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ABSTRACT 

This study quantified morphological and molecular changes within sciatic nerves of aging 

male and female C57BL/6J mice aged between 3 and 27 months, analyzed using 

immunoblotting, immunohistochemistry and electron microscopy. In nerves of male mice 

aged 4, 15, 18, 22 and 24 months, protein analyses by immunoblotting showed significantly 

increased levels of heavy chain neurofilaments (SMI-32), vimentin, tau5, choline 

acetyltransferase (ChAT) and p62 by 18-22 months. Similar protein increases were seen in 

26 month compared with 3 month old female mice. Immunostaining of longitudinal sections 

of old (27 month) male sciatic nerves revealed intense staining for tau5 and p62 that was 

increased compared to 3 months, but there were decreased numbers of axon profiles 

stained for ChAT or isolectinB4 (IB4) (motor and sensory axons respectively). Ultrastructural 

analysis revealed electron dense aggregates within axons in peripheral nerves obtained 

from old male mice; the proportion of axons that contained aggregates more than doubled 

between 15 and 27 months. Overall, the observed age-related accumulation of many 

proteins from about 18 months of age on wards suggests impaired mechanisms for axonal 

transport and protein turnover. These peripheral nerve changes may contribute to the 

morphological and functional muscle deficits associated with sarcopenia.   

 

Keywords: Aging, axonal proteins, peripheral nerve, autophagy, protein aggregation, 

sarcopenia. 
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1. INTRODUCTION 

In humans, the transition from mature adults to old age is associated with a significant 

decline in neuromuscular function and loss of skeletal muscle mass and strength (1-3)a 

condition known as sarcopenia (4, 5). The incidence of sarcopenia is reported to be about 

14% by 65-69 years of age and may reach greater than 50% by 80 years (6). To date, most 

human muscle related aging studies have focused on analyzing changes in muscle mass and 

strength (1, 2, 6-8). 

 

Given that motor afferent supply is essential for muscle health, contraction and function, 

surprisingly little is known about how this neurogenic component affects, or is influenced 

by, muscle aging (9-11). Loss of innervation at the neuromuscular junction (NMJ) has been 

described in aging humans (12, 13) and rodents (14-17) and is considered to be a major 

contributor to age-related functional, morphological and molecular changes in skeletal 

muscles. However it is not known whether myofiber denervation is related to deleterious 

changes in muscle cells or neurons, or both. Age-related changes in Schwann cell phenotype 

and plasticity may also be another contributing factor (18) . 

 

Mice and rats are widely used as mammalian models for sarcopenia and are especially 

useful for time course studies to define the sequence of cellular and molecular changes 

during the earlier stages of sarcopenia (15, 19, 20). The value of multiple time points is 

emphasized to identify the earliest age-related changes, and their patterns of progression 

throughout life (21). Such studies are very difficult to reproduce in humans, given issues of 

sampling and the fact that humans age over a 20-30 year span whereas mice have a life 

expectancy of approximately 2.5 years. In aging female C57BL/6J mice we have previously 



4 
 

shown that loss of muscle mass is evident by 24 months (19, 22) and is associated with loss 

of innervation at the NMJ, although motor neuron numbers remain constant in the ventral 

horn (14). A comprehensive molecular analyses of mouse muscles across five ages (3, 15, 24, 

27 and 29 months) found many changes at the mRNA and protein level that were associated 

with myofibre denervation(19). 

 

The present study focuses on a quantitative analysis of age related molecular and 

morphological changes in the sciatic nerve of male C57BL/6J mice assessing multiple time 

points, ranging from 3 to 27 months of age. Longitudinal frozen sections of sciatic nerves 

were subjected to immunostaining for protein distribution; immunoblotting was used to 

quantify protein levels, and transmission electron microscopy (TEM) of transverse sections 

provided ultrastructural morphological analysis. In addition, we compared two extreme ages 

(3 and 26 months) in female C57BL/6J mice, to determine the impact of gender on age 

related changes in peripheral nerves. 

 

2. MATERIALS AND METHODS 

2.1 Mice and tissue collection 

All animal experiments were conducted in accordance with the guidelines of the Ruakura 

Animals Ethics Committee, AgResearch Ltd Hamilton, New Zealand and the National Health 

and Medical Research Council of Australia and approved by the Animal Ethics Committee at 

The University of Western Australia (UWA). All animals were housed in standard animal 

cages and were maintained at a 12 hour light: dark cycle (lights turned on at 0700 hours and 

off at 1900 hours for animals at UWA, while for animals in New Zealand, lights turned on at 

0600 hours and off at 1800 hours) with free access to meat free rat and mouse diet (protein, 



5 
 

20%; total fat, 4.8%; total fiber, 28.8%; total carbohydrate, 59.4%) fortified with vitamins 

and minerals (Specialty Feeds, Australia) and drinking water. 

 

C57BL/6J male mice aged 4, 15, 18, 22 and 24 months were from a mouse breeding facility 

at AgResearch Ltd, New Zealand (NZ). These mice were killed by C02 inhalation followed by 

cervical dislocation. Female C57BL/6J mice aged 3 and 26 months were obtained from the 

Animal Resource Centre in Western Australia and these were killed by cervical dislocation 

while under terminal anesthesia (2% Attane isoflurane, Bomac, NSW, Australia, 400mL NO2 

and 1.5L O2) due to differing animal ethics requirements. Sciatic nerves from these male and 

female mice were dissected at the gluteal level, carefully cleaned from muscle tissue and 

snap frozen in liquid nitrogen for protein analysis.  

