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Aging is a complex process characterized by several molecular and cellular imbalances. The composition and stability of the neuronal cytoskeleton is essential for the maintenance of homeostasis, especially in long neurites. Using human skin biopsies containing sensory axons from a cohort of healthy individuals, we investigate alterations in cytoskeletal content and sensory axon caliber during aging via quantitative immunostainings. Cytoskeletal components show an increase with aging in both sexes, while elevation in axon diameter is only evident in males. Transcriptomic data from aging males illustrate various patterns in gene expression during aging. Together, the data suggest gender-specific changes during aging in peripheral sensory axons, possibly influencing cytoskeletal functionality and axonal caliber. These changes may cumulatively increase susceptibility of aged individuals to neurodegenerative diseases.
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1 INTRODUCTION
Aging is a complex process accompanied by disruptions in cellular homeostasis, the accrual of mutations, an increase of oxidative stress, and inflammatory processes (Mattson and Magnus, 2006; Doshi et al., 2010; Barth et al., 2019). Aging is further associated with a high degree of inter-individual heterogeneity in gene expression (Isildak et al., 2020). Both intrinsic and extrinsic factors, e.g., cellular atrophy and environmental influence, can drive the stochastic accumulation of genetic and epigenetic changes (Somel et al., 2006; Isildak et al., 2020; Puizina-Ivic, 2008; Zhang and Duan, 2018). While age-associated changes by themselves do not necessarily manifest in pathological phenotypic alterations or functional aberrations (Stahon et al., 2016), they may increase the risk for neurodegenerative disease (Hou et al., 2019; Wegmann et al., 2019). Moreover, there is an increasing piece of evidence that sex differences play an important role in physiological aging (Gur and Gur, 2002; Hagg and Jylhava, 2021). Sex difference is also manifested in the susceptibility ratios for neurodegenerative diseases. Men are more susceptible to neurodegenerative diseases: (McCombe and Henderson, 2010; Ullah et al., 2019) for instance, a male: female ratio of 2.5 and 1.4 in younger and aged individuals, respectively, has been reported for amyotrophic lateral sclerosis (ALS) (Manjaly et al., 2010).
The cytoskeleton is essential for the maintenance of cellular homeostasis and providing physical support, and particularly so in neurons, which feature extensive dendrites and specialized synapse-bearing axons for neurotransmission (Kapitein and Hoogenraad, 2015; Kevenaar and Hoogenraad, 2015; Konietzny et al., 2017; Kounakis and Tavernarakis, 2019; Munoz-Lasso et al., 2020). The cytoskeleton comprises neurofilaments, microtubules, and actin microfilaments. Neurofilament polypeptides are neuron-specific intermediate filaments, subdivided into three subunits based on chain length: light (NfL), medium (NfM), and heavy chain (NfH). Neurofilament fibers regulate axonal caliber, thereby indirectly affecting electrical conduction velocity (Sakaguchi et al., 1993; Kriz et al., 2000; Costa et al., 2018). Neurofilament assembly and function is primarily influenced by post-translational modifications including phosphorylation and/or glycosylation (Dong et al., 1993; Perrot et al., 2008; Yuan et al., 2012). Additionally, microtubules form a dynamic network that is constantly assembled and disassembled from α- and β-tubulin dimers on the distally growing plus-tipped end of microtubules (Gardner et al., 2014; Brouhard and Rice, 2018). The tubulin family contains several isotypes with type-III β-tubulin (TUBB3) being exclusively expressed in neurons (Katsetos et al., 2003a; Katsetos et al., 2003b). The microtubule network and associated motor proteins provide the basis for organelle and vesicle transport (Kapitein and Hoogenraad, 2015; Kevenaar and Hoogenraad, 2015). Microtubules can be ‘coded’ and assigned to different cellular functions via the differential expression of tubulin genes, post-translational modifications, and the differential recruitment of microtubule-associated proteins (e.g., tau) (Bulinski, 2019; Janke and Magiera, 2020). Finally, actin microfilaments are composed of globular (G-) actin monomers which polymerize within a dynamic system to filamentous (F-) actin (Korobova and Svitkina, 2010). Actin network assembly is involved in axon growth, shape-maintenance and synaptic signaling (Spence and Soderling, 2015; Kounakis and Tavernarakis, 2019; Lai and Wong, 2020). Further, the actin cytoskeleton contributes to cell motility and division, and intracellular transport (Svitkina, 2018; Kounakis and Tavernarakis, 2019). In the axon shaft, actin, together with spectrin, forms periodic ring-like structures to provide an additional stabilizing effect (Xu et al., 2013). Further complexity within the neuronal cytoskeleton results from the interplay of its components. Microtubules interact with the actin cytoskeleton (Dugina et al., 2016) to promote cellular adhesion processes (Rodriguez et al., 2003; Small and Kaverina, 2003). Moreover, microtubule dynamics may be affected by neurofilament binding (Bocquet et al., 2009). Indeed, increased neurofilament levels were shown to destabilize axonal microtubules in mice (Yadav et al., 2016). This interaction might be particularly relevant in neurodegenerative diseases, where elevated neurofilament levels have been observed in extra-neuronal liquids, including serum and cerebrospinal fluid, possibly owing to their resistance to proteolytic degradation (Zucchi et al., 2020; Yuan and Nixon, 2021).
