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Abstract. Tauopathies include a variety of neurodegenerative diseases associated with the pathological aggregation of hyper-
phosphorylated 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. 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 muscle was observed in Tau 58/4 mice, compared to wild-type 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,
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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.
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INTRODUCTION34

Tauopathies comprise various neurodegenerative35

diseases characterized by the pathological accumula-36

tion of hyperphosphorylated microtubule-associated37

protein tau (MAPT) in the nervous system. Most38

tauopathies, including Alzheimer’s disease (AD),39

frontotemporal dementia with parkinsonism linked40

to chromosome 17 (FTDP-17), progressive supranu-41

clear palsy (PSP), and corticobasal degeneration42

(CBD) cause dementia or degeneration of the motor43

system [1]. In AD, motor signs have been described44

in long term follow-up of large AD cohorts. Some45

of the motor signs are due to mixed pathologies46

and/or the involvement of neuropathological lesions47

in substantia nigra, striatum, and mesocortical path-48

ways, etc. [2, 3]. FTDP-17, PSP, and CBD share49

some motor deficits with Parkinson’s disease includ-50

ing bradykinesia, tremors, and rigidity, which occur at51

an early stage of the disease [4]. Until now, no symp-52

tomatic treatment for FTDP-17, CBD, or PSP has53

been approved by the US Food and Drug Adminis-54

tration. Off-label use of symptomatic medication for55

motor symptoms such as levodopa is based on clin-56

ical experience [5], but the percentage of levodopa57

resistance in tauopathies remains high [5, 6]. Loss of58

dopaminoreceptive neurons in substantia nigra may59

be one of the reasons for the levodopa-resistant motor60

dysfunction in tauopathy [7]. Disturbance of axonal61

transport has also been indicated as a possible mecha-62

nism for motor deficits in transgenic tauopathy mouse63

models [8]. Clearly, further research on peripheral64

nerve pathology and motor function in tauopathies is65

required to better understand the underlying mecha-66

nisms and to provide new therapeutic possibilities for67

motor impairment in tauopathy.68

Tau, as one of the major microtubule-associated69

proteins, is important for stabilization of micro-70

tubules and maintenance of axoplasmic flow [9].71

Several mutations in the tau gene have been identified72

in FTDP-17 families, e.g., exon 10 (P301L, P301S,73

N279K), exon 9 (G257T, G272V), exon 12 (V337M),74

or exon 13 (R406W) [10], which all appear to alter the75

conformation of the protein. Consequently, mutant76

tau has a higher affinity for brain protein kinases,77

phosphorylates at a faster rate, self-aggregates more78

easily into paired helical filaments and, subsequently, 79

into neurofibrillary tangles [9]. Abnormal accumu- 80

lation of hyperphosphorylated tau leads to patho- 81

logical alterations in neuronal structures including 82

dystrophic neurites observed in AD, which is charac- 83

terized by the disorganization of the microtubule- and 84

neurofilament network [11]. Hyperphosphorylated 85

tau can disassemble microtubules, which may block 86

axoplasmic flow and induce retrograde neuronal 87

degeneration [9]. Restoration of microtubule stabi- 88

lization has been demonstrated to improve axonal 89

transport and motor symptoms in transgenic tau mice 90

[12]. Axonal transport could, therefore, be a future 91

therapeutic target for tauopathy [13]. 92

Various transgenic mouse models for tau pathology 93

have been generated [14], which show many features 94

of human tauopathy. Expression of FTDP-17-related 95

(e.g., P301L/S, V337M, and R406W) mutant tau pro- 96

teins in transgenic mice, induces symptoms of human 97

tauopathy, such as motor disturbances and memory 98

loss [14–16]. Loss of functional synapses and axon 99

degeneration were also observed in transgenic tau 100

mouse models [8, 17, 18]. The phenotype of tau 101

mouse models depends on the tau mutation, pro- 102

moters, and tau isoform composition [15, 17, 19]. 103

Understanding pathological alterations and pheno- 104

typic changes in tau transgenic mouse models may 105

provide new insight into the onset and development 106

of human tauopathy [17]. 107

The current study focuses on a novel mouse model 108

Tau 58/4, which contains the point mutation P301S 109

in exon 10 of the human MAPT gene under regu- 110

lation by the neuron-specific Thy-1.2 promoter. As 111

a consequence, mutant tau proteins distribute both 112

in neuronal somata and axonal compartments. A 113

battery of motor tests, including gait analysis, the 114

stationary beam test, the hindlimb clasping test, and 115

rotarod performance were applied to evaluate the 116

motor function of Tau 58/4 mice. By immunofluores- 117

cence staining, the percentage of partially innervated 118

and denervated neuromuscular junctions was quanti- 119

fied in the extensor digitorum longus (EDL) muscle. 120

Using electron microscopy, ultrastructural alterations 121

of axons were observed in the sciatic nerve of 122

12-month-old Tau 58/4 mice. Our data suggest that 123

the expression of human transgenic tau in the motor 124
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neurons impairs axonal function and the maintenance125