 

Additional cohorts of male C57BL/6J mice aged 3, 15 and 27 months were obtained from the 

Animal Resource Centre, Western Australia. Sciatic nerves from these mice were fixed and 

processed for TEM and immune fluorescence studies. A 1mm length of the distal end of the 

sciatic nerve adjacent to the muscle was dissected and immediately fixed in 2.5% (w/v) 

glutaraldehyde (Sigma, Australia # G-7776) for ultrastructural studies using TEM and the rest 

of the nerve was fixed in 4% (w/v) paraformaldehyde (Sigma, Australia #P6148) for 

immunofluorescence studies (Fig. 1). 

 

2.2 Immunohistochemical staining of cryosections of sciatic nerve 

Freshly collected sciatic nerves were gently straightened and attached to a wooden spatula, 

fixed in 4% (w/v) paraformaldehyde and cryoprotected in 30% (w/v) sucrose solution in PBS 

for 24 hours at 4oC (Fig. 1). Nerves were removed from the wooden spatula and embedded 
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in tissue freezing medium (Leica, Australia), snap frozen in isopentane cooled in dry-ice and 

stored at -800C. Frozen blocks with embedded nerves were sectioned longitudinally at 16µm 

thickness using a Leica CM3050 cryostat, and frozen sections were collected onto gelatin 

coated slides, and stored at -200C until further processing. Frozen longitudinal nerve 

sections were stained with several different antibodies (Table 1). Sections were rinsed with 

PBS for five minutes three times, blocked for one hour in antibody diluent, consisting of PBS 

with 10% (v/v) normal horse serum and 0.2% (v/v) Triton X-100, and incubated overnight in 

primary antibodies at 4oC. BEAT TM blocking solution (Invitrogen #50-300) was used to 

minimize non-specific interaction between anti-mouse secondary antibodies 

andendogenous Ig in mouse PN tissue. After washing again in PBS and exposure to 

appropriate secondary antibodies (Table 2), sections were covered with fluorescence 

compatible mounting medium (DAKO-S3023, USA) and cover-slipped (23).For choline 

acetyltransferase (ChAT) immunolabeling, an additional step of antigen retrieval was added 

in the beginning, which involveda 10 minute wash with 0.1% Triton-X100 and 0.01mg/ml 

proteinase k in PBS and overnight incubation at 55°C in 50% formamide. This procedure 

enhances antibody penetration and optimises visualisation of ChAT (24, 25).Stained sections 

were observed and photographed using a Nikon eclipse E-400 fluorescent microscope. 

 

2.3 Quantification of immunostained axons in longitudinal nerve sections  

The number of positively labelled axons in each sciatic nerve was quantified from 

longitudinal sections immunostained for heavy chain neurofilament (SMI-32), β-IIItubulin 

(TuJ1), ChAT or isolectin B4 (IB4).Three longitudinal sections per nerve were viewed using a 

Nikon Eclipse E400 microscope and photographed at 20x magnification along the length of 

the section from the proximal to the distal end. The sections were selected from across the 
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width of the nerve to provide a representative sample of the nerve cross section. The 

numbers of stained axons crossing arbitrarily placed lines located at the proximal, middle 

and distal parts of each nerve were counted and averaged; the nerve width at these sites 

was also measured to establish the number of axons per nerve width (Fig. 2A). 

 

2.4 Protein extraction and immunoblotting 

Immunoblotting was performed using a number of different antibodies (Table 1). Snap 

frozen sciatic nerves were homogenized with a Polytron homogenizer in buffer containing 

20mM HEPES (Life technologies, USA) and 4% (w/v) sodium dodecyl sulphate (SDS) 

(Promega, USA,) supplemented with protease and phosphatase inhibitor tablets (Roche, 

Mannheim, Germany), followed by sonication for 10 seconds using a Vibra Cell ultrasonic 

processor at 40% amplitude (Vibra Cell Sonics & Materials Inc, #VCX 130) (26). The tissue 

suspension was centrifuged at 19,600g for 10 min which did not leave any pellet detectable 

by visual examination. After centrifugation the concentration of protein in the supernatant 

was quantified with the DCTM protein assay (Bio-Rad, NSW, Australia). Samples of protein 

(7µg/well) were resolved on 4-15% SDS-PAGE TGX gels (Bio-Rad, NSW, Australia, #465-1086) 

and transferred onto 0.2μm pore size nitrocellulose membrane (Bio-Rad, NSW, Australia, 

#170-4158) using a Trans Turbo Blot system (Bio-Rad, NSW, Australia). A common protein 

sample was loaded on each gel to normalize for detection efficiencies across membranes. 

After transfer, membranes were stained with Ponceau S red stain (Sigma P3504, Australia) 

to visualize the total protein, which was used as a loading control (27, 28). Studies have 

shown that total protein is a more reliable loading control than commonly used 

housekeeping proteins (27, 29-31) which can change with ageing. A combined intensity of all 
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bands in a single lane was used to normalize the test protein band intensities. All primary 

antibodies were diluted in 5% (w/v) BSA in 1% (v/v) TBS-T buffer. Horseradish peroxidase 

(HRP) conjugated secondary antibodies were from Thermo Fischer Scientific, MA, USA 

(Table 3). Blots were developed using Perkin Elmer Western Lightening Ultra 

(#NEL111001EA) and the chemiluminescent signal was captured using a ChemiDoc MP 

Imaging System (Bio-Rad, NSW, Australia). Resultant images were quantified using ImageJ 

software by normalizing bands to the respective total protein stained with Ponceau S red 

stain in the same gel (Supplementary Fig.1). All immunoblot images in the figures represent 

samples immunoblotted on to the same membrane. 

