopathies comprise various neurodegenerative diseases characterized by 
the pathological accumulation of hyperphosphorylated microtubule-associated 
protein tau (MAPT) in the nervous system. Most tauopathies, including Alzheimer’s 
disease (AD), frontotemporal dementia with parkinsonism linked to chromosome 
17 (FTDP-17), progressive supranuclear palsy (PSP), and corticobasal degeneration 
(CBD) cause dementia or degeneration of the motor system (Lee et al., 2001). In 
AD, motor signs have been described in long term follow-up of large AD cohorts. 
Some of the motor signs are due to mixed pathologies and/or the involvement of 
neuropathological lesions in substantia nigra, striatum, and mesocortical pathways 
etc (Gianutsos and Golomb, 1997; Scarmeas et al., 2004). FTDP-17, PSP, and CBD 
share some motor deficits with Parkinson’s disease including bradykinesia, tremors, 
and rigidity, which occur at an early stage of the disease (Williams, 2006). Till now, 
no symptomatic treatment for FTDP-17, CBD, or PSP has been approved by the US 
Food and Drug Administration. Off-label use of symptomatic medication for motor 
symptoms such as levodopa is based on clinical experience (Karakaya et al., 2012), but 
the percentage of levodopa resistance in tauopathies remains high (Karakaya et al., 
2012; Nath et al., 2003). Loss of dopaminoreceptive neurons in substantia nigra may be 
one of the reasons for the levodopa-resistant motor dysfunction in tauopathy (Chiba 
et al., 2012). Disturbance of axonal transport has also been indicated as a possible 
mechanism for motor deficits in transgenic tauopathy mouse models (Audouard et 
al., 2015). Clearly, further research on peripheral nerve pathology and motor function 
in tauopathies is required to better understand the underlying mechanisms and to 
provide new therapeutic possibilities for motor impairment in tauopathy.

Tau, as one of the major microtubule-associated proteins, is important for 
stabilization of microtubules and maintenance of axoplasmic flow (Iqbal et al., 2005). 
Several mutations in the tau gene have been identified in FTDP-17 families, e.g., exon 
10 (P301L, P301S, N279K), exon 9 (G257T, G272V), exon 12 (V337M), or exon 13 
(R406W) (Ingram and Spillantini, 2002), which all appear to alter the conformation 
of the protein. Consequently, mutant tau has a higher affinity for brain protein 
kinases, phosphorylates at a faster rate, self-aggregates more easily into paired helical 
filaments and, subsequently, into neurofibrillary tangles (Iqbal et al., 2005). Abnormal 
accumulation of hyperphosphorylated tau leads to pathological alterations in neuronal 
structures including dystrophic neurites observed in AD, which is characterized by 
the disorganization of the microtubule- and neurofilament network (Boutajangout 
et al., 2004). Hyperphosphorylated tau can disassemble microtubules, which may 
block axoplasmic flow and induce retrograde neuronal degeneration (Iqbal et al., 
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2005). Restoration of microtubule stabilization has been demonstrated to improve 
axonal transport and motor symptoms in transgenic tau mice (Zhang et al., 2005). 
Axonal transport could, therefore, be a future therapeutic target for tauopathy  
(Lingor et al., 2012).

Various transgenic mouse models for tau pathology have been generated (Lee et al., 
2005), which show many features of human tauopathy. Expression of FTDP-17-related 
(e.g. P301L/S, V337M, and R406W) mutant tau proteins in transgenic mice, induces 
symptoms of human tauopathy, such as motor disturbances and memory loss (Lee et 
al., 2005; Lewis et al., 2000; Takeuchi et al., 2011). Loss of functional synapses and 
axon degeneration were also observed in transgenic tau mouse models (Audouard et 
al., 2015; Ishihara et al., 1999; Yoshiyama et al., 2007). The phenotype of tau mouse 
models depends on the tau mutation, promoters, and tau isoform composition (Götz 
et al., 2001; Lewis et al., 2000; Yoshiyama et al., 2007). Understanding pathological 
alterations and phenotypic changes in tau transgenic mouse models may provide new 
insight into the onset and development of human tauopathy (Yoshiyama et al., 2007). 

The current study focusses on a novel mouse model Tau 58/4, which contains 
the point mutation P301S in exon 10 of the human MAPT gene under regulation 
by the neuron-specific Thy-1.2 promoter. As a consequence, mutant tau proteins 
distribute both in neuronal somata and axonal compartments. A battery of motor 
tests, including gait analysis, the stationary beam test, the hindlimb clasping test, 
and rotarod performance were applied to evaluate the motor function of Tau 58/4 
mice. By immunofluorescence staining, the percentage of partially innervated and 
denervated neuromuscular junctions was quantified in the extensor digitorum longus 
(EDL) muscle. Using electron microscopy, ultrastructural alterations of axons were 
observed in the sciatic nerve of 12-month-old Tau 58/4 mice. Our data suggest 
that the expression of human transgenic tau in the motor neurons impairs axonal 
function and the maintenance of neuromuscular junctions (NMJ). Subsequently, it 
leads to muscle denervation, which could be one of the underlying mechanisms of 
the deteriorating motor function observed during aging in Tau 58/4 mice. 

MATERIALS & METHODS
Tau 58/4 transgenic mice

Generation of transgenic mice was performed as described preciously (Andrä et al., 
1996). Briefly, to create the Tau58/4 construct, a F115 TAU cDNA encoding the human 
tau isoform (0N4R) containing the P301S mutation was cloned into the pTSC21K 
bacterial expression vector including the murine Thy1.2 gene (Lüthi et al., 1997) using 
the XhoI restriction site. Vector sequences were removed by NotI PvuI digestion. 