of neuromuscular junctions. Subsequently, it leads to126

muscle denervation, which could be one of the under-127

lying mechanisms of the deteriorating motor function128

observed during aging in Tau 58/4 mice.129

MATERIALS AND METHODS130

Tau 58/4 transgenic mice131

Generation of transgenic mice was performed132

as described preciously [20]. Briefly, to create the133

Tau58/4 construct, a F115 TAU cDNA encoding the134

human tau isoform (0N4R) containing the P301S135

mutation was cloned into the pTSC21K bacterial136

expression vector including the murine Thy1.2 gene137

[21] using the XhoI restriction site. Vector sequences138

were removed by NotI PvuI digestion. Injection and139

manipulation of mice was identical to described pro-140

cedures [20]. Tau 58/4 mice were generated in a141

hybrid C57BL/6 × DBA2 background, and then the142

mice were backcrossed to C57BL/6J to create an iso-143

genic line. The 58/4 transgenic line is fertile and144

produces normal sized litters. Only heterozygous,145

male mice were used for experiments.146

Mice were weaned 4 weeks after birth and group147

housed with littermates of the same sex. Food and148

water were supplied ad libitum. Custom primers149

were used for genotyping by PCR analysis with ear150

punches, collected from mice aged approximately151

4 weeks, as source of DNA. Motor tests and sur-152

gical procedures were performed during the light153

phase of the animals, and all mice were acclimatized154

for at least 1h before conducting the experiments.155

Experimenters were blinded to the genetic status of156

the animals. All experiments were carried out in157

compliance with the European Community Coun- 158

cil Directive (2010/63/EU) and were approved by 159

the Animal Ethics Committee of the University of 160

Antwerp (ECD 2013–31). 161

Behavioral tests 162

Male heterozygous (HET) mice and wild-type 163

(WT) control littermates aged 3, 6, 9, and 12 months 164

were subjected to a battery of motor function-related 165

behavioral tests. The numbers of used animals are 166

listed in Table 1. 167

Hindlimb clasping test 168

Animals were suspended by the tail and kept at a 169

height of 40 cm above the able top for a duration of 170

30 s, during which the presence of hindlimb clasping 171

behavior was observed. 172

Gait analysis 173

Gait characteristics (stride length, toe span, and 174

track width) were analyzed by applying ink to the 175

hind paws of the animals. Mice were then allowed 176

to walk on a strip of paper in a brightly lit walk 177

lane (width: 4.5 cm, length: 40 cm), toward a dark 178

goal box. At least 2 complete gait patterns from each 179

mouse were obtained on which gait characteristics 180

were measured by caliper. 181

Stationary beam test 182

The stationary beam test of equilibrium and bal- 183

ance was performed on a wooden beam (diameter: 184

25 mm, length: 110 cm) covered with a layer of mask- 185

ing tape to provide a firm grip. The beam was divided 186

into 11 segments and placed at a height of 38 cm 187

above a cushioned bench. The ends of the beam 188

Table 1
Motor function-related parameters obtained with the tests applied to assess the motor function of the Tau 58/4 mice in comparison

with age-matched WT littermates

Tau 58/4 Age 3 months 6 months 9 months 12 months
Genotype WT (n = 9) HET (n = 10) WT (n = 11) HET (n = 11) WT (n = 11) HET (n = 12) WT (n = 15) HET (n = 16)

Stationary Beam test
Number of segments 60 ± 9 20 ± 3** 48 ± 8 14 ± 6** 42 ± 10 10 ± 5* 25 ± 6 6 ± 2*
Number of falls 0.2 ± 0.1 1.5 ± 0.5* 0.5 ± 0.3 0.9 ± 0.3 0 1.8 ± 0.4** 0.5 ± 0.2 2.3 ± 0.3***
Latency to first fall (s) 232 ± 6 211 ± 10 217 ± 14 201 ± 11 233 ± 7 169 ± 19** 222 ± 7 141 ± 15***
Gait Analysis
Stride length left (mm) 63 ± 3 62 ± 2 62 ± 2 49 ± 2*** 69 ± 2 50 ± 2*** 72 ± 2 47 ± 1***
Stride length right (mm) 65 ± 3 60 ± 2 62 ± 2 50 ± 2*** 69 ± 2 49 ± 1*** 74 ± 1 46 ± 1***
Toespan left (mm) 8.51 ± 0.18 8.44 ± 0.19 8.48 ± 0.24 8.26 ± 0.17 7.64 ± 0.2 7.91 ± 0.16 8.13 ± 0.12 8.26 ± 0.14
Toespan right (mm) 8.2 ± 0.22 8.14 ± 0.25 8.77 ± 0.15 7.9 ± 0.17** 7.89 ± 0.11 7.73 ± 0.19 7.3 ± 0.25 7.9 ± 0.17
Width (mm) 26 ± 1 26 ± 0.4 29 ± 1 28 ± 0.4 29 ± 0.5 28 ± 1 29 ± 0.4 27 ± 1*