Alterations of the neuronal cytoskeleton during aging are not well understood. While the deterioration of axonal transport with aging points to cytoskeletal dysregulation, the molecular mechanisms underlying this phenomenon remain to be fully elucidated. (Milde et al., 2015; Mattedi and Vagnoni, 2019). Dismantled microtubule structures have been previously reported in the human cortex, wherein soluble tubulin and microtubular density decreased in an age-dependent manner (Yan et al., 1985; Cash et al., 2003). The cytoskeletal aging phenotype in neurons might also differ between the central and peripheral nervous systems, owing to differences in the number and density of microtubules and neurofilament fibers (Saitua and Alvarez, 1988; Caselli et al., 1999).
Here, we aimed to investigate and distinguish between physiological and pathological cytoskeletal alterations that occur in neurons during aging. Our experimental paradigm focused on peripheral sensory nerve endings in human skin, as these fibers extend long processes that originate from somata located in the dorsal root ganglion next to the spinal cord (Rice and Albrecht, 2008). Proximal (thigh) and distal (ankle) punch biopsies are easily accessible and afford the opportunity to study sensory axon endings with different distances to the soma. By combining quantitative immunofluorescence stainings for cytoskeletal mass, measurements for axon caliber, and fiber density counts with transcriptomic data from skin tissue, we provide a comprehensive profiling of aging-associated changes in the expression of cytoskeleton-related genes.
2 MATERIALS AND METHODS
2.1 Participants and skin biopsy collection
All participants included in this study were recruited at the Jena University Hospital, Germany, between 2012 and 2014. They provided informed written consent, and the project was approved by the local ethics committee (no. 3369-02/12). Exclusion criteria were as follows: presence of: i) diabetes mellitus or other metabolic conditions, ii) neuromuscular diseases, iii) acute infections with fever, iv) alcohol abuse, v) tumors, and vi) coagulation disorders, smoking of more than five cigarettes daily, intake of oral coagulants (e.g., phenprocoumon), and allergy to local anesthetics. In total, 84 healthy study volunteers ranging from 23 to 79 years were included.
Skin biopsies were obtained by 3 mm punches (Stiefel Laboratories, STIEF-BP3, 22651) at Jena University Hospital. Three biopsies were performed under local anesthesia (mibe GmbH Arzneimittel, Xylocitin®-loc, lidocaine hydrochloride, 10 mg per punch site) at the proximal (thigh) and distal (ankle) leg, around 10 cm–15 cm above knee and ankle, respectively. Proximal skin biopsies used for histology were fixed in Zamboni’s solution [3.4% (v/v) paraformaldehyde, 15% (v/v) picric acid, in phosphate-buffered saline (PBS)] at 4°C for 48 h, then incubated in 10% (w/v) and 30% (w/v) sucrose for 24 h each. After freezing, biopsies were sectioned at 50 µm thickness using a cryostat (Leica CM3050S) and stored in anti-freeze storage solution (30% (v/v) ethylene glycol, 50% (v/v) Na2HPO4/NaH2PO4 phosphate buffer pH 7.4, 0.02% (w/v) sodium azide, 15% (w/v) glucose) at −20°C.