Injection and manipulation of mice was identical to described procedures (Andrä et 
al., 1996). Tau 58/4 mice were generated in a hybrid C57BL/6 x DBA2 background, 
and then the mice were backcrossed to C57BL/6J to create an isogenic line. The 58/4 
transgenic line is fertile and produces normal sized litters. Only heterozygous, male 
mice were used for experiments.  

Mice were weaned 4 weeks after birth and group housed with littermates of 
the same sex. Food and water were supplied ad libitum. Custom primers were used for 
genotyping by PCR analysis with ear punches, collected from mice aged approximately 
4 weeks, as source of DNA. Motor tests and surgical procedures were performed 
during the light phase of the animals, and all mice were acclimatized for at least 1 h 
before conducting the experiments. Experimenters were blinded to the genetic status 
of the animals. All experiments were carried out in compliance with the European 
Community Council Directive (2010/63/EU) and were approved by the Animal Ethics 
Committee of the University of Antwerp (ECD 2013-31).

Behavioral tests

Male heterozygous (HET) mice and wild-type (WT) control littermates aged 3, 6, 9 
and 12 months were subjected to a battery of motor function-related behavioral tests. 
The numbers of used animals are listed in Table 1.

Hindlimb clasping test

Animals were suspended by the tail and kept at a height of 40 cm above the able top 
for a duration of 30 seconds, during which the presence of hindlimb clasping behavior 
was observed.

Gait analysis

Gait characteristics (stride length, toe span, and track width) were analyzed by applying 
ink to the hind paws of the animals. Mice were then allowed to walk on a strip of 
paper in a brightly lit walk lane (width: 4.5 cm, length: 40 cm), towards a dark goal 
box. At least 2 complete gait patterns from each mouse were obtained on which gait 
characteristics were measured by caliper. 

Stationary beam test

The stationary beam test of equilibrium and balance was performed on a wooden 
beam (diameter: 25 mm, length: 110 cm) covered with a layer of masking tape to 
provide a firm grip. The beam was divided into 11 segments and placed at a height of 
38 cm above a cushioned bench. The ends of the beam were shielded with cardboard to 
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prevent the mice from escaping. Testing commenced by placing an animal in the middle 
of the beam. The number of segments crossed (four-paw criterion), the latencies before 
falling, and the number of falls were measured for four trials with a cut-off period of 1 
min per trial and an intertrial interval of 10 min. 

Accelerating rotarod

Equilibrium, balance, and motor coordination were tested on an accelerating rotarod 
apparatus (Panlab, Barcelona, Spain). After two acclimatization trials with a maximum 
duration of 2 min each at a constant speed (4 rpm), each mouse was placed on the rotating 
rod for four test trials, during which the rotation speed gradually increased from 4 to 
40 rpm (intertrial interval: 1 min). The time an animal remained on the rotating rod 
was measured during the test trials with a cut-off period of 5 min per trial.

Tissue sampling and embedding

Tau 58/4 and WT mice were anesthetized and transcardially perfused with saline. Spinal 
cord tissue was removed and cut into cervical, thoracic, lumbar, and sacral segments. 
Sciatic nerves and EDL muscles were also collected. For immunohistochemistry, spinal 
cord tissue (n = 8) was formalin fixed and embedded in paraffin. Spinal cord tissue  
(n = 3), left sciatic nerve (n = 5) and left EDL muscle (n = 3-5) were put in 4% PFA in 
PBS for 1 day, dehydrated with 25% sucrose in PBS overnight at 4 °C and then frozen  
at -50 °C. For neuromuscular junction innervation analysis, right EDL muscle  
(n = 3-4) was snap frozen in 2-methylbutane, which was kept on dry ice (-40 °C) and 
then stored at -80 °C. 

For electron microscopy, the right sciatic nerve (n = 5) was cut into 2 mm-long 
pieces, and fixed with 2% PFA and 2.5% glutaraldehyde in 0.1 M PHEM buffer (20 
mM PIPES, 50 mM HEPES, pH 6.9, 20 mM EGTA, 4 mM MgCl2) at room temperature 
(Schliwa and Van Blerkom, 1981) for 3 h. Samples were washes 3 times with 0.1 M 
PHEM buffer before being post-fixed in 1% osmium tetroxide and 1% potassium 
ferricyanide in 0.1M PHEM buffer at 4 °C for 90 min. Samples were then embedded in 
Epon resin as previously described (Verheije et al., 2008).

Immunohistochemistry

Coronal sections of thoracic spinal cord and sagittal sections of sacral spinal cord (5 
µm, paraffin-embedded) of Tau 58/4 mice at the age of 6 and 12 months were cut for 
immunohistochemical staining. The sections were firstly deparaffinized in xylene and 
ethanol. The sections were subsequently pre-incubated in 1% H2O2 for 30 min. After 
washing in TBS, the sections were blocked for 30 min with 4% normal swine serum in 



Motor deficit in a novel transgenic tauopathy mouse model Tau 58/4

138 139

5

TBS + 1% bovine serum albumin (BSA). Sections were then incubated at 4 °C overnight 
with primary antibody (AT8, 1:10000, produced by Institute Born-Bunge, University 
of Antwerp) in TBS + 1% BSA. After TBS washing, the sections were incubated with 
biotinylated anti-mouse IgG (1:200, Amersham, RPN1001) in TBS + 1% BSA at room 
temperature for 30 min. Next, all the sections were washed with TBS and incubated in 
avidin-biotin-peroxidase complex (Vectastain ABC kit, Vector Laboratories, PK-6100) 
for 30 min and visualized with 3, 3’-Diaminobenzidine (DAB, Sigma, D-5637). 