Data are presented as mean ± S.E.M. Statistical significance was determined with the two-tailed Student’s t-test. *p < 0.05, **p < 0.01,
***p < 0.001. W, wild type; HET, heterozygous.
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were shielded with cardboard to prevent the mice189

from escaping. Testing commenced by placing an190

animal in the middle of the beam. The number of191

segments crossed (four-paw criterion), the latencies192

before falling, and the number of falls were measured193

for four trials with a cut-off period of 1 min per trial194

and an intertrial interval of 10 min.195

Accelerating rotarod196

Equilibrium, balance, and motor coordination197

were tested on an accelerating rotarod apparatus198

(Panlab, Barcelona, Spain). After two acclimatiza-199

tion trials with a maximum duration of 2 min each200

at a constant speed (4 rpm), each mouse was placed201

on the rotating rod for four test trials, during which202

the rotation speed gradually increased from 4 to203

40 rpm (intertrial interval: 1 min). The time an animal204

remained on the rotating rod was measured during the205

test trials with a cut-off period of 5 min per trial.206

Tissue sampling and embedding207

Tau 58/4 and WT mice were anesthetized and tran-208

scardially perfused with saline. Spinal cord tissue209

was removed and cut into cervical, thoracic, lum-210

bar, and sacral segments. Sciatic nerves and EDL211

muscles were also collected. For immunohistochem-212

istry, spinal cord tissue (n = 8) was formalin fixed and213

embedded in paraffin. Spinal cord tissue (n = 3), left214

sciatic nerve (n = 5), and left EDL muscle (n = 3–5)215

were put in 4% PFA in PBS for 1 day, dehydrated216

with 25% sucrose in PBS overnight at 4◦C and then217

frozen at –50◦C. For neuromuscular junction inner-218

vation analysis, right EDL muscle (n = 3–4) was snap219

frozen in 2-methylbutane, which was kept on dry ice220

(–40◦C) and then stored at –80◦C.221

For electron microscopy, the right sciatic nerve222

(n = 5) was cut into 2 mm-long pieces, and fixed with223

2% PFA and 2.5% glutaraldehyde in 0.1 M PHEM224

buffer (20 mM PIPES, 50 mM HEPES, pH 6.9,225

20 mM EGTA, 4 mM MgCl2) at room temperature226

[22] for 3 h. Samples were washes 3 times with 0.1 M227

PHEM buffer before being post-fixed in 1% osmium228

tetroxide and 1% potassium ferricyanide in 0.1 M229

PHEM buffer at 4◦C for 90 min. Samples were then230

embedded in Epon resin as previously described [23].231

Immunohistochemistry232

Coronal sections of thoracic spinal cord and233

sagittal sections of sacral spinal cord (5 �m, paraffin-234

embedded) of Tau 58/4 mice at the age of 6 and 12235

months were cut for immunohistochemical staining. 236

The sections were firstly deparaffinized in xylene 237

and ethanol. The sections were subsequently pre- 238

incubated in 1% H2O2 for 30 min. After washing 239

in TBS, the sections were blocked for 30 min with 240

4% normal swine serum in TBS + 1% bovine serum 241

albumin (BSA). Sections were then incubated at 242

4◦C overnight with primary antibody (AT8, 1:10000, 243

produced by Institute Born-Bunge, University of 244

Antwerp) in TBS + 1% BSA. After TBS wash- 245

ing, the sections were incubated with biotinylated 246

anti-mouse IgG (1:200, Amersham, RPN1001) in 247

TBS + 1% BSA at room temperature for 30 min. 248

Next, all the sections were washed with TBS and 249

incubated in avidin-biotin-peroxidase complex (Vec- 250

tastain ABC kit, Vector Laboratories, PK-6100) for 251

30 min and visualized with 3, 3′-diaminobenzidine 252

(DAB, Sigma, D-5637). 253

Coronal sections of the lumbar spinal cord (14 �m 254

for sections on glass slides, 40 �m for free floating tis- 255

sue) of Tau 58/4 and WT mice at the age of 3, 9, and 12 256

months were pre-incubated in 0.3 % H2O2 in PBS for 257

30 min (only for light microscopy). Then the sections 258

were blocked with 10 % normal serum. Sections were 259

incubated overnight at room temperature with the pri- 260

mary antibodies: NeuN (1:500, Abcam, EPR12763), 261

AT8 (1:10000, Antwerp), Mac-2 (1:1000, Cedarlane, 262

CL8942AP), GFAP (1:1000, DAKO, Z0334). After 263

PBS washing, for light microscopy, sections were 264

incubated with biotinylated secondary antibodies for 265

1 h (goat anti-rabbit IgG, 1:400, Vector Laboratories, 266

BA-1000; rabbit anti-rat IgG, 1:400, Vector Lab- 267

oratories, BA-4001; horse anti mouse IgG, 1:400, 268

Vector Laboratories, BA-2000) followed by addi- 269

tion of the avidin-biotin-peroxidase complex (Vector 270

Laboratories, PK-6100) for 30 min and visualized 271

with DAB. The sections were mounted with Depex 272

(Sigma, 06522). For fluorescence microscopy, sec- 273

tions were incubated in donkey anti-rabbit Alexa 488 274

(1:400, ThermoFisher, A-21206) and donkey anti-rat 275

Cy3 (1:400, JIR, 712–165–150). The sections were 276

mounted with Mowiol (Calbiochem, 475904). 277