 

2.5 Transmission electron microscopy (TEM) 

TEM was used to monitor age related ultrastructural changes in nerves of C57BL/6J male 

mice from 3 age groups (3, 15 and 27 months). A 1mm length of distal sciatic nerve was 

fixed in fixative buffer containing 2.5% (v/v) glutaraldehyde (Sigma-G7776) and 2% (w/v) 

paraformaldehyde (Sigma-P6148) in 0.13M Sorenson’s buffer with 2% (w/v) sucrose at pH 

7.2. This was post fixed in 1% (v/v) osmium tetroxide (ProScitech, Queensland, Australia) for 

60 minutes while shaken. The tissue was then dehydrated through ethanol series to 

propylene oxide, infiltrated, and processed into an Araldite Procure mixture (ProScitech), 

using a Lynx processor. Transverse sections were collected using a diamond knife and 

collected onto copper grids and stained with 2.6% (w/v) lead citrate. High magnification 

(16000x) images were digitally generated using TEM (JEOL 2100; Jeol, Tokyo, Japan) with a 

11-Megapixel digital camera (Orius; Pleasanton, CA). 
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2.6 Statistical Analysis 

The number of immunostained axons from 3 and 27 month old nerves was compared using 

a two-tailed unpaired T-test. Protein quantification data obtained by immunoblotting from 

C57BL/6J males were analyzed using one-way ANOVA followed by Fischer’s Least Significant 

Difference (LSD) tests for direct comparisons between individual means. For females, 

protein quantification data obtained by immunoblotting were compared using two-tailed 

unpaired T-test. Statistical analysis of the percentage of axons with aggregates was 

conducted using one way ANOVA followed by Fischer’s Least Significant Difference (LSD) 

tests. For all statistical analyses significance threshold was set at P≤ 0.05. 

 

3. RESULTS 

3.1 Quantification of immunostained axons in longitudinal nerve sections 

Longitudinal sciatic nerve sections from C57BL/6J males aged 3 or 27 months were 

immunostained to enable quantification of motor (ChAT) and sensory (IB4) axons and to 

examine the distribution and localization of cytoskeletal proteins (heavy chain 

neurofilaments-SMI-32 and tubulin). There was a significant age related decrease in the 

number of immunostained axons visualized per unit width of nerve for axons 

immunoreactive for ChAT (motor) or IB4 (nociceptive sensory) (Fig. 2B-E). Small bundles of 

axons immunopositive for IB4 were seen in both young and aged nerves. Similar bundles 

were not seen in sections stained for ChAT. On average there were 4-5 IB4 labelled axon 

bundles per nerve, a number that was not altered with age. These bundles generally 

contained 3-5 axons. Immunoreactivity was sometimes discontinuous in old nerves (Fig. 2C) 
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suggesting loss of protein integrity, rather than loss of entire axons. There was no significant 

change in the number of axons immunoreactive for SMI-32 (Fig. 2F) or β-III tubulin (Fig. 2G). 

 

3.2 Quantification of cytoskeletal proteins in sciatic nerves - immunoblotting 

Neurofilaments and microtubules are essential components of the cytoskeleton necessary 

to maintain neuronal structure and function, including anterograde and retrograde 

transport systems (32, 33). Pathological accumulation of neurofilaments is harmful to 

neurons and is seen in numerous neurological diseases (33). Immunoblotting was used to 

quantify levels of heavy neurofilaments (SMI-32), vimentin, β-III tubulin, α-tubulin and the 

microtubule-associated protein tau in sciatic nerves of male and female C57BL/6J mice. 

 

3.2.1 SMI-32 

Intermediate filaments provide for the structural support and diameter maintenance of 

axons, the latter influencing the speed of nerve impulse conduction. SMI-32 antibody 

recognizes a non-phosphorylated epitope of heavy neurofilaments subunits which are 

particularly needed in larger neurons with highly myelinated, fast conducting axons (34). In 

C57BL/6J males, the amount of SMI-32 neurofilament protein increased with age (Fig. 3A, 

D), with levels significantly higher at 18, 22 and 24 months compared with 4 months 

(P≤0.05). In females, SMI-32 levels tended to increase with age (P=0.08) (Fig. 3F, I).  
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3.2.2 Vimentin 

Vimentin is an intermediate filament abundantly expressed in a wide variety of cell types 

including Schwann cells, neuronsand fibroblasts. In the peripheral nervous system (PNS) this 

intermediate filament negatively regulates myelination, and expression is upregulated in 

Schwann cells and neurons during nerve regeneration (35). Vimentin protein levels 

increased with age in sciatic nerves of male and female C57BL/6J mice. In male mice, 

vimentin protein levels were significantly higher at 18 and 22 months compared with 4 and 

15 months (Fig.3B, E). Levels declined at 24 months of age, although remained significantly 

elevated compared with 4 and 15 months. In females, vimentin levels were significantly 

higher at 26 months compared with 3 months (Fig. 3G, J). 

 

3.2.3 β-III tubulin and α-tubulin 

Microtubules are assembled from dimers of β and α-tubulin. These tubulin isoforms are 

expressed in a wide range of cell-types including neurons of both the central nervous 

system (CNS) and PNS (36-38). β-III tubulin and α-tubulin protein levels remained 

unchanged in nerves across all age groups in both males (Supplementary Fig.2A-E) and 

females (Supplementary Fig.2F-J), supporting the assessments of numbers of β-III tubulin 

immunopositive axons (Fig. 2G). 

 

3.3 Tau protein levels in sciatic nerves 

The microtubule associated protein tau plays a major role in maintaining the normal 

morphology of neurons and promoting microtubule assembly and stabilization (39, 40). 

Abnormal phosphorylation and aggregation of tau has been implicated in several 
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neurodegenerative disorders of the CNS (41). We observed age-related increases in tau 

protein levels in both male and female sciatic nerves. In males, tau protein levels were 

significantly higher at 22 and 24 months compared with 4 and 15 months (Fig. 4A, C). 

Female 26 month old nerves also had higher tau levels compared with nerves at 3 months 

(Fig. 4E, G). In addition, qualitative immunostaining for tau protein in longitudinal sections 

of male young and old sciatic nerves confirmed a marked increase in immunoreactivity for 

tau protein at 27 month, compared with 3 month (Fig. 4D). 