Coronal sections of the lumbar spinal cord (14 µm for sections on glass slides, 40 
µm for free floating tissue) of Tau 58/4 and WT mice at the age of 3, 9, and 12 months 
were pre-incubated in 0.3% H2O2 in PBS for 30 min (only for light microscopy). Then 
the sections were blocked with 10% normal serum. Sections were incubated overnight 
at room temperature with the primary antibodies: NeuN (1:500, Abcam, EPR12763), 
AT8 (1:10000, Antwerp), Mac-2 (1:1000, Cedarlane, CL8942AP), GFAP (1:1000, 
DAKO, Z0334). After PBS washing, for light microscopy, sections were incubated 
with biotinylated secondary antibodies for 1 h (goat anti-rabbit IgG, 1:400, Vector 
Laboratories, BA-1000; rabbit anti-rat IgG, 1:400, Vector Laboratories, BA-4001; 
horse anti mouse IgG, 1:400, Vector Laboratories, BA-2000) followed by addition of 
the avidin-biotin-peroxidase complex (Vector Laboratories, PK-6100) for 30 min and 
visualized with DAB. The sections were mounted with Depex (Sigma, 06522). For 
fluorescence microscopy, sections were incubated in donkey anti-rabbit Alexa 488 
(1:400, ThermoFisher, A-21206) and donkey anti-rat Cy3 (1:400, JIR, 712-165-150). 
The sections were mounted with Mowiol (Calbiochem, 475904).

Immunofluorescence labeling of neuromuscular junctions

Snap frozen EDL muscle samples (100 µm for free floating tissue) of Tau 58/4 and WT 
mice at the age of 3, 9, and 12 months were cut using a cryostat. Muscle sections were 
incubated in α-bungarotoxin Alexa 594 (1:200, Molecular Probes, B13423) in PBS for 
30 min, followed by 4% PFA in PBS for 10 min. The sections were then blocked with 
4% BSA in PBS for 1 h. Sections were incubated in primary antibody neurofilament-M 
(165 kDa) (1:300, DSHB, 2H3) with 1% BSA in PBS + 0.3% Triton X-100 for 2 h. 
After washing in PBS, sections were incubated in donkey anti-mouse AF488 (1:400, 
Molecular Probes, A21202) with 1% BSA in PBS + 0.3% Triton X-100 for 1 h. After 
another washing step in PBS, sections were incubated in Hoechst for 3 min and 
mounted on slides using Mowiol (Calbiochem, 475904). 

Imaging techniques

Histochemically stained sections were imaged using a Hamamatsu Nanozoomer 
(Hamamatsu Photonics). Immunofluorescent stained sections were imaged using 

a Leica SP8 confocal (Leica Microsystems) using LASAF software. The z-maximum-
intensity projection function was used to image the complete neuromuscular junctions 
in the muscle.  

Motor neuron counting 

The number of motor neurons in the lumbar spinal cord sections of 3-, 9-, and 12-
month-old WT and Tau 58/4 mice were counted after the immunostaining of NeuN 
(n = 3). On both sides of the anterior ventral horn of the spinal cord, motor neurons, 
identified on the basis of the location and the large size of the cell body, were counted. 

Transverse area of muscle fiber measurement

Paraffin-embedded EDL muscles of 3-, 9-, and 12-month-old WT and Tau 58/4 mice 
were cut (5 μm) and stained with Hematoxylin. The sections were scanned with 
a Hamamatsu Nanozoomer (Hamamatsu Photonics) and the transverse area of EDL 
muscles was measured by ImageJ software (100-150 fibers / sample, n = 3 - 5).

Analysis of the innervation of motor endplates

After the immunofluorescence labeling of neuromuscular junctions with neurofilament 
and α-bungarotoxin, at least 90 neuromuscular junctions per animal (n = 3 - 4) were 
imaged and quantified. The innervation status of the NMJ was evaluated by categorizing 
them as fully innervated when there was complete overlap between the two labels, 
partially innervated when neurofilament was partially absent at the synaptic junction 
or denervated in case neurofilament was completely absent at the synaptic junction.

Analysis of axon and myelin structure

Epon-resin-embedded samples were cut into semithin (100 nm) and ultrathin sections 
(70 nm) using a LEICA ultramicrotome UC7. Semithin sections were colored with 
toluidine blue and imaged using light microscopy before measuring the diameters 
of axons. The inner area of axons was measured in Image J, then the diameter was 
calculated and then the average diameters was extrapolated. Approximately 650-1100 
axons were quantified for each sample (n = 3).

For electron microscopy, ultrathin sections were stained as previously described 
(Verheije et al., 2008) and examined in an 80-kV transmission electron microscope 
(TEM, CM100; FEI). Three independent grids (100 axons/grids) were used to assess 
the number of degeneration axons in each individual mouse. The g-ratio of axons 
with intact myelin were assessed. The g-ratio [diameter (axon) / diameter (axon + 
surrounding myelin)] were also calculated using Image J. Approximately 60-150 fibers 
was measured per animal (n = 4). 
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Statistical analysis

For the statistical analysis, SPSS version 20.0 and GraphPad Prism 5.0 software were 
used with the probability level set at 95%. For comparison between two groups, 
Student’s t-test, and non-parametric Mann-Whitney test were used. For comparison 
of multiple groups, Two-way RM-ANOVA test was performed with a Bonferroni 
post hoc test. The data was considered statistical significant as * p < 0.05, ** p < 0.01,  
*** p < 0.001. In the figures, the p-value of the analysis is shown.