Immunofluorescence labeling of neuromuscular 278

junctions 279

Snap frozen EDL muscle samples (100 �m for free 280

floating tissue) of Tau 58/4 and WT mice at the age 281

of 3, 9, and 12 months were cut using a cryostat. 282

Muscle sections were incubated in �-bungarotoxin 283

Alexa 594 (1:200, Molecular Probes, B13423) in 284

PBS for 30 min, followed by 4% PFA in PBS for 285
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10 min. The sections were then blocked with 4 % BSA286

in PBS for 1 h. Sections were incubated in primary287

antibody neurofilament-M (165 kDa) (1:300, DSHB,288

2H3) with 1% BSA in PBS + 0.3 % Triton X-100 for289

2 h. After washing in PBS, sections were incubated in290

donkey anti-mouse AF488 (1:400, Molecular Probes,291

A21202) with 1% BSA in PBS + 0.3% Triton X-100292

for 1 h. After another washing step in PBS, sections293

were incubated in Hoechst for 3 min and mounted on294

slides using Mowiol (Calbiochem, 475904).295

Imaging techniques296

Histochemically stained sections were imaged297

using a Hamamatsu Nanozoomer (Hamamatsu Pho-298

tonics). Immunofluorescent stained sections were299

imaged using a Leica SP8 confocal (Leica Microsys-300

tems) using LASAF software. The z-maximum-301

intensity projection function was used to image the302

complete neuromuscular junctions in the muscle.303

Motor neuron counting304

The number of motor neurons in the lumbar spinal305

cord sections of 3-, 9-, and 12-month-old WT and Tau306

58/4 mice were counted after the immunostaining of307

NeuN (n = 3). On both sides of the anterior ventral308

horn of the spinal cord, motor neurons, identified on309

the basis of the location and the large size of the cell310

body, were counted.311

Transverse area of muscle fiber measurement312

Paraffin-embedded EDL muscles of 3-, 9-, and 12-313

month-old WT and Tau 58/4 mice were cut (5 �m)314

and stained with Hematoxylin. The sections were315

scanned with a Hamamatsu Nanozoomer (Hama-316

matsu Photonics) and the transverse area of EDL317

muscles was measured by ImageJ software (100–150318

fibers / sample, n = 3–5).319

Analysis of the innervation of motor endplates320

After the immunofluorescence labeling of neu-321

romuscular junctions with neurofilament and �-322

bungarotoxin, at least 90 neuromuscular junctions323

per animal (n = 3–4) were imaged and quantified. The324

innervation status of the neuromuscular junction was325

evaluated by categorizing them as fully innervated326

when there was complete overlap between the two327

labels, partially innervated when neurofilament was328

partially absent at the synaptic junction or denervated329

in case neurofilament was completely absent at the 330

synaptic junction. 331

Analysis of axon and myelin structure 332

Epon-resin-embedded samples were cut into 333

semithin (100 nm) and ultrathin sections (70 nm) 334

using a LEICA ultramicrotome UC7. Semithin sec- 335

tions were colored with toluidine blue and imaged 336

using light microscopy before measuring the diame- 337

ters of axons. The inner area of axons was measured in 338

Image J, then the diameter was calculated and then the 339

average diameters was extrapolated. Approximately 340

650–1100 axons were quantified for each sample 341

(n = 3). 342

For electron microscopy, ultrathin sections were 343

stained as previously described [23] and exam- 344

ined in an 80-kV transmission electron microscope 345

(TEM, CM100; FEI). Three independent grids (100 346

axons/grids) were used to assess the number of 347

degeneration axons in each individual mouse. The 348

g-ratio of axons with intact myelin were assessed. 349

The g-ratio [diameter (axon) / diameter (axon + sur- 350

rounding myelin)] were also calculated using Image 351

J. Approximately 60–150 fibers was measured per 352

animal (n = 4). 353

Statistical analysis 354

For the statistical analysis, SPSS version 20.0 and 355

GraphPad Prism 5.0 software were used with the 356

probability level set at 95 %. For comparison between 357

two groups, Student’s t-test, and non-parametric 358

Mann-Whitney test were used. For comparison of 359

multiple groups, Two-way RM-ANOVA test was per- 360

formed with a Bonferroni post hoc test. The data 361

was considered statistical significant as *p < 0.05, 362

**p < 0.01, and ***p < 0.001. In the figures, the 363

p-value of the analysis is shown. 364

RESULTS 365

Tau 58/4 mice show deteriorating motor 366

dysfunction during aging 367

To evaluate the coordination of motor function, we 368

examined Tau 58/4 and WT mice in the hindlimb 369

clasping test, gait analysis, stationary beam test, and 370

rotarod test at the age of 3-, 6-, 9-, and 12 months (data 371

listed in Table 1). The degree of hindlimb clasping 372

in mice, when suspended by the tail, is used as an 373
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indicator of the severity of motor dysfunction374