3.4 Protein quantification for S100β and ChAT 

3.4.1 S100β protein 

Schwann cells myelinate peripheral axons, provide trophic support and can modulate 

synaptic activity at the NMJ (42-44). We previously described an apparent deterioration of 

Schwann cells that ensheath peripheral nerve terminals in 29 month old female C57BL/6J 

mice using S100β to visualize Schwann cells(14). In the present study, immunoblotting was 

used to quantify levels of S100β protein in male and female sciatic nerves. In male nerves 

(Fig. 5A, D) S100β protein tended to increase with age (P=0.16), however there was a high 

variability within age groups. S100β protein was significantly increased in 26 month female 

nerves, compared with nerves at 3 months (Fig. 5F, I). 

 

3.4.2 Choline acetyltransferase (ChAT) 

ChAT is the enzyme responsible for the biosynthesis of acetylcholine, the neurotransmitter 

at the NMJ (45). ChAT is presently the most specific indicator for monitoring the functional 

state of cholinergic neurons in CNS and PNS (46, 47). Defects in the cholinergic system have 

been documented in aging and neurodegeneration (48). In male sciatic nerves (Fig. 5B, E), 
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ChAT levels increased between 15 and 18 months and remained elevated at 22 and 24 

months compared with younger ages (3 and 15 months). A similar age-related increase was 

seen in female sciatic nerves (Fig. 5G, J). Note that this increase in protein was seen even 

though immunohistochemistry revealed fewer ChAT immunopositive axons (Fig. 2B, D).  

3.5 Markers of autophagy (p62, LC3B, LAMP1)  

Increased levels of key proteins with age (SMI-32-heavy neurofilament, vimentin, tau and 

ChAT) suggested accumulation of these proteins, possibly due to dysfunctional protein 

degradation machinery in old nerves. The autophagic/lysososmal system and 

ubiqutin/proteasome system are two major catabolic pathways that degrade proteins and 

organelles in the cell. Because accumulation of proteins may reflect an imbalance between 

the rates of protein damage and protein turnover (49, 50), we quantified autophagy 

markers p62, LC3B and lysosomal marker LAMP1 in young and old nerves. 

 

3.5.1 p62/ Sequestosome 1 

p62 acts as a receptor that binds and delivers polyubiquitinated proteins to the autophagy 

machinery to enable their degradation in the lysosome (51). In male nerves, levels of p62 

increased with age and were significantly higher at 22 and 24 months compared with 4 and 

15 months (Fig. 6A, C). A striking increase of p62 with age was also evident in females 

(Fig.6E, G). Immunohistochemical localization of p62 in longitudinal sections of male nerves 

aged 3 and 27 months confirmed increasedp62 protein with age (Fig. 6D).  

 

3.5.2 LC3 

During the formation of autophagosome, the microtubule associated protein 1 light chain-3 

(LC3I) converts to LC3II by lipidation. At the autophagosome, LC3II plays an important role in 
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selecting the cargo for degradation by binding to p62/SQSTM1 protein aggregates (52).  

Therefore the level of LC3II (LC3II/LC3I+LC3II ratio) is used to evaluate autophagy (53, 54). 

The ratio of LC3II to total LC3(I+II) was unchanged with age in both males (Supplementary 

Fig. 3C) and females (Supplementary Fig. 3H), however there were gender specific 

differences in the relative intensities of LC3I and LC3II bands. In males (Supplementary 

Fig.3A) the LC3I band was more prominent than LC3II at all ages, whereas in females 

(Supplementary Fig. 3F) both bands were equally prominent, although the intensity was 

higher in old compared with young nerves. In addition, we quantified levels of LC3I and II 

relative to total protein in males and females. The levels of LC3I in males increased with age 

and were significantly higher at 15, 18 and 24 months compared with 4 months 

(Supplementary Fig.3D). The levels of LC3II remained unchanged at all ages (Supplementary 

Fig. 3E). LC3I and II levels were higher in old female nerves compared with young 

(Supplementary Fig. 3I, J). 

 

3.5.3 LAMP1 

Lysosomal associated membrane proteins LAMP1 and LAMP2 are lysosomal transmembrane 

proteins with considerable sequence homology; they maintain lysosomal stability and 

integrity (55, 56). Due to their sequence homology the LAMP proteins have overlapping 

functions, and both LAMP1 and LAMP2 are essential for phagosome-lysosome fusion. Loss 

of both LAMPs markedly inhibits phagosome maturation (57). In our study, LAMP1 protein 

levels varied in nerves of male mice aged either 4, 15, 18, 22 or 24 months, but due to high 

variance the differences were not significant (Supplementary Fig. 4A, C). However, LAMP1 

levels were increased in 26 month old female nerves compared with 3 month nerves 

(Supplementary Fig.4D, F). 
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3.6 Intra-axonal aggregates in old nerves -  ultrastructure 

Intracellular protein aggregates are a common feature of numerous disorders of the CNS 

and PNS and can be readily visualized using TEM (52, 58-60). Transverse ultrathin sections of 

sciatic nerve from male mice aged 3, 15 or 27 months were examined for the presence of 

aggregate macromolecules. All of the axons in the nerves were viewed and the percentage 

of axons that contained aggregates determined and expressed as the number of 

aggregates/total number of axons x100. Aggregates were not evident at 3 months (Fig. 7A, 

B). At 15 months aggregates were observed in 0.38±0.1% of examined axons, and at 27 

months there was a significant increase compared to 3 months, with aggregates present in 

0.82±0.2%of axons (Fig. 7E).We did not observe any obvious aggregates within Schwann 

cells of old nerves, howeverthis might be due in part to the relatively small amount of 

cytoplasm visible for Schwann cells in many of the EM sections. 