Cohorts were split based on sex (51 males and 21 females) and individuals were age-matched. These were further binned into 4-age-group charts for visualization and analyses: 20s (24–29 years old, 9 male, 6 female individuals), 40s (45–50 years old, 13 male, 5 female), 60s (60–64 years old, 14 male, 5 female), and 70s (74–79 years old, 15 male, 5 female).
2.2 Assessment of fiber density values
Skin sections were washed in Tris-buffered saline (TBS) and incubated in 1.5% (v/v) hydrogen peroxide (H2O2) in TBS/0.1% (v/v) Triton X-100 for 30 min. After two washing steps in TBS and blocking in blocking solution [TBS, 0.1% (v/v) Triton X-100, 3% (v/v) donkey serum, 2% (w/v) bovine serum albumin (BSA), 2% (w/v) milk powder] for 30 min, skin sections were incubated in anti-Protein Gene Product (PGP) 9.5 antibody (Abcam, ab72911, 1:1,000) diluted in blocking solution at 4°C overnight. Sections were washed again in TBS and incubated in a biotinylated donkey anti-mouse secondary antibody (Dianova, 715-065-151, 1:500) for 2 h at room temperature. Following washing with TBS, skin sections were incubated with avidin-biotin reagent [TBS/0.1% (v/v) Triton X-100; Vector Laboratories, VECTASTAIN® Elite ABC-HRP Kit, Peroxidase (Standard), PK-6100] for 1 h at room temperature, and washed again. Staining was performed with 3,3′-Diaminobenzidine solution [TBS/0.1% (v/v) Triton X-100; Sigma-Aldrich, D4293] and H2O2 [TBS/0.1% (v/v) Triton X-100; Sigma-Aldrich, U8879] for 12 min. After washing, sections were mounted on glass slides using a 0.5% (w/v) gelatin solution.
Slides were washed with distilled water and incubated with hematoxylin solution (Sigma-Aldrich/Fluka, 51260) for 1 min. After another washing step in warm water, sections were incubated in eosin solution (Carl Roth, 7,089.1) for 1 min. Slides were washed with water, isopropanol solutions [80% (v/v) once, 100% (v/v) twice], and Neo-Clear™ (Sigma-Aldrich, 1.09843). Mounting of slides was performed using Neo-Mount™ mounting medium (Sigma-Aldrich, 1.09016) and High Precision cover glasses (170 μm ± 5 μm, No. 1.5H, 24 × 50 mm; Marienfeld, 0107222).
Brightfield microscopy for routine diagnostic purposes was used to count intraepidermal nerve fiber density (IENFD) defined by the number of stained nerve fibers crossing the basal lamina of the skin divided by the length of the epidermal surface. ImageJ V1.47 (National Institutes of Health, United States) was used for image processing (Schneider et al., 2012).
2.3 Immunostaining and analysis
Skin sections were washed in PBS and incubated at 4°C overnight in the following primary antibodies: anti-Neurofilament H, Nonphosphorylated Antibody (BioLegend, 801701, 1:1,000), Alexa Fluor® 488 or 594 anti-Tubulin Beta 3 (BioLegend, 657404/657408, 1:400), anti-PGP9.5 Polyclonal Antibody (Invitrogen™, PA1-10011, 1:200), anti-Gelsolin antibody (Abcam, ab11081, 1:200), diluted in blocking solution [10% (v/v) normal goat serum, 1% (w/v) BSA, 0.2% (v/v) Triton X-100, in PBS]. Following washing in PBS for 20 min, sections were incubated in secondary antibody (goat anti-mouse IgG1 Alexa Fluor® 594 or 488, Invitrogen™, A-21125/A-21121, 1:1,000), Alexa Fluor® 647 Phalloidin (Invitrogen™, A-22287, 1:400), and Hoechst 33342 (Invitrogen™, H1399, 1:1,000) in blocking solution for 1 h at room temperature. After a final washing step in PBS for 1 h, sections were mounted on glass slides using Fluoroshield™ (Sigma-Aldrich, F6182) and High Precision cover glasses. Staining fidelity was confirmed using negative controls omitting the primary antibody (Supplementary Figure S1A–F).