[24, 25]. WT mice at all indicated ages and Tau 58/4375

mice at young ages (i.e., 3 and 6 months) showed376

a normal extension reflex of the hindlimbs. Tau 58/4377

mice of 9 and 12 months old showed typical hindlimb378

clasping behavior (Fig. 1A). Gait is a general indica-379

tor of coordination and muscle function [26]. Gait380

analysis indicated that the stride length in Tau 58/4381

animals is shorter than that in WT control animals.382

A decrease in the stride length was observed bilat-383

erally, with a significant shorter length visible from384

6 months on in the Tau 58/4 strain (Fig. 1B). The385

stationary beam test was used to detect balance and386

coordination abnormalities. Tau 58/4 mice of 9 and387

12 months old remained significantly shorter on the388

beam. Tau 58/4 mice of all ages covered a signifi-389

cantly lower number of beam segments, and Tau 58/4390

mice of 3, 9, and 12 months old had a significantly391

higher number of falls, compared to WT animals392

(Fig. 1C-E). Motor neuron performance and equi-393

librium were analyzed using an accelerating rotarod394

(Fig. 1F). In all age groups, significant differences395

between Tau 58/4 and WT animals were observed396

for the fourth trial (T4). From the age of 9 months on,397

significant differences were found for all trials per-398

formed. Also, from the age of 3 months, the learning399

curves differed significantly between Tau 58/4 and400

WT animals, with the HET animals exhibiting a much401

flatter learning curve. However, the results found in402

the rotarod experiment are possibly confounded by403

the agitated and stressed behavior observed in the Tau404

58/4 animals, which resulted in early termination of a405

trial due to the jumping of the rotarod. This behavior406

was only this pronounced in the rotarod experiment407

and did not result in the early termination of the other408

motor experiments described above.409

Human Tau transgenic protein is expressed410

in the motor neurons of Tau 58/4 mice411

In order to investigate the relationship between412

motor dysfunction and tauopathy in Tau 58/4 mice,413

we determined tauopathy in the spinal cord and sci-414

atic nerve of Tau 58/4 mice. AT8 antibody, which415

is specific for the phospho-tau residues Ser202, and416

Thr205, was used for immunohistochemical staining.417

The staining was performed on transverse sections418

of thoracic spinal cord and sagittal sections of the419

sacral spinal cord of Tau 58/4 mice at 6 months420

and 12 months (Fig. 2A). In 6-month-old Tau 58/4421

mice, phosphorylated tau has mainly accumulated in422

the axonal processes. At the age of 12 months, the423

expression of phosphorylated tau was increased and 424

was also observed in the somatic compartments of 425

motor neurons of the ventral horn (Fig. 2A). To detect 426

the accumulation of tau-induced neuronal loss, the 427

numbers of motor neurons were counted in the lum- 428

bar spinal cord of Tau 58/4 and WT mice at the age 429

of 3, 9, and 12 months. No significant differences in 430

motor neuron numbers were observed between Tau 431

58/4 and WT mice at all ages (Fig. 2B, C). In the sci- 432

atic nerve, enhanced expression of AT8 was observed 433

in 9-month-old Tau 58/4 mice but not in WT mice 434

(Fig. 2D). 435

Tau 58/4 mice show muscle hypotrophy during 436

aging 437

To investigate the development of muscular atro- 438

phy, transverse sections of EDL muscles of WT and 439

Tau 58/4 mice were stained with hematoxylin. Trans- 440

verse areas were measured and grouped into separate 441

regions according to size (Fig. 3A, B). The percentage 442

of muscle fiber numbers in different regions was com- 443

pared between WT and Tau 58/4 mice. At the age of 444

3 months, the distribution of fiber size in WT and Tau 445

58/4 mice is similar. At the age of 12 months, 94.5 % 446

fibers of Tau 58/4 mice belong to smaller area regions 447

(i.e., fiber area < 150 �m2), compared to WT mice, 448

which indicated hypotrophy of muscle in Tau 58/4 449

mice (Fig. 3A, B). The average area of muscular fibers 450

was also compared between WT and Tau 58/4 mice 451

at different ages. At the age of 3 and 9 months, no sig- 452

nificant differences were observed. During aging, the 453

average transverse area of EDL fibers in 12-month- 454

old Tau 58/4 mice was significantly smaller than that 455

of WT mice (Fig. 3C). 456

Tau 58/4 mice show progressive neuromuscular 457

junction denervation during aging 458

In order to investigate whether the axonal termi- 459

nals at the neuromuscular junction are early targets 460

for lower motor neuron pathology in Tau 58/4 mice, 461

we analyzed the integrity of the neuromuscular junc- 462

tion in EDL muscle from hindlimbs. Based on the 463

innervation of the motor endplate, neuromuscular 464

junctions were grouped into fully innervated, par- 465

tially innervated, and denervated junctions (Fig. 4A). 466

At 3 months, the innervation of the motor endplate in 467

WT and Tau 58/4 mice was not significantly different. 468

In 12-month-old Tau 58/4 mice, there was widespread 469

endplate denervation. This was evident by degener- 470

ation of presynaptic motor nerve terminals that had 471
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Fig. 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 and 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.
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Fig. 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 �m, Magnification = 10 �m; B, D = 40 �m.