RESULTS
Tau 58/4 mice show deteriorating motor dysfunction during aging

To evaluate the coordination of motor function, we examined Tau 58/4 and WT mice 
in the hindlimb clasping test, gait analysis, stationary beam test, and rotarod test at 
the age of 3-, 6-, 9-, and 12 months (data listed in Table 1). The degree of hindlimb 
clasping in mice, when suspended by the tail, is used as an indicator of the severity of 
motor dysfunction (Lei et al., 2014; Zhu et al., 2016). WT mice at all indicated ages and 
Tau 58/4 mice at young ages (i.e. 3- and 6 months) showed a normal extension reflex 
of the hindlimbs. Tau 58/4 mice of 9- and 12 months old showed typical hindlimb 
clasping behavior (Fig. 1A). Gait is a general indicator of coordination and muscle 
function (Brooks and Dunnett, 2009). Gait analysis indicated that the stride length in 
Tau 58/4 animals is shorter than that in WT control animals. A decrease in the stride 
length was observed bilaterally, with a significant shorter length visible from 6 months 
on in the Tau 58/4 strain (Fig. 1B). The stationary beam test was used to detect balance 
and coordination abnormalities. Tau 58/4 mice of 9- and 12 months old remained 
significantly shorter on the beam. Tau 58/4 mice of all ages covered a significantly 
lower number of beam segments, and Tau 58/4 mice of 3-, 9- and 12 months old had 
a significantly higher number of falls, compared to WT animals (Fig. 1C-E). Motor 
neuron performance and equilibrium were analyzed using an accelerating rotarod (Fig. 
1F). In all age groups, significant differences between Tau 58/4 and WT animals were 
observed for the fourth trial (T4). From the age of 9 months on, significant differences 
were found for all trials performed. Also, from the age of 3 months, the learning 
curves differed significantly between Tau 58/4 and WT animals, with the HET animals 
exhibiting a much flatter learning curve. However, the results found in the rotarod 
experiment are possibly confounded by the agitated and stressed behaviour observed in 
the Tau 58/4 animals, which resulted in early termination of a trial due to the jumping 
of the rotarod. This behavior was only this pronounced in the rotarod experiment and 
did not result in the early termination of the other motor experiments described above.

Human Tau transgenic protein is expressed in the motor neurons of Tau 
58/4 mice

In order to investigate the relationship between motor dysfunction and tauopathy in 
Tau 58/4 mice, we determined tauopathy in the spinal cord and sciatic nerve of Tau 
58/4 mice. AT8 antibody, which is specific for the phospho-tau residues Ser202, and 
Thr205, was used for immunohistochemical staining. The staining was performed on 
transverse sections of thoracic spinal cord and sagittal sections of the sacral spinal cord 
of Tau 58/4 mice at 6 months and 12 months (Fig. 2A). In 6-month-old Tau 58/4 mice, 
phosphorylated tau has mainly accumulated in the axonal processes. At the age of 12 
months, the expression of phosphorylated tau was increased and was also observed in 
the somatic compartments of motor neurons of the ventral horn (Fig. 2A). To detect 
the accumulation of tau-induced neuronal loss, the numbers of motor neurons were 
counted in the lumbar spinal cord of Tau 58/4 and WT mice at the age of 3-, 9-, and 12 
months. No significant differences in motor neuron numbers were observed between 
Tau 58/4 and WT mice at all ages (Fig. 2B, C). In the sciatic nerve, enhanced expression 
of AT8 was observed in 9-month-old Tau 58/4 mice but not in WT mice (Fig. 2D). 

Tau 58/4 mice show muscle hypotrophy during aging 

To investigate the development of muscular atrophy, transverse sections of EDL 
muscles of WT and Tau 58/4 mice were stained with hematoxylin. Transverse areas 
were measured and grouped into separate regions according to size (Fig. 3A, B). 
The percentage of muscle fiber numbers in different regions was compared between 
WT and Tau 58/4 mice. At the age of 3 months, the distribution of fiber size in WT 
and Tau 58/4 mice is similar. At the age of 12 months, 94.5% fibers of Tau 58/4 mice 
belong to smaller area regions (i.e. fiber area < 150 µm2), compared to WT mice, 
which indicated hypotrophy of muscle in Tau 58/4 mice (Fig. 3A, B). The average area 
of muscular fibers was also compared between WT and Tau 58/4 mice at different 
ages. At the age of 3 and 9 months, no significant differences were observed. During 
aging, the average transverse area of EDL fibers in 12-month-old Tau 58/4 mice was 
significantly smaller than that of WT mice (Fig. 3C). 

Tau 58/4 mice show progressive neuromuscular junction denervation 
during aging

In order to investigate whether the axonal terminals at the neuromuscular junction 
are early targets for lower motor neuron pathology in Tau 58/4 mice, we analyzed 
the integrity of the neuromuscular junction in EDL muscle from hindlimbs. Based on 
the innervation of the motor endplate, neuromuscular junctions were grouped into 
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Figure 1. Motor dysfunction deteriorates in Tau 58/4 mice during aging. A Representative postures of 
Tau 58/4 and wild-type (WT) mice in the hindlimb clasping test at the age of 3-, 6-, 9- and 12 months. WT 
mice of all ages, Tau 58/4 mice of 3- and 6 months old showed a normal extension reflex in the hindlimbs. 
However, hindlimb clasping was observed in Tau 58/4 HET animals at the age of 9- and 12 months. B Gait 
analysis was performed in Tau 58/4 mice and WT mice at the age of 3-, 6-, 9- and 12 months. Tau 58/4 
mice of 6-, 9-, and 12 months old showed a shorter stride length compared to WT control mice. Indicated 
in this figure is the stride length of the right side of the animal and no significant difference was observed 
between the right and the left stride lengths. Most prominent differences were observed in 12-month-old 
mice (p < 0.001). C-E Stationary beam testing was performed in Tau 58/4 mice and WT mice at the age of 
3-, 6-, 9- and 12 months. Tau 58/4 mice scored inferior for all measured parameters (the number of covered 
segments and falls and the duration until the first fall), indicating an impairment in motor function and 
equilibrium. For Tau 58/4 animals, a significant reduction was observed in the number of covered segments 