 

4. DISCUSSION 

This comprehensive time-course study of aging sciatic nerves from male and female 

C57BL/6J mice, from 3 to 27 months, describes significant molecular and morphological 

changes, some evident as early as 18 months. In old nerves there was a decrease in the 

number of IB4 positive nociceptive axons and ChAT positive motor axons. Immunoblots of 

male nerves at 18-22 months revealed significantly increased levels of heavy chain 

neurofilaments (SMI-32), tau, ChAT and vimentin, as well as an increase in the autophagy 

marker p62 relative to total protein in the nerves. Similar age-related protein increases were 

seen in nerves of 26 month old female mice, including an increase in S100B protein levels. 

Using EM we observed intra-axonal protein aggregation in axons in old nerves. These 

various observations are consistent with altered axon transport efficiency and implicate 
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alterations in protein turnover as possible mechanisms for age-related accumulation of 

intra-axonal proteins. The consequences of these changes in aging nerves and their possible 

relevance to sarcopenia are discussed below. 

 

4.1 Accumulation of cytoskeletal proteins in aging nerves 

Function of the PNS is significantly affected by aging (61), with morphological changes 

detectable both within the cell bodies of neurons, their axons and accompanying Schwann 

cells. There is segmental demyelination, myelin thinning, axonal degeneration, Schwann cell 

proliferation and axonal swelling (62), as well as accumulation of mis-folded and damaged 

proteins (63). Within parent cell bodies the accumulation of damaged organelles, proteins 

and lipids is presumed to be related to an age-related decrease in efficiency of protein 

degradation mechanisms, associated with several peripheral neuropathies and less effective 

neurotransmission (64, 65). Our study on aging murine sciatic nerves confirms and extends 

knowledge of altered protein turnover in aged peripheral nerves, and strongly suggestsa 

dysfunctional transport system and inefficient protein degradation machinery. 

 

It is emphasized that both the retrograde and anterograde transport systems are of key 

importance for NMJ function, due to the great distance from the cell body and the 

intervening length of axons in peripheral nerves. In old nerves, total levels of heavy 

neurofilament protein (an important cytoskeletal component) quantified by 

immunoblotting were increased, although tubulin levels did not significantly change with 

age. Altered expression of cytoskeletal proteins has been implicated in demyelinating 

diseases and peripheral neuropathies (66) and accumulation of neurofilaments as well as 

defects in axonal transport have also been implicated in neurodegenerative disease in the 
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PNS (67, 68) and CNS (69, 70).Phosphorylation regulates important aspects of neurofilament 

transport and function. While a key pathological hallmark of several neurodegenerative 

diseases is abnormal phosphorylation and accumulation of neurofilaments (33, 71) the 

antibody used in our study specifically did not bind to phosphorylated neurofilaments and 

thus we have no information on this aspect. Studies in mouse models of spinal muscular 

atrophy show aberrant cytoskeletal organization in 60% of NMJs, accompanied by an 

accumulation of phosphorylated and non-phosphorylated forms of medium and heavy chain 

neurofilaments,associated with motor deterioration and muscle atrophy (69). Our study 

implies that increased amounts of heavy neurofilament in nerves are also observed in 

normal aging. 

 

4.2 Age related changes in tau protein levels 

Tau is a microtubule associated protein that plays a major role in promoting microtubule 

assembly and stabilization (39, 40). Abnormal phosphorylation and aggregation of tau has 

been implicated in neurodegenerative CNS disorders (72). One study in humans measured 

the levels of phosphorylated and total tau in sciatic nerves for humans aged 60-91 years and 

reported increased phosphorylation (without a change in the total abundance of tau) in 

older ages (90-91), compared with younger ages (60-68years) (73).To our knowledge, our 

longitudinal study in mice is the first to report changes in the abundance of tau protein in 

aging peripheral nerves, withtau5 protein significantly elevated in males at 22 and 24 

months, and in females aged 26 months. 

 

Disequilibrium between tau phosphorylation and de-phosphorylation destabilizes the axonal 

cytoskeleton, reduces tau’s affinity for microtubules and promotes self-association of tau 
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and formation of neurofibrillary tangles (74).These tangles are often a prime cause of 

synaptic and neuronal degeneration (75, 76). Thus the dramatic increase in tau in old sciatic 

nerves may affect axon transport, contribute to NMJ dysfunction, and perhaps compromise 

muscle contraction. Interestingly, synaptic accumulation of hyper-phosphorylated tau is 

associated with dysfunction of the ubiquitin proteasome pathway (UPP) (77). Normally tau 

degradation takes place through the UPP; the p62 protein interacts with polyubiquitinated 

tau through its ubiquitin binding domain and facilitates its proteasomal degradation (78). 

Accumulation of p62 in neurofibrillary tangles and its co-localization with hyper-

phosphorylated tau raises the possibility that the inability of p62 to shuttle polyubiquinated 

tau, contributes to tau accumulation (78-80). Our study shows an age-related increase in 

p62 protein levels in old nerves, thus our increasedtau protein may also reflect the impact 

of elevated p62 on normal tau processing (see also 4.5). 

 

4.3 ChAT accumulation, impairment in axonal transport 

The transport of molecules and organelles up and down an axon is fundamental for the 

maintenance of neuronal homeostasis and the health of cells and their targets (81). ChAT is 

an enzyme which catalyzes the synthesis of the neurotransmitter acetylcholine that is 

crucial for signaling across the NMJ. ChAT is synthesized in the neuronal cell body and 

transported anterogradely to the nerve terminal (82-84). While we show a significant 

decrease in the incidence of ChAT immunostained axons in old nerves, this might reflect an 

altered pattern of uniform immunostaining, rather than loss of axons per se. Indeed, 

immunoblotting revealed that total ChAT protein levels increased within old nerves by 18 

months.  
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This apparent anomaly might also be explained in part by the extent of heterogeneous 

myofibre denervation during sarcopenia, where many NMJs become partially and then fully 

denervated (14, 19) between 19 and 25 months (15, 17). The axons that have lost their NMJ 

target may then accumulate ChAT protein due to reduced utilization of this synthesizing 

enzyme at the NMJs. Others have reported that ChAT activity in the EDL and soleus muscle 

is reduced by almost 40% in old rats (85, 86). 