either entirely or partially disappeared from the post-472

synaptic motor endplate. Upon aging, there was a473

decreased percentage of fully innervated endplates474

and accordingly an increased percentage of partially475

or completely denervated endplates in Tau 58/4 mice476

(Fig. 4B). The development of neuromuscular junc- 477

tion denervation during aging was accompanied by 478

deteriorating motor dysfunction, which indicated the 479

distal axonal pathology could be a cause of motor 480

deficit of Tau 58/4 mice. 481
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Fig. 3. Muscle hypotrophy in Tau 58/4 mice. A) Hematoxylin staining on transverse sections of extensor digitorum longus (EDL) muscle
from 3-, 9-, and 12-month-old WT and Tau 58/4 mice. B) Quantification of transverse area of the muscular fiber of 3-, 9-, and 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 �m.

Ultrastructural analyses reveal axonal482

degeneration in the sciatic nerve of Tau 58/4 mice483

In order to study the structural alterations in myeli-484

nated axons of Tau 58/4 mice of 12 months old,485

we quantified the axon diameter of transverse sec-486

tions of sciatic nerve stained with toluidine blue487

(Fig. 5A-D). The average diameter of axons in sci-488

atic nerve was significantly decreased in Tau 58/4489

mice (Fig. 5B). The histogram of diameter distribu-490

tion showed that 89.8% axons of Tau 58/4 mice had491

a small size (<4 �m), whereas in WT mice the per- 492

centage was 75.0% (Fig. 5C). We classified the axons 493

larger than the average diameter of WT mice as “large 494

axons”, and those smaller than the average diameter 495

as “small axons”. Tau 58/4 mice had a significantly 496

higher percentage of small axons and a significantly 497

lower percentage of large axons, compared to WT 498

mice (Fig. 5D). To evaluate the axonal degenera- 499

tion of Tau 58/4 mice, we examined the sciatic nerve 500

morphology of WT and Tau 58/4 mice at the age 501

of 12 months using electron microscopy (Fig. 5E). 502
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Fig. 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 �-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 �m.

We observed proliferation of nonmyelinated axons503

surrounded by Schwann cells (white arrow) in the504

sciatic nerve of Tau 58/4 mice. We compared the505

myelin sheath thickness using the g-ratio, the numer-506

ical ratio between the diameter of the axon and the507

outer diameter of the myelinated fiber. Tau 58/4 mice508

showed an increasing tendency in g-ratio, which was509

significantly different in the axons with a diame-510

ter of 6–8 �m (Fig. 5F). This observation indicated511

an hypomyelination of motor-related axons of Tau512

58/4 mice [27]. Except the axons with intact myelin513

sheath (Supplementary Figure 1A), we also observed514

less electron-dense lines (black arrow) in the myelin515

sheath of axons (Supplementary Figure 1B) in both516

WT and Tau 58/4 mice. However, this type of axons517

was more pronounced in Tau 58/4 animals. Although518

this was evident, the low frequency of this type of519

axons did not allow to determine whether this dif-520

ference was significant (Supplementary Figure 1C).521

The irregular structures in the myelin sheath might 522

be Schmidt-Lanterman incisura, which is a funnel 523

tube-like cytoplasmic structure that crosses the com- 524

pact myelin and connects the Schwann cell abaxonal 525

cytoplasm to the adaxonal cytoplasm [28]. However 526

further investigation will be needed to confirm that 527

these structures are Schmidt-Lanterman incisures. 528

Increased glia activity in the corticospinal tract 529

of spinal cord in Tau 58/4 mice 530

In order to investigate the involvement of upper 531

motor neurons in the lower motor neuron dysfunction 532

in Tau 58/4 mice, we investigated the glia activity in 533

the corticospinal tract of the spinal cord of Tau 58/4 534

mice and WT mice. Mac-2, which is a member of the 535

lectin family, has been observed to be upregulated in 536

microglia and astrocytes upon aging and pathological 537

conditions [29]. At the age of 9 and 12 months, we 538
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Fig. 5. Ultrastructural features of the sciatic nerve reveal axonal degeneration in Tau 58/4 mice. A) Representative light microscopy photo-
graph 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 �m). 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 �m, E = 2 �m.

observed upregulation of Mac-2 in the region of the539

lateral corticospinal tract of Tau 58/4 mice (Fig. 6A),540

whereas in 3-month-old mice, this difference was 541

not obvious. The number of Mac-2 positive pixels 542
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Fig. 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 �m, C = 40 �m.