Three image stacks from different skin biopsy sections were acquired using a confocal microscope (Olympus FV1000, 20X/0.8 N.A. air-, 60X/1.42 N.A. oil-immersion objective). In total, we analyzed 30–60 single axons for the Mean Gray Value (representing the average gray value within the image selection, defined as the sum of gray values of all selected pixels divided by the total number of pixels). The Mean Gray Values were corrected for background signal by subtracting the mean intensity of 3 regions outside the skin tissue. Axon diameter was analyzed in the composite image (merge of single images of the three channels acquired from the triple staining for NfH, TUBB3, and phalloidin) by either 1) approximating a vertical line in the axon, or 2) by measuring the area and the length of this axonal region and dividing one by the other. This was performed with the open-source software Fiji by ImageJ V1.53 (National Institutes of Health, United States) (Schindelin et al., 2012). Images presented on figures are maximum intensity projections of 10–15 images each. All samples were processed and analyzed with the experimentalist blinded to provenance.
2.4 Statistical analysis
Statistical analyses and graphical representation were performed using GraphPad Prism (V9.3.1 for Windows, GraphPad Software). Between-group differences in fiber density, axon diameter, and cytoskeletal protein content were evaluated using a Kruskal–Wallis test, with Dunn’s correction for multiple comparisons. A two-way analysis of variance (ANOVA), with Tukey’s correction for multiple comparisons, was performed to assess group differences within the diameter distribution analysis. Points on all graphs represent one individual. Statistical significance was set as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
2.5 Analysis of differentially expressed genes from RNA-sequencing data of skin tissue
The raw RNASeq fastq data was first published by (Aramillo Irizar et al., 2018) and retrieved from NCBI’s Gene Expression Omnibus (GSE75337, GSE103232). Transcriptomic data was only available from the skin tissue of the male individuals. The reads were aligned to the human reference genome (Ensembl genome version 101) using STAR 2.7.6a (Dobin et al., 2013). The quality was checked with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and Qualimap 2 (Okonechnikov et al., 2016). The low-quality base pairs and adapters were trimmed with Trimmomatic (Bolger et al., 2014). The transcripts per million (TPM) values were quantified with RSEM (Li and Dewey, 2011). Genes were retained when the maximum of the mean TPM values across different age groups was greater than 5 and the maximum of the fold change across any two groups was greater than 1.5. Cytoskeletal genes were obtained based on the UniProt subcellular annotation. Gene Ontology (GO) analysis was performed using DAVID Bioinformatics Resources (Huang et al., 2008; Huang et al., 2009) after dividing the cytoskeletal genes into two groups with increasing and decreasing expression with age.
3 RESULTS
3.1 Fiber density in skin to exclude neuropathies
In order to analyze changes in the composition of neuronal cytoskeletal components during physiological aging, we sampled skin biopsies from the proximal (thigh) and distal (ankle) region of the leg from healthy individuals aged 23–79 years (Figure 1A-1, criteria to be included into the study see Materials and Methods). Fixed skin biopsies were sectioned, immunostained (Figure 1A-2), and image stacks quantitatively analyzed for fiber density, axon diameter, or intensity (Figure 1A-3). Skin biopsies from healthy males and females were split into four groups: 20s (24–29 years old), 40s (45–50 years old), 60s (60–64 years old), and 70s (74–79 years old).
[image: Figure 1]FIGURE 1 | Display of experimental procedure and quantification of sensory nerve fiber density. (A-1) Schematics of skin biopsy location: proximal (thigh) and distal (ankle) region of the leg. (A-2) Skin sections immunostained for cytoskeletal proteins. Created with BioRender.com. (A-3) Confocal image of a skin biopsy section stained for type III β-tubulin (TUBB3, red) and DAPI (nuclear stain, blue). (B) Images for immunohistochemical staining for PGP9.5 of two individuals of the youngest (20s, left) and the oldest (70s, right) age group. Higher magnification of boxed area shows a single fiber. (C–F) Quantification of IENFD for (C) male proximal, (D) male distal, (E) female proximal, and (F) female distal sample sets. One data point in (C–F) represents the IENFD value of one individual. Data represent mean ± SEM. Scale bars in (A-3) and (B) are 50 µm.