 

4.4 Altered Schwann cell phenotype 

In addition to changes in axons there are age-related changes in Schwann cell phenotype 

(18, 87, 88). Age-related changes in inflammatory/immune responses and altered 

processing of lipids are thought to be related to diminished Schwann cell function (87). Aged 

Schwann cells are also less capable of supporting axonal regeneration after injury (18). We 

observed accumulation of vimentin and S100B in old sciatic nerves that peaked at about 2 

years, providing evidence for altered Schwann cell phenotype in old nerves. S100B secreted 

or released from glia at high concentrations can be pathogenic and have pro-inflammatory 

effects(89) and S100B can also bind with tubulins and tau, potentially affecting axonal 

function. Altered processing of vimentin has been reported to have adverse effects on 

peripheral myelin and axonal stability (90), but since vimentin is also expressed in fibroblasts 

as well as Schwann cells, the observed increase in vimentin levels in old nerves is not easy to 

intepret. In aged human sural nerves there are changes not only in axons and myelin but 

also thickening of vascular basement membranes and the perineurial sheaths(91) , perhaps 

indicating additional changes in fibroblast number or function. . 
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4.5 Protein degradation pathways and neuronal function 

The unique morphology of neurons and the plasticity of synapses impose special challenges 

on the cellular machinery for both protein synthesis and degradation (92). Protein 

aggregates resulting from perturbations in protein degradation pathways are 

neuropathological events found in a number of seemingly unrelated neurodegenerative 

diseases (93, 94). EM identified intra-axonal inclusions, presumably proteinaceous in nature, 

in aged murine axons. 

 

Autophagy and ubiquitin proteasome pathway (UPP) are two main protein degradation 

pathways in mammalian cells (95-98) and it is suggested that the function of these pathways 

is altered in aging (49, 99-102), resulting in accumulation of misfolded and aggregate-prone 

toxic proteins. We observed an abundance of p62 protein in aged nerves from both male 

and female mice, which mayindicate altered function of autophagy and UPP (103-105). 

Accumulation of protein aggregates that are associated with p62 is a characteristic of 

several neurodegenerative disorders, including Alzheimer’s, Parkinson’s and Huntington’s 

disease(106). 

 

Although accumulation of p62 with ubiquitin containing aggregates is largely viewed as a 

hallmark of impaired autophagy (104, 105), some studies suggest that p62 has a protective 

role and mediates degradation of aggregated proteins (78, 107) e.g. in Alzheimer diseases, 

p62 shuttles polyubiquitinated tau to the proteasome for degradation (78).Thus elevated 

p62 in the sciatic nerves of old mice may have a compensatory function to target 

aggregated proteins. 
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To further interrogate the possibility of perturbed autophagy in aged murine nerves, we 

measured amounts of LC3-I and II and LAMP1. Conversion of LC3-I into LC3-II is used to 

monitor autophagy, although interpretation of the results is not straightforward (54). LC3-II 

itself is degraded by autophagy and accumulation of LC3-II along with accumulation of LAMP 

proteins is seen in cases where autophagy is impaired (108). Age-related changes in LC3and 

LAMP1 protein amounts were more pronounced in female compared with males, pointing 

to gender specific differences. In aged female nerves, amounts of both LC3-I and LC3-II in 

combination with LAMP1 were increased, suggesting an altered autophagy pathway. 

 

4.6 Relationship between time course of peripheral nerve changes and sarcopenia 

How does the timing of these peripheral nerve changes relate to sarcopenia in mice? We 

previously demonstrated age-related loss of mass in quadriceps muscles of female C57BL/6J 

mice aged 24 months (19, 22) and some but not all limb muscles of male FVB mice aged 28 

months (109).This 2014 study in FVB mice also documented the progressive age-related 

reduction involuntary wheel running capacity (measured monthly between 6 and 28 

months), with decreased speed and distance pronounced from about 18 months of age. 

Such decreased exercise performance may be partly due to deterioration of muscle function 

(among other age-related physiological changes). An altered circadian pattern of running by 

old mice, in addition to less distance run, is also well documented (110).  

 

Time course studies are very informative and parallel analyses of muscles from the same 

aging male C57BL/6J mice, that provided the sciatic nerves for the present study, showed 

evidence of sarcopenia by 18 months (White et al, manuscript submitted).In brief, the 

standardized (to tibia length) mass of quadriceps was the most affected with a significant 
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9% decrease between 4 months and 18-22 months and a further reduction of mass, 16%, 

between 22 and 24 months (P≤0.05).The mass of the gastrocnemius, soleus and tibialis 

anterior (TA) muscles decreased significantly between 4 and 24 months, by 23%, 19% and 

10% respectively (P≤0.05).. Gastrocnemius, soleus and TA muscles are innervated by the 

sciatic nerve, while the femoral nerve innervates quadriceps muscles. The question of 

whether sarcopenia is primarily driven by early changes within nerves, or within muscles, 

remains unresolved by this time course study. However we can conclude that, at least in 

male C57BL/6J mice,age-related molecular alterations in sciatic nerves occurred before loss 

of mass in muscles innervated exclusively by this nerve. These neuronal changes may be 

contributing to diminished muscle function, which may precede loss of muscle mass (2).  We 

did not evaluate muscle function in our mouse cohorts.  