of all age groups [3 months (p = 0.002), 6 months (p = 0.003), 9 months (p = 0.010), and 12 months  
(p = 0.010)]. The number of falls from the beam was increased in Tau 58/4 animals as well [3 months  
(p = 0.022), 9 months (p = 0.002), and 12 months (p < 0.001)]. The latency to fall was significant shorter in 
Tau 58/4 animals of 9 months old (p = 0.007) and for mice aged 12 months (p < 0.001). F Rotarod results 
for Tau 58/4 and WT mice at the age of 3-, 6-, 9- and 12 months. WT animals scored significantly better in 
the test phase (4 trials, T1, T2, T3, and T4, with a 5-min acceleration to 40 rpm). 3 months: WT n = 9, HET  
n = 10; 6 months: WT n = 11, HET n = 11; 9 months: WT n = 11, HET n = 12; 12 months: WT n = 15, HET 
n = 16; Mean ± SEM; All age groups: Two-way RM-ANOVA with Bonferroni post hoc comparison;  Each 
individual time point: Student’s t-test, two-tailed, * p < 0.05; ** p < 0.01, and *** p < 0.001. 

fully innervated, partially innervated, and denervated junctions (Fig. 4A). At 3 months, 
the innervation of the motor endplate in WT and Tau 58/4 mice was not significantly 
different. In 12-month-old Tau 58/4 mice, there was widespread endplate denervation. 
This was evident by degeneration of presynaptic motor nerve terminals that had either 
entirely or partially disappeared from the post-synaptic motor endplate. Upon aging, 
there was a decreased percentage of fully innervated endplates and accordingly an 
increased percentage of partially or completely denervated endplates in Tau 58/4 mice 
(Fig. 4B). The development of neuromuscular junction denervation during aging was 
accompanied by deteriorating motor dysfunction, which indicated the distal axonal 
pathology could be a cause of motor deficit of Tau 58/4 mice.

Ultrastructural analyses reveal axonal degeneration in the sciatic nerve of 
Tau 58/4 mice

In order to study the structural alterations in myelinated axons of Tau 58/4 mice of 
12 months old, we quantified the axon diameter of transverse sections of sciatic nerve 
stained with toluidine blue (Fig. 5A-D). The average diameter of axons in sciatic nerve 
was significantly decreased in Tau 58/4 mice (Fig. 5B). The histogram of diameter 
distribution showed that 89.8% axons of Tau 58/4 mice had a small size (< 4 µm), whereas 
in WT mice the percentage was 75.0% (Fig. 5C). We classified the axons larger than 
the average diameter of WT mice as “large axons”, and those smaller than the average 
diameter as “small axons”. Tau 58/4 mice had a significantly higher percentage of small 
axons and a significantly lower percentage of large axons, compared to WT mice (Fig. 
5D). To evaluate the axonal degeneration of Tau 58/4 mice, we examined the sciatic 
nerve morphology of WT and Tau 58/4 mice at the age of 12 months using electron 
microscopy (Fig. 5E). We observed proliferation of nonmyelinated axons surrounded 
by Schwann cells (white arrow) in the sciatic nerve of Tau 58/4 mice. We compared 
the myelin sheath thickness using the g-ratio, the numerical ratio between the diameter 
of the axon and the outer diameter of the myelinated fiber. Tau 58/4 mice showed 
an increasing tendency in g-ratio, which was significantly different in the axons 
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Figure 2. Tau pathology develops in the spinal cord of Tau 58/4 mice with aging. A The spinal cord of Tau 
58/4 mice at the age of 6 or 12 months was immunostained with AT8 antibody, specific for human mutant 
tau. The expression of AT8 increased with aging. Magnified pictures show tau pathology in the gray matter 
and white matter of thoracic spinal cord and sacral spinal cord. B The spinal cord of WT and Tau 58/4 mice 
at 3-, 9-, and 12 months old was immunostained with NeuN. Motor neurons in the anterior horn were 
clearly identified. C The number of motor neurons in the lumbar spinal cord of WT (white bar) and Tau 
(black bar) was quantified at the age of 3, 9, and 12 months. There were no significant differences of motor 
neuron numbers between WT and Tau 58/4 mice at different ages (n = 3, Mean ± SEM, Mann-Whitney 
test, two-tailed, * p < 0.05). D The sciatic nerve of 9-month-old WT and Tau 58/4 mice was immunostained 
with AT8. The expression of phosphorylated tau was higher in Tau 58/4 mice. Scale bars: A = 100 µm, 
Magnification = 10 µm; B, D = 40 µm. 