In a first step, we quantified intraepidermal nerve fiber density (IENFD) based on immunohistochemical staining for Protein Gene Product 9.5 (PGP9.5, Figure 1B), which is widely used as the gold standard in clinical practice to assess IENFD from skin sections (Van Acker et al., 2016). Proximal fiber counts (male proximal on average: 10.6 ± 2.6 fibers/mm, female proximal on average: 12.3 ± 3.1 fibers/mm) were overall higher than distal fiber counts (male distal on average: 7.9 ± 2.1 fibers/mm, female distal on average: 8.6 ± 2.1 fibers/mm) [Figure 1C–F, (McArthur et al., 1998)]. We observed a decrease in IENFD with age in the male proximal (on average: 20s: 11.2 ± 2.7 fibers/mm, 40s: 10.6 ± 2.6 fibers/mm, 60s: 10.6 ± 2.5 fibers/mm, 70s: 10.4 ± 2.6 fibers/mm), female proximal (on average: 20s: 13.7 ± 3.6 fibers/mm, 40s: 12.6 ± 2.1 fibers/mm, 60s: 11.5 ± 3.2 fibers/mm, 70s: 11.1 ± 3.5 fibers/mm), and female distal samples (on average: 20s: 9.2 ± 1.2 fibers/mm, 40s: 8.7 ± 1.9 fibers/mm, 60s: 8.6 ± 3.4 fibers/mm, 70s: 7.8 ± 0.6 fibers/mm) as described previously (McArthur et al., 1998; Lauria et al., 2010), but not for the male distal sample set (Figure 1C–F). The data confirmed the absence of neuropathic conditions affecting the structure and number of sensory nerve fibers in skin and served as basis for the following immunostaining experiments.
3.2 Sensory axon caliber increases during aging are only evident in males
Next, we measured axon diameters and their distribution in our cohort of skin biopsies (Figure 2), according to age, gender, and location. We found a drastic age-dependent increase in caliber of sensory nerve endings in male proximal and distal skin biopsies (Figure 2A–D). Average axon diameter increased 1.6-fold from 2.1 µm ± 0.3 µm (proximal) and 1.5 µm ± 0.2 µm (distal) for individuals in their 20s up to 3.3 µm ± 0.8 µm (proximal) and 2.4 µm ± 0.3 µm (distal) in their 70s (Figure 2B,D). Significance was reached in sensory axons at around age 60 in proximal samples compared to the 20s group (20s: 2.1 µm ± 0.3 µm, 60s: 2.9 µm ± 0.5 µm, p = 0.0059, Figure 2B), while in distal samples axon thickness was significantly altered at around 70s (20s: 1.5 µm ± 0.2 µm, 70s: 2.4 µm ± 0.3 µm, p = 0.0002, Figure 2D). Together, neurites with longer distance from the soma are overall thinner, but diameter increased in a similar manner with age in male samples. Strikingly, in proximal and distal female skin biopsies (Figure 2E–H), the diameter of sensory axons remained similar in all four age groups assessed (proximal: 20s: 2.4 µm ± 0.4 µm, 40s: 2.5 µm ± 0.4 µm, 60s: 2.5 µm ± 0.2 µm, 70s: 2.5 µm ± 0.5 µm, Figure 2F; distal: 20s: 1.8 µm ± 0.3 µm, 40s: 1.9 µm ± 0.2 µm, 60s: 2.0 µm ± 0.3 µm, 70s: 2.4 µm ± 0.2 µm, Figure 2H), pointing to sex-specific aging effects in sensory axons.