in Tau 58/4 mice was significantly increased in the543

white matter regions (Fig. 6B). We also observed544

co-staining of Mac-2 and GFAP in the region of545

the lateral corticospinal tract (Fig. 6C), indicative of546

astrocyte activation in the region of corticospinal tract547

responding to neuronal changes.548

DISCUSSION549

In this study, we investigated the motor func-550

tion and pathological alterations of peripheral nerves551

in a novel tauopathy mouse model, the Tau 58/4552

model. We observed loss of large size peripheral553

axons, denervation of neuromuscular junctions in 12-554

month-old Tau 58/4 mice as compared to control555

littermates. These alterations may lie at the basis of556

muscle hypotrophy and progressive motor impair-557

ment (Fig. 7).558

In our study, the stationary beam- and rotarod tests559

revealed a decline in the motor function already at560

the age of 3 months. However, rotarod results can 561

be influenced by certain alterations in behavior, such 562

as agitation [30]. Training a highly anxious and agi- 563

tated animal on the rotarod is much more challenging 564

when compared with calmer animals [31], resulting 565

in an apparently decreased performance of animals 566

that is unrelated to motor function, as described in 567

the PS19 tauopathy mouse model [17]. In previous 568

studies, it was found that rotarod experiments failed 569

to reveal subtle motor alterations, whereas gait anal- 570

ysis and stationary beam tests were more sensitive 571

[32, 33]. Based on the stationary beam tests, the 572

apparent decline in motor functioning in Tau 58/4 573

mice, starts already at the early age of 3 months. 574

Tau 58/4 mice started to show hindlimb clasping 575

behavior at the age of 9 months, which was later 576

than the onset of the motor coordination impair- 577

ment observed in the rotarod test and stationary 578

beam. We also observed hindlimb muscle hypotro- 579

phy at 9 months, which may explain the observed 580

muscle weakness. Previous studies have exposed 581
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Fig. 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.

diverse cognitive and motor phenotypes in various582

transgenic tauopathy models which may well be due583

to distinctive pathways of tau molecular pathogene-584

sis and different localization of tau pathology [34]. In585

PS19 transgenic mice expressing the P301S human586

T34 tau isoform driven by the mouse prion pro-587

tein (Prnp) promoter, increased hyperactivity and588

nociceptive sensitivity, and decreased anxiety-like589

behavior have been reported [16]. Delayed learn-590

ing and spatial memory loss have also been found591

in various transgenic tauopathy mouse models [16,592

35, 36]. Motor dysfunction and dystonic posture593

interference are phenomena observed in transgenic594

tau mouse models with aggregated mutant tau in595

axons [8, 34, 37]. However, in the two previously596

described P301S tauopathy mouse models [17, 38],597

the motor deficits are so severe that they hinder the598

age-dependent investigation of specific motor-related599

functions, as paralysis occurs early in the disease. One600

exception is the THY-Tau22 model with G272V and601

P301S mutations, which does not display any motor602

disturbance [36], although insoluble tau was early603

(3 months) detected in the axon tracts. In Tau 58/4604

mice, mutant tau proteins accumulate both in somata605

and axonal compartments of motor neurons, and the 606

axonal distribution of mutant tau may be pivotal for 607

the motor impairment. Previous studies in transgenic 608

tau-P301L mouse models indicated that mutant tau 609

mainly aggregated in the soma and dendritic compart- 610

ments, rather than in axons. Interestingly, no axonal 611

dilations were observed at any age in latter model, 612

and it shows very weak motor symptoms accord- 613

ingly [39]. In this respect, Tau 58/4 mice represent a 614

straightforward neuromuscular degeneration model. 615

We observed progressive hypotrophy of muscle 616

fibers and denervation of the neuromuscular junc- 617

tion in aging Tau 58/4 mice. At the age of 9 and 12 618

months, the muscle hypotrophy accompanied a fur- 619

ther decrease in motor dysfunction. This has also been 620

reported in other transgenic tauopathy mouse mod- 621

els [15, 38]. In Tg30 mice (carrying tau P301S and 622

G272V mutations), two phases of muscular pathol- 623

ogy were observed. Initially, muscular hypertrophy 624

was observed at the age of 3 months followed by 625

hypotrophy at the age of 10 months. The muscle 626

hypertrophy at the early age was interpreted as a 627

compensatory mechanism for the degeneration of 628

the nearby muscles and protected the animals from 629
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motor dysfunction until 8 months of age [8]. In Tau630