 

A time course study (15) of stained NMJ visualized on TA muscles of aging female C57BL/6J 

mice (at 6 ages), concluded that changes in the (muscle) post-synaptic NMJ were evident by 

19 months, followed by loss of pre-synaptic nerves that was pronounced by 25 months. 

While these data support changes first manifesting at the muscle surface, they do not 

exclude the possibility that molecular changes within the axons (such as we describe) may 

have dictated this altered NMJ morphology. The relative role of the nervous system and of 

myofibres in sarcopenia is discussed in a recent review (111) and has been addressed 

experimentally using a mouse model where sarcopenia was accelerated by loss of the anti-

oxidant CuZn-superoxide dismutase (CuZnSOD) in mice, combined with selective modulation 

of levels of CuZnSOD in muscles and nerves (112). The latest paper in this series targeted 

deletion of CuZnSOD specifically to neurons (nSod1KO mice) and concluded that deficits in 
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both tissues are required to recapitulate the loss of muscle observed in Sod1KO mice (113). 

The challenge of this conundrum remains. 

 

5. CONCLUSIONS 

The progression of sarcopenia is an increasingly important clinical problem and the 

neurogenic perspective is crucial. A striking finding of our longitudinal study of sciatic nerves 

from aging C57BL/6J mice was the increasing accumulation of many proteins related to 

cytoskeletal and proteolytic functions, suggestive of age-related impaired axonal transport 

and dysfunction of degradation mechanisms. These neuronal alterations, combined with 

increasing intra-axonal protein aggregates, could progressively impair axonal transport, 

excitability, the supply of neurotransmitter and other trophic molecules to NMJs, thereby 

reducing synaptic efficacy and muscle contractility. This is a plausible explanation that 

deserves further testing.  
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FIGURE LEGENDS 

Figure 1. Image of a dissected sciatic nerve and schematic representation showing 

processing of thenerve and collection of cryosections. 

 

Figure 2. Quantification of immuno-labelled axons in longitudinal sections (16µm thickness) 

of 3 and 27 month old male C57BL/6J mouse sciatic nerves. Schematic representation of 

axon counting from longitudinal sections(LS) of nerve: (A)the yellow lines represent 

arbitrarily placed lines located at the proximal, middle and distal part of the 

nerve.Representative images of LS of nerveslabelled with antibodies recognising ChAT (B) 

and isolectinB4 (IB4) (C).Quantification of the axon numbers (per 500µm of nerve section 

width)positively labelled for ChAT (D), IB4 (E), SMI-32 (F) or β-III tubulin (G). Axon numbers 

are expressed as mean±SEM.N= 5-7 mice per group., ***P≤0.001. 

 

Figure 3. Quantification of SMI-32 and vimentin protein in sciatic nerves fromC57BL/6J 

males and females detected by immunoblotting.  SMI-32 (A, D, F, I) and vimentin (B,E,G,J) 

proteins were quantified in males aged 4-24 months (A-E) and females aged 3 and 26 

months (F-J). Per each age group, N=4-8 mice were used for males and N=7 mice were used 

for females. Bands immuno-reactive toSMI-32 and vimentin antibodies were normalized to 

total protein per respective lane visualized with Ponceau S red (C, H). Data (D, E, I, J) are 

mean ± SEM. *P≤0.05, **P≤0.01, ***P≤0.001 (ANOVA with Fisher’s LSD tests).  Y axis 

represents arbitrary units.  

 

Figure 4. Quantification of Tau5 protein in sciatic nerves fromC57BL/6J mice detected by 

immunoblotting (males and females) and immunohistochemistry (males).  Tau5 protein was 
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quantified by immunoblotting in males aged 4-24 months (A-C) and females aged 3 and 26 

months (E-G). Per each age group, N=4-8 mice were used for males and N=7 mice were used 

for females. Bands immuno-reactive to tau5 antibody were normalized to total protein per 

respective lane visualized with Ponceau S red (B,F).  Data (C, G) are mean ± SEM. * P≤0.05, 

**P≤0.01, ***P≤0.001 (ANOVA with Fisher’s LSD tests).  Y axis represents arbitrary units. 

Longitudinal sciatic nerve sections from 3 and 27 month old male C57BL/6J mice 

immunolabelled with Tau5 antibody (D).  

 

Figure 5. Quantification of S100 and ChAT protein in sciatic nerves from C57BL/6J males and 

females detected by immunoblotting.  S100 (A, D, F, I) and ChAT (B, E, G, J) proteins were 

quantified in males aged 4-24 months (A-E) and females aged 3 and 26 months (F-J). Per 

each age group, N=4-8 mice were used for males and N=7 mice were used for females. 

Bands immuno-reactive to S100 and ChAT antibodies were normalized to total protein per 

respective lane visualized with Ponceau S red (C, H).  Data (D, E, I, J) are mean ± SEM.* 

P≤0.05, **P≤0.01, ***P≤0.001 (ANOVA with Fisher’s LSD tests).  Y axis represents arbitrary 

units.  

 

Figure 6. Quantification of p62 protein in sciatic nerves from C57BL/6J males and females 

detected by immunoblotting. p62 protein was quantified by immunoblotting in males aged 

4-24 (A-C) and females aged 3 and 26 months (E-G).Per each age group, N=4-8 mice were 

used for males and N=7 mice were used for females. Bands immunoreactive to 

p62wasnormalized to total protein per respective lane visualized with Ponceau S (B, F).  

Data (C, G) are mean ± SEM. * P≤0.05, **P≤0.01, ***P≤0.001 (ANOVA with Fisher’s LSD 
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tests).  Y axis represents arbitrary units. Longitudinal sciatic nerve sections from 3 and 27 

month old male mice immunolabelled with p62 antibody (D). 