[image: Figure 2]FIGURE 2 | Quantitative analysis of the axonal diameter.(A,C,E,G) Confocal images of TUBB3 immunostaining (white) of skin biopsies from (A) male proximal, (C) male distal, (E) female proximal, and (G) female distal leg. (B,D,F,H) Graphs depict axon diameter (µm) in (B) male proximal, (D) male distal, (F) female proximal, and (H) female distal skin biopsies (3 images per individual, ≤ 20 axons per image). (I–L) Axon diameter distribution for the (I) male proximal, (J) male distal, (K) female proximal, and (L) female distal sample sets. Diameter spans are defined as follows: < 2.00 µm, 2.01 ≤ … < 3.00 µm, ≥ 3.01 µm. Scale bars in (A,C,E,G) are 5 µm. Points in graphs (B,D,F,H) symbolize one individual. Data represent mean ± SEM. (B,D,F,H) Kruskal–Wallis test with Dunn’s multiple comparisons test. (I-L) Two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
In order to determine if the increase in axon diameter is a general phenomenon or restricted to a few axons, we analyzed the distribution of axon thickness. According to the overall average of 2.5 µm (all groups), we binned small axons < 2 μm, 2 µm–3 µm thick axons, and large axons > 3 µm. The number of ‘average’-sized axons (2 µm–3 µm thickness) remained similar in all four age groups of proximal male biopsies. In contrast, large axons (> 3 µm) were rare amongst the 20s samples, but increased during aging in proximal (Figure 2I) and distal male skin biopsies (Figure 2J) from 13% (proximal) and 3% (distal) to 55% (proximal) and 21% (distal), respectively. Concomitantly, the proportion of thin axons (< 2 µm) decreased in male skin biopsies [20s: 50% (proximal), 82% (distal), 70s: 11% (proximal), 38% (distal)]. In female biopsies, the distribution of axon diameter remained similar during aging, in agreement with the similar average axon thickness (Figure 2K,L). Hence, the proportion of large (> 3 µm) and small (< 2 µm) sensory axons in all groups did not vary significantly for the proximal samples from the female individuals [20s: 19% (large), 34% (small), 70s: 28% (large), 38% (small), Figure 2K]. The distal female biopsies showed a significant decrease in small (<2 µm) sensory axons from the 20s to the 70s (20s: 65%, 70s: 40%, p = 0.0334), which seems to be compensated by slight increases in the proportion of thicker axons in the 70s age group (Figure 2L). Taken together, our data demonstrate that the majority of axons in males undergo caliber increase during aging, and the change of sensory axon caliber strongly depends on sex.
3.3 Age-dependent increase in cytoskeletal components in sensory nerve endings
In the following experiments, we focused on cytoskeletal protein levels in sensory axons during aging. Following immunostainings of skin biopsy sections for a subunit of neurofilaments (NfH), neuron-specific tubulin (TUBB3), and F-actin (phalloidin), we recorded confocal image stacks, analyzed the immunostaining intensities within axonal regions, and compared the relative amount of protein levels. Graphs represent normalized intensity on the average of the youngest age group (20s, x-fold, see Materials and methods for details).
NfH immunostaining intensity increased strongly during aging as shown by representative confocal images of the dermis (Figures 3A,B,F,G). In male proximal biopsies, the quantitative analysis revealed a 1.7-fold increase from the 20s until the 60s age group (Figure 3C) with similar effects in distal skin biopsies (Figure 3D). Here, significance was reached in the 60s age group (proximal: p = 0.0006, distal: p = 0.0419). NfH protein levels steadily increased until 1.8-fold and 1.4-fold in the oldest age group for the female proximal and distal samples, respectively. Notably, the only statistical significance in the female proximal samples was reached between the 20s and 70s age group (p = 0.0465) while the increase in the female distal samples was not statistically significant (20s–70s: p = 0.6141), which could either indicate a smaller or delayed increase of NfH levels in women (Figure 3H, I). To determine whether axon length affects NfH levels increase during aging, we calculated the ratio of proximal to distal intensities for the respective individuals (Figure 3E, J). Indeed, male and female individuals revealed no significant length-dependent change in NfH levels. In order to corroborate specificity of NfH immunostaining and to exclude autofluorescence artifacts, we performed control stainings by omitting primary antibodies (Supplementary Figure S1A–F) and assessed PGP9.5 immunostaining intensity on a sub-cohort of 21 male skin biopsies (Supplementary Figure S1G). While we found a significant increase from the 20s to the 40s age group (p = 0.0110), PGP9.5 intensity was not changed during aging in the 40s, 60s and 70s (Supplementary Figure S1H), confirming specific increase in NfH content during physiological aging independent of sex and location.
[image: Figure 3]FIGURE 3 | Quantitative immunostaining of human skin sections for NfH. (A,B,F,G) Confocal images of immunostaining for NfH (white) with nuclear stain (Hoechst, blue) for one individual of each age group (from left to right: 20s, 40s, 60s, and 70s) are shown for the (A) proximal male, the (B) distal male, the (F) proximal female, and the (G) distal female sample set. (C,D,H,I) Quantification of NfH intensity in sensory axons (x-fold normalized to average of 20s group) (3 images per individual, ≤ 20 axons per image, (C) n = 51 individuals in proximal male, (D) n = 27 in distal male, (H) n = 21 in proximal female, (I) n = 20 in distal female data). (E,J) Differences between the male and female proximal and distal samples were determined by calculating the NfH expression ratio for each individual. Scale bars in (A,B,F,G) are 10 µm. Points in graphs (C–E,H–J) represent on individuals. Data represent mean ± SEM. Kruskal–Wallis test with Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Similar to NfH, microtubular mass (measured with TUBB3 immunostaining intensity) in sensory nerve endings increased during aging, again independent of sex and biopsy location (Figures 4A,B,F,G). Quantitative analysis for the male sub-cohort revealed a significant increase in TUBB3 levels from the 20s until the 60s age group (1.7-fold for both proximal and distal), which stagnated in the oldest individuals (70s, Figure 4C,D). The results were similar for the female individuals (proximal: 20s–70s: 1.8-fold increase; distal: 20s–70s: 1.5-fold increase) (Figure 4H,I). As the proximal/distal intensity ratio was not significantly different between the four age groups, we conclude that age-related physiological changes occur independent of axon length (Figure 4E,J), pointing to a general increase in protein of cytoskeletal compounds, rather than a single component changing.
[image: Figure 4]FIGURE 4 | Quantitative immunostaining of human skin sections for TUBB3. (A,B,F,G) Confocal images of human skin biopsies immunostained for TUBB3 (white) with nuclear stain (Hoechst, blue) taken from individuals of the four age groups (20s, 40s, 60s, and 70s) from (A) male proximal, (B) male distal, (F) female proximal, and (G) female distal samples. (C,D,H,I) Quantification of TUBB3 gray values in sensory axons (x-fold normalized to average of 20s group) (3 images per individual, ≤ 20 axons per image, (C) n = 51 individuals in proximal male, (D) n = 27 in distal male, (H) n = 21 in proximal female, (I) n = 20 in distal female data). (E,J) Male and female proximal and distal sample sets were compared via the proximal/distal TUBB3 expression ratio. Scale bars in (A,B,F,G) are 10 µm. Points in graphs (C,D,H,I) represent on individuals. Data represent mean ± SEM. Kruskal–Wallis test with Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001.
Finally, we assessed F-actin levels, which we visualized using a phalloidin staining (Figures 5A,B,F,G). Similar to microtubules and neurofilaments, gray values resembling F-actin increased with age in the male sample sets during aging (2.1-fold for proximal and distal) and plateaued from the individuals in their 60s towards those in their 70s (Figure 5C,D). In the female proximal samples, F-actin levels revealed a 1.9-fold increase without stagnation from the 60s to the 70s (Figure 5H). This increase was less profound in female distal biopsies (1.3-fold increase from 20s to 70s, Figure 5I). Also, F-actin levels were not significantly different corresponding to nerve fiber length when comparing the proximal and the distal samples (Figure 5E,J).