58/4 mice muscular hypertrophy was not observed in631

3-month-old animals, which may explain the rapid632

development of motor dysfunction in this model.633

Neuromuscular junction denervation has been asso-634

ciated with aging [40] and pathological conditions,635

such as contraction-induced injury [41] and neu-636

rodegenerative disorders [42, 43]. In Tau 58/4 mice,637

the development of neuromuscular junction denerva-638

tion occurs together with the progression of muscle639

hypotrophy, which is indicative for denervation-640

mediated atrophy.641

Interestingly, mutant tau also accumulated in the642

cell body of the motor neurons at the anterior horn643

of the spinal cord. However, we did not observe644

a decrease in the number of motor neurons. This645

suggests that the pathology of the motor neurons646

follows a distal-to-proximal direction. Axon degen-647

eration in Tau 58/4 mice could be considered to be648

“dying back degeneration”, which has been described649

previously in chronic neurodegenerative diseases,650

such as amyotrophic lateral sclerosis [44], spinal651

muscular atrophy [45], diffuse Lewy body disease652

[46], and peripheral neuropathy [47]. Generally,653

this type of chronic axonal degeneration originates654

from the distal region of the axon and is followed655

by axon degeneration in a distal-to-proximal direc-656

tion. The axon subsequently undergoes a progressive657

fragmentation morphologically resembling Walle-658

rian degeneration [13]. The mechanisms underlying659

“dying back degeneration” are not fully under-660

stood, but mitochondrial dysfunction [48, 49], protein661

aggregation [49], synaptic pathology [50], distur-662

bance of axonal transport [51, 52], and abnormal663

activity of autophagy [53] have been previously found664

to be involved in the process. In Tau 58/4 mice, the665

neuronal accumulation of mutant tau might be a key666

player in axonal degeneration. In cultured neurons,667

aggregated tau inhibits kinesin-dependent transport668

of organelles, e.g. peroxisomes, mitochondria, and669

Golgi-derived vesicles into neurites [54]. The inhi-670

bition of axonal transport causes oxidative stress,671

reduces ATP content in synapses and leads to cellular672

degeneration. Tau could also impair axonal and den-673

dritic ATP transport and thus lead to the accumulation674

of A�PP in the cell body [54, 55]. The reduction of tau675

expression does not influence axonal transport under676

physiological conditions, however, it could prevent677

A� oligomers-impaired axonal motility [56].678

In our study, we also observed axonal hypomyeli-679

nation in the sciatic nerve of 12-month-old Tau680

58/4 mice. Axonal demyelination in sciatic nerve681

has been observed under various pathological condi- 682

tions including physical injury, chronic inflammatory 683

polyneuropathy, and diabetes [57]. A previous study 684

in myelin-deficient Trembler mice showed a reduc- 685

tion in the rate of slow axonal transport and a slower 686

regeneration rate in demyelinated sciatic nerve [58]. 687

Tau protein plays an important role in the structure 688

and function of myelin. In a recent study, enhanced 689

degenerating, demyelinated fibers and motor impair- 690

ment in the sciatic nerve of aged Tau -/- mice 691

was observed [27]. Abnormal phosphorylation of 692

tau was associated with both neuronal and axonal 693

loss in animal models of experimental autoimmune 694

encephalomyelitis as well as in human multiple scle- 695

rosis [59, 60]. Here, our observations indicate that 696

hyperphosphorylation and accumulation of tau may 697

be associated with axonal degeneration in the periph- 698

eral nervous system. 699

We observed the proliferation of non-myelinating 700

axon surrounded by Schwann cell in the sciatic nerve 701

of 12-month-old Tau 58/4 mice. Schwann cells play 702

an important role in modulation and regenerative sup- 703

port of peripheral axons [58, 61]. Regeneration of 704

non-myelinated axons was also observed after the 705

injury of mammalian peripheral nerve [62]. Previ- 706

ous studies report the non-myelinating Schwann cells 707

distal to nerve injury undergo a large scale change in 708

gene expression, which alters the Schwann cell func- 709

tion from the maintenance of axonal ensheathment to 710

the support of axonal regeneration [63, 64]. Here, the 711

proliferation of non-myelinating Schwann cells may 712

imply an attempt for repair. 713

Astrocytes play an important role in axon guidance 714

during development and repair [65]. Previous studies 715

have reported progressive astrogliosis and microglia 716

activation in the brain of transgenic Tau mice 717

[17, 66]. Here, we for the first time observed increased 718

Mac-2 expression by astrocytes in the region of the 719

lateral corticospinal tracts in the spinal cord. Mac-2 720

is a marker associated with the degradation of myelin 721

by microglia, the brain’s professional phagocyte, [67] 722

and nonprofessional phagocytes, e.g., astrocyte [68], 723

Schwann cells [69]. The increased number of phago- 724

cytic astrocytes might be a response in respect of 725

clearance of neuronal debris, which may indicate 726

an increased axonal stress from corticospinal tracts 727

or lower motor neurons in Tau 58/4 mice. Future 728

research may aim at the elucidation of the underlying 729

mechanisms. 730

In this study, we show that accumulation of human 731

tau in axons and cell bodies of motor neurons leads 732

to axonal atrophy and hypomyelination, followed by 733
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denervation of neuromuscular junctions and muscu-734

lar atrophy, leading to impairment of motor functions.735

The underlying mechanisms of motor deficits in736

Tau 58/4 mice might be responsible for motor signs737

observed in some human tauopathies.738
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