Figure 3. Muscle hypotrophy in Tau 58/4 mice. A Hematoxylin staining on transverse sections of extensor 
digitorum longus (EDL) muscle from 3-. 9-, 12-month-old WT and Tau 58/4 mice. B Quantification of 
transverse area of the muscular fiber of 3-. 9-, 12-month-old WT (white bar) and Tau 58/4 mice (black 
bar). At the age of 3 months, the distribution of fiber areas in EDL was similar between WT and Tau 58/4 
mice. At the age of 9 months and 12 months, there were significantly reduced proportions of largest muscle 
fibers in Tau 58/4 mice, compared to WT mice (n = 3-5). C Average area of the transverse section of EDL 
was compared between WT and Tau 58/4 mice at the age of 3, 9, and 12 months (n = 3-5, Mean ± SEM, 
Mann-Whitney test, two-tailed, * p < 0.05). Scale bar: A = 40 µm. 

with a diameter of 6-8 µm (Fig. 5F). This observation indicated an hypomyelination 
of motor-related axons of Tau 58/4 mice (Lopes et al., 2016). Except the axons with 
intact myelin sheath (Supplementary Fig. 1A), we also observed less electron-dense 
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Figure 4. Expression of human mutant tau protein leads to neuromuscular junction (NMJ) denervation 
in Tau 58/4 mice. A The neuromuscular junctions of EDL muscle were immunostained with 165 
kDa neurofilament (green) to reveal pre-synaptic axons and motor nerve terminals and labeled with 
α-bungarotoxin (red) to show post-synaptic motor endplates. Arrows indicate examples of fully innervated 
(orange arrows), partially innervated (blue arrows), and denervated (white arrows) NMJs. B Quantification 
of percentages of fully innervated, partially innervated, and denervated NMJs, comparing 3-, 9- and 12-
month-old WT (white bar) and Tau 58/4 mice (black bar). At the age of 3 months, the percentage of 
innervated NMJs is similar between WT and Tau 58/4 mice. There is a significantly reduced percentage of 
fully innervated NMJs and a significantly higher percentage of partially innervated and denervated NMJs 
in Tau 58/4 mice at the age of 9 and 12 months. (> 90 NMJ / animal, n = 3-4, Mean ± SEM, Mann-Whitney 
test, two-tailed, * p < 0.05, ** p < 0.01). Scale bar: A = 20 µm. 

lines (black arrow) in the myelin sheath of axons (Supplementary Fig. 1B) in both WT 
and Tau 58/4 mice. However, this type of axons was more pronounced in Tau 58/4 
animals. Although this was evident, the low frequency of this type of axons did not 
allow to determine whether this difference was significant (Supplementary Fig. 1C). 
The irregular structures in the myelin sheath might be Schmidt-Lanterman incisura, 
which is a funnel tube-like cytoplasmic structure that crosses the compact myelin and 
connects the Schwann cell abaxonal cytoplasm to the adaxonal cytoplasm (Tricaud et 
al., 2005). However further investigation will be needed to confirm that these structures 
are Schmidt-Lanterman incisures. 

Increased glia activity in the corticospinal tract of spinal cord in Tau 58/4 mice

In order to investigate the involvement of upper motor neurons in the lower motor 
neuron dysfunction in Tau 58/4 mice, we investigated the glia activity in the corticospinal 
tract of the spinal cord of Tau 58/4 mice and WT mice. Mac-2, which is a member of 
the lectin family, has been observed to be upregulated in microglia and astrocytes upon 
aging and pathological conditions (Raj et al., 2014). At the age of 9 and 12 months, we 
observed upregulation of Mac-2 in the region of the lateral corticospinal tract of Tau 
58/4 mice (Fig. 6A), whereas in 3 months old mice, this difference was not obvious. 
The number of Mac-2 positive pixels in Tau 58/4 mice was significantly increased in 
the white matter regions (Fig. 6B). We also observed co-staining of Mac-2 and GFAP in 
the region of the lateral corticospinal tract (Fig. 6C), indicative of astrocyte activation 
in the region of corticospinal tract responding to neuronal changes.

DISCUSSION
In this study, we investigated the motor function and pathological alterations of 
peripheral nerves in a novel tauopathy mouse model, the Tau 58/4 model. We observed 
loss of large size peripheral axons, denervation of neuromuscular junctions in 12-
month-old Tau 58/4 mice as compared to control littermates. These alterations may lie 
at the basis of muscle hypotrophy and progressive motor impairment (Fig. 7). 

In our study, the stationary beam- and rotarod tests revealed a decline in the motor 
function already at the age of 3 months. However, rotarod results can be influenced 
by certain alterations in behavior, such as agitation (Spittaels et al., 1999). Training 
a highly anxious and agitated animal on the rotarod is much more challenging when 
compared with calmer animals (Balkaya et al., 2012), resulting in an apparently 
decreased performance of animals that is unrelated to motor function, as described 
in the PS19 tauopathy mouse model [17]. In previous studies, it was found that 
rotarod experiments failed to reveal subtle motor alterations, whereas gait analysis and 
stationary beam tests were more sensitive (Roth et al., 2015; Stroobants et al., 2013). 
Based on the stationary beam tests, the apparent decline in motor functioning in Tau 
58/4 mice, starts already at the early age of 3 months. Tau 58/4 mice started to show 
hindlimb clasping behavior at the age of 9 months, which was later than the onset 
of the motor coordination impairment observed in the rotarod test and stationary 
beam. We also observed hindlimb muscle hypotrophy at 9 months, which may explain 
the observed muscle weakness. Previous studies have exposed diverse cognitive and 
motor phenotypes in various transgenic tauopathy models which may well be due to 
distinctive pathways of tau molecular pathogenesis and different localization of tau 
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Figure 5. Ultrastructural features of the sciatic nerve reveal axonal degeneration in Tau 58/4 mice. 
A Representative light microscopy photograph of toluidine blue staining of the sciatic nerve of 12-month-
old WT and Tau 58/4 mice (650-1100 axons / animal, n = 3). B Quantification of the average transverse 
diameter of axons in 12-month-old WT (white bar) and Tau 58/4 (black bar). C The histogram of axon 
diameters shows more axons of Tau 58/4 mice have a small diameter (< 4 µm). D Compared to the average 
diameters of WT mice, axons were set as “large axons” and “small axons”. Tau 58/4 has a significantly higher 

percentage of small axons and a lower percentage of large axons. E Coronal and sagittal ultrathin sections 
of the sciatic nerve of WT and Tau 58/4 mice at the age of 12 months (white arrows: non-myelinating axons 
surrounded by Schwann cells). F Quantification of the g-ratio in the sciatic nerve of 12-month-old WT and 
Tau 58/4 mice (60-150 axons / animal, n = 5, Mean ± SEM, Mann-Whitney test, two-tailed, * p < 0.05). 
Scale bar: A = 10 µm, E = 2 µm.

Figure 6. Astrocyte activation in the lateral corticospinal tract in Tau 58/4 mice. A Lumbar spinal 
cord sections of 3-, 9-, and 12-month-old Tau 58/4 and WT mice were immunostained with Mac-2 and 
counterstained with Cresyl violate. Representative pictures were taken from the region of the lateral 
corticospinal tract. B The percentage of positive pixels of Mac-2 in the white matter of lumbar spinal cord, 
and the expression of Mac-2 was significantly increased in the Tau 58/4 mice of 9- and 12 months old 
compared to WT (n = 3-5, Mean ± SEM, Mann-Whitney test, two-tailed, * p < 0.05, ** p < 0.01). C Lumbar 
spinal cord sections of 12-month-old Tau 58/4 and WT mice were immunostained with GFAP and Mac-2. 
Co-staining were observed between GFAP and Mac-2. Scale bar: A = 25 µm, C = 40 µm. 

pathology (Melis et al., 2014). In PS19 transgenic mice expressing the P301S human 
T34 tau isoform driven by the mouse prion protein (Prnp) promoter, increased 
hyperactivity and nociceptive sensitivity, and decreased anxiety-like behavior have 
been reported (Takeuchi et al., 2011). Delayed learning and spatial memory loss have 
also been found in various transgenic tauopathy mouse models (Ramsden et al., 2005; 
Schindowski et al., 2006; Takeuchi et al., 2011). Motor dysfunction and dystonic 
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posture interference are phenomena observed in transgenic tau mouse models with 
aggregated mutant tau in axons (Audouard et al., 2015; Melis et al., 2014; Scattoni et 
al., 2010). However, in the two previously described P301S tauopathy mouse models 
(Allen et al., 2002; Yoshiyama et al., 2007), the motor deficits are so severe that they 
hinder the age-dependent investigation of specific motor-related functions, as paralysis 
occurs early in the disease. One exception is the THY-Tau22 model with G272V and 
P301S mutations, which does not display any motor disturbance (Schindowski et al., 
2006), although insoluble tau was early (3 months) detected in the axon tracts. In Tau 
58/4 mice, mutant tau proteins accumulate both in somata and axonal compartments of 
motor neurons, and the axonal distribution of mutant tau may be pivotal for the motor 
impairment. Previous studies in transgenic tau-P301L mouse models indicated that 
mutant tau mainly aggregated in the soma and dendritic compartments, rather than in 
axons. Interestingly, no axonal dilations were observed at any age in latter model, and 

Figure 7. A schematic representation of hypothetical mechanism for motor deficit in Tau 58/4 mice. In 
WT mice, motor neurons in the ventral horn of the spinal cord send axons toward the peripheral muscle. 
Each muscle fiber is innervated by a single motor axon branch. In Tau 58/4 mice, accumulated mutant 
tau in the axon terminals may induce hypomyelination, loss of large axon fibers, neuromuscular junction 
denervation, and muscle hypotrophy, which may be the mechanism responsible for motor deficit in  
Tau 58/4 mice.

it shows very weak motor symptoms accordingly (Terwel et al., 2005). In this respect, 
Tau 58/4 mice represent a straightforward neuromuscular degeneration model. 

We observed progressive hypotrophy of muscle fibers and denervation of 
the neuromuscular junction in aging Tau 58/4 mice. At the age of 9 and 12 months, 
the muscle hypotrophy accompanied a further decrease in motor dysfunction. This 
has also been reported in other transgenic tauopathy mouse models (Allen et al., 
2002; Lewis et al., 2000). In Tg30 mice (carrying tau P301S and G272V mutations), 
two phases of muscular pathology were observed. Initially, muscular hypertrophy 
was observed at the age of 3 months followed by hypotrophy at the age of 10 
months. The muscle hypertrophy at the early age was interpreted as a compensatory 
mechanism for the degeneration of the nearby muscles and protected the animals 
from motor dysfunction until 8 months of age (Audouard et al., 2015). In Tau 58/4 
mice muscular hypertrophy was not observed in 3-month-old animals, which may 
explain the rapid development of motor dysfunction in this model. Neuromuscular 
junction denervation has been associated with aging (Gonzalez-Freire et al., 
2014) and pathological conditions, such as contraction-induced injury (Pratt 
et al., 2013) and neurodegenerative disorders (Ling et al., 2012; Moloney et al., 
2014). In Tau 58/4 mice, the development of neuromuscular junction denervation 
occurs together with the progression of muscle hypotrophy, which is indicative for  
denervation-mediated atrophy. 