[image: Figure 5]FIGURE 5 | Quantitative immunostaining of human skin sections for phalloidin. (A,B,F,G) Phalloidin labeling (white) for the (A) male proximal, the (B) male distal, the (F) female proximal, and the (G) female distal samples of the four age groups (20s, 40s, 60s, and 70s). (C,D,H,I) Quantitative analysis confirmed these results for each respective data set (x-fold normalized to average of 20s group) (3 images per individual, ≤ 20 axons per image, (C) n = 51 individuals in proximal male, (D) n = 27 in distal male, (H) n = 21 in proximal female, (I) n = 20 in distal female data). (E,J) Phalloidin intensity ratio between the male and female proximal and distal samples allowed to compare both sample sets. Scale bars in (A,B,F,G) are 10 µm. Points in graphs (C,D,H,I) represent on individuals. Data represent mean ± SEM. Kruskal–Wallis test with Dunn’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Together, all three markers we analyzed—neurofilaments, microtubules, and F-actin—revealed an increase in protein levels during aging for male and female individuals. While protein levels of the three components increased evenly for the female individuals (females proximal—NfH: 1.8-fold, TUBB3: 1.9-fold, F-actin: 1.9-fold), F-actin levels were disproportionately elevated in male skin biopsies implying an altered composition of the cytoskeleton in sensory nerve fibers in males with aging (males proximal—NfH: 1.7-fold, TUBB3: 1.7-fold, F-actin: 2.1-fold). Furthermore, in the oldest age group (74-79a), the levels for males plateaued compared to the 60s group, while female samples showed steady increase. In combination with caliber changes, cytoskeletal changes could lead to discrepancies specifically in the oldest age group in males, which could possibly result in a homeostatic misbalance within the axons.
3.4 Age-dependent alterations in cytoskeletal gene expression in human skin
To verify if the observed changes of the cytoskeletal protein composition are specific to sensory neurites or represent a general cellular phenomenon in human skin, we next analyzed previously performed RNA sequencing of the skin biopsies of male individuals of the underlying cohort (Aramillo Irizar et al., 2018), which our stained samples were a subset from. While this data set has been previously analyzed for the link of cancer and degenerative diseases (Aramillo Irizar et al., 2018), senescence and inflammation (Barth et al., 2019), and the circadian system (Barth et al., 2021) in regard to aging, we now focused on genes related to cytoskeletal components (see Materials and Methods for details).
Analysis of the transcriptomic data set revealed three patterns of differential expression of cytoskeletal genes in relation to aging (Figure 6A). Cytoskeletal gene expression steadily increased with aging (Figure 6A, top), whereas another pattern indicated a decrease in gene expression levels with age (Figure 6A, bottom). The third, less abundant pattern had increased gene expression levels until peaking in the middle age groups (40s/60s), then a steady decrease until the highest age group (Figure 6A, middle). Given the low number of genes belonging to the latter group, aberrant expression of cytoskeletal genes seems to either predominantly increase or decrease with age. The initial trend of an expression increase or decrease during young adulthood appears to manifest with increasing age. The low transcript counts of neuron-specific microtubule- [average transcripts per million (TPM) value of all age groups for TUBB3: 5.4] and intermediate filament (average TPM value of all age groups for NfH: 0.1)-associated genes, though not surprising, prevented detailed analysis of their expression levels during aging.
[image: Figure 6]FIGURE 6 | Transcriptomics of skin biopsies for cytoskeletal gene expression. (A) Normalized row-scaled expression of transcriptomic data filtered for differentially expressed cytoskeletal genes between the four age groups (20s, 40s, 60s, and 70s). Main expression patterns: an increase with age (A, top), an increase towards the 40s/60s with a following decrease (A, middle), and a decreasing expression with age (A, bottom). (B–E) Gene Ontology (GO) analysis for the cytoskeletal genes, divided into two groups with either increasing or decreasing expression with age, regarding both biological processes (B, increasing; C, decreasing) and molecular function (D, increasing; E, decreasing), revealing many of the differentially expressed cytoskeletal genes to be associated with the actin cytoskeleton.
To further classify the differentially expressed cytoskeletal genes within skin tissue (Figure 6A), we divided them into two groups showing either increasing or decreasing expression with age and conducted Gene Ontology (GO) analysis (Figure 6A)regarding associated biological processes (increasing, Figure 6B; decreasing, Figure 6C) and molecular functions (increasing, Figure 6D; decreasing, Figure 6E). This analysis revealed a high proportion of the proteins encoded by the cytoskeletal genes to be associated with the actin cytoskeleton, independent of whether gene expression increased or decreased with age. Actin-related genes