 

Figure 7. TEM images of axons from 3 and 15 month old male C57BL/6J mice and 

quantification of axons with intra-axonal aggregates at 3, 15 and 27 months. Representative 

images of transverse (A, C) and longitudinal (B, D) sections from a 3 month old sciatic nerve 

(A-B) compared with a 15 month old nerve (C, D). Axons containing intra-axonal aggregates 

were quantified and data expressed as a percent of the total number of analysed axons (E). 

Data are mean ± SEM with N=4 per age group.* P≤0.05 relative to 3 months: Note that no 

aggregates were found at this age.  
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Table 1: Primary antibodies used in this study (IB= immunoblot, IF= immunofluorescence) 

 
Host 

 
Antigen 

 
Source and product number 

 
Dilution 

 

IB IF 

Mouse SMI-32 Covance; SMI-32R, USA 1:1000 1:1000 

Rabbit β-3 Tubulin Covance; PRB-435P, USA 1:5000 1:5000 

Goat Cholineacetyltransferase Chemicon; AB144P, USA 1:1000 1:1000 

Griffonia 
Simplicifolia 

 
Isolectin B4-FITC 

 
Vector laboratories; FL-1201, USA 

 1:100 

Mouse Vimentin Boehringer; 1112457, Germany 1:1000  

Mouse Tau-5 Biosource International; AHB0042, USA 1:500 1:500 

Mouse S100(βsubunit) Sigma Aldrich; S-2532, Australia 1:1000  

Rabbit SQSTM1/p62 Cell Signalling; 5114, USA 1:1000  

Rabbit SQSTM1/p62 Cell Signalling; 7695, USA  1:400 

Rabbit LC3B Cell Signalling; 2775, USA 1:1000  

Rabbit LAMP-1 Cell Signalling; 3243, USA 1:1000  

 

Table 2: Secondary antibodies for immunoflourescence  

 

 

 

 

Table 3: HRP conjugated secondary antibodies for immunoblotting  

 

 

 

 

 

 

 

 

 

 

 

Secondary Antibody Source and product number Dilution 

Anti-Goat Alexa Fluor 488 Life Technologies; A-11055, Australia  1:1000 

Anti Mouse-FITC MP Biochemicals ; 55521, USA 1:100 

Anti -rabbit -Cy3 Jackson ImmunoResearch Labs ; 111-166-006, USA 1:400 

Secondary Antibody Source and product number Dilution 

Anti-Goat F(ab)2 Fragment Specific Pierce; 31403, USA 1:10000 

Anti Mouse IgG (H+L) Pierce; 31430, USA 1:10000 

Anti –Rabbit IgG (H+L) Pierce; 31460, USA 1:10000 

Tables



Figure 1 Click here to download Figure Figure 1.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135891&guid=75e6f258-d17f-4c9a-b72e-54e83940e440&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135891&guid=75e6f258-d17f-4c9a-b72e-54e83940e440&scheme=1


Figure 2 Click here to download Figure Figure 2.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135892&guid=b1895a22-b498-4753-bbfd-7fbaa03c31d2&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135892&guid=b1895a22-b498-4753-bbfd-7fbaa03c31d2&scheme=1


Figure 3 Click here to download Figure Figure 3.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135893&guid=fa4968eb-35cd-4e69-8b92-0563e4298002&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135893&guid=fa4968eb-35cd-4e69-8b92-0563e4298002&scheme=1


Figure 4 Click here to download Figure Figure 4.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135894&guid=7f22d92a-250b-4b28-97e6-1c40e6a2ef8c&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135894&guid=7f22d92a-250b-4b28-97e6-1c40e6a2ef8c&scheme=1


Figure 5 Click here to download Figure Figure 5.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135895&guid=ef9d9281-7bf6-4737-914b-864a3904ec05&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135895&guid=ef9d9281-7bf6-4737-914b-864a3904ec05&scheme=1


Figure 6 Click here to download Figure Figure 6.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135896&guid=90bfde48-5177-40f0-8778-7f82faacbc31&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135896&guid=90bfde48-5177-40f0-8778-7f82faacbc31&scheme=1


Figure 7 Click here to download Figure Figure 7.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135897&guid=0417a7ed-efe0-46e5-82d4-6f232c869d63&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135897&guid=0417a7ed-efe0-46e5-82d4-6f232c869d63&scheme=1


Supplementary Figure 1 Click here to download Figure Supplementary Figure 1.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135898&guid=41c0b9fe-a42f-4d6c-b17c-b915e635e0f9&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135898&guid=41c0b9fe-a42f-4d6c-b17c-b915e635e0f9&scheme=1


Supplementary Figure 2 Click here to download Figure Supplementary Figure 2.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135899&guid=f8a3d881-5a7f-4015-95aa-8bdbc8a0c237&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135899&guid=f8a3d881-5a7f-4015-95aa-8bdbc8a0c237&scheme=1


Supplementary Figure 3 Click here to download Figure Supplementary Figure 3.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135900&guid=f9ed3299-2816-4a97-b80a-7ab271581737&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135900&guid=f9ed3299-2816-4a97-b80a-7ab271581737&scheme=1


Supplementary Figure 4 Click here to download Figure Supplementary Figure 4.tif 

http://www.editorialmanager.com/jnen/download.aspx?id=135901&guid=176b83cf-5944-449a-873a-caae4c7d09a1&scheme=1
http://www.editorialmanager.com/jnen/download.aspx?id=135901&guid=176b83cf-5944-449a-873a-caae4c7d09a1&scheme=1


Supplemental Data File (.doc, .tif, pdf, etc.)

Click here to access/download
Supplemental Data File (.doc, .tif, pdf, etc.)

Supplementary Figure Legends.docx

http://www.editorialmanager.com/jnen/download.aspx?id=135903&guid=7d58c678-49cf-4633-a875-ebba5de5feb9&scheme=1