Interestingly, mutant tau also accumulated in the cell body of the motor neurons 
at the anterior horn of the spinal cord. However, we did not observe a decrease in 
the number of motor neurons. This suggests that the pathology of the motor neurons 
follows a distal-to-proximal direction. Axon degeneration in Tau 58/4 mice could 
be considered to be “dying back degeneration”, which has been described previously 
in chronic neurodegenerative diseases, such as ALS (Dadon-Nachum et al., 2011), 
spinal muscular atrophy (Boido and Vercelli, 2016), diffuse Lewy body disease 
(Zesiewicz et al., 2001), and peripheral neuropathy (Bennett et al., 2011). Generally, 
this type of chronic axonal degeneration originates from the distal region of the axon 
and is followed by axon degeneration in a distal-to-proximal direction. The axon 
subsequently undergoes a progressive fragmentation morphologically resembling 
Wallerian degeneration (Lingor et al., 2012). The mechanisms underlying “dying back 
degeneration” are not fully understood, but mitochondrial dysfunction (Reddy, 2011; 
Shi et al., 2010), protein aggregation (Reddy, 2011), synaptic pathology (Chang et al., 
2006), disturbance of axonal transport (Dawson et al., 2010; Smith et al., 2007) and 
abnormal activity of autophagy (Sanchez-Varo et al., 2012) have been previously found 
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to be involved in the process. In Tau 58/4 mice, the neuronal accumulation of mutant 
tau might be a key player in axonal degeneration. In cultured neurons, aggregated tau 
inhibits kinesin-dependent transport of organelles, e.g. peroxisomes, mitochondria, 
and Golgi-derived vesicles into neurites (Stamer et al., 2002). The inhibition of axonal 
transport causes oxidative stress, reduces ATP content in synapses and leads to cellular 
degeneration. Tau could also impair axonal and dendritic ATP transport and thus 
lead to the accumulation of APP in the cell body (Mandelkow et al., 2003; Stamer et 
al., 2002). The reduction of tau expression does not influence axonal transport under 
physiological conditions, however, it could prevent Aβ oligomers-impaired axonal 
motility (Vossel et al., 2010). 

In our study, we also observed axonal hypomyelination in the sciatic nerve of 12-
month-old Tau 58/4 mice. Axonal demyelination in sciatic nerve has been observed 
under various pathological conditions including physical injury, chronic inflammatory 
polyneuropathy, and diabetes (Mizisin et al., 1998). A previous study in PNS myelin-
deficient Trembler mice showed a reduction in the rate of slow axonal transport 
and a slower regeneration rate in demyelinated sciatic nerve (de Waegh and Brady, 
1990). Tau protein plays an important role in the structure and function of myelin. 
In a recent study, enhanced degenerating, demyelinated fibers and motor impairment 
in the sciatic nerve of aged Tau -/- mice was observed (Lopes et al., 2016). Abnormal 
phosphorylation of tau was associated with both neuronal and axonal loss in animal 
models of experimental autoimmune encephalomyelitis as well as in human multiple 
sclerosis (Anderson et al., 2008; Schneider et al., 2004).  Here, our observations indicate 
that hyperphosphorylation and accumulation of tau may be associated with axonal 
degeneration in PNS.

We observed the proliferation of non-myelinating axon surrounded by Schwann cell 
in the sciatic nerve of 12-month-old Tau 58/4 mice. Schwann cells play an important role 
in modulation and regenerative support of peripheral axons (Kirkpatrick et al., 1994; 
de Waegh and Brady, 1990). Regeneration of non-myelinated axons was also observed 
after the injury of mammalian peripheral nerve (Lisney, 1989). Previous studies report 
the non-myelinating Schwann cells distal to nerve injury undergo a large scale change 
in gene expression, which alters the Schwann cell function from the maintenance of 
axonal ensheathment to the support of axonal regeneration (Arthur-Farraj et al., 2012; 
Jessen and Mirsky, 2016). Here, the proliferation of non-myelinating Schwann cells 
may imply an attempt for repair. 

Astrocytes play an important role in axon guidance during development and repair 
(Vickland and Silver, 1997). Previous studies have reported progressive astrogliosis and 
microglia activation in the brain of transgenic Tau mice (Sasaki et al., 2008; Yoshiyama 

et al., 2007). Here, we for the first time observed increased Mac-2 expression by 
astrocytes in the region of the lateral corticospinal tracts in the spinal cord. Mac-2 is 
a marker associated with the degradation of myelin by microglia, the brain’s professional 
phagocyte, (Rotshenker, 2009) and nonprofessional phagocytes, e.g. astrocyte (Nguyen 
et al., 2011), Schwann cells (Reichert et al., 1994). The increased number of phagocytic 
astrocytes might be a response in respect of clearance of neuronal debris, which may 
indicate an increased axonal stress from corticospinal tracts or lower motor neurons 
in Tau 58/4 mice. Future research may aim at the elucidation of the underlying 
mechanisms. 

In this study, we show that accumulation of human tau in axons and cell bodies of 
motor neurons leads to axonal atrophy and hypomyelination, followed by denervation 
of neuromuscular junctions and muscular atrophy, leading to impairment of motor 
functions. The underlying mechanisms of motor deficits in Tau 58/4 mice might be 
responsible for motor signs observed in some human tauopathies.
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SUPPLEMENTARY FIGURE

Supplementary Figure 1. The percentage of axons with less electron-dense lines in the myelin sheath 
was not changed in the sciatic nerve of 12-month-old Tau 58/4 mice. Representative electron microscopy 
photograph of axons with intact myelin (A) and axons with less electron-dense lines in the myelin sheath 
(B, black arrow) in the sciatic nerve. C The percentage of axons with less electron-dense lines in the myelin 
sheath (B) was not significantly changed between WT and Tau 58/4 mice of 12 months old (n = 5, Mean ± 
SEM, Mann-Whitney test, two-tailed). Scale bar: A = 0.5 µm, B = 1 µm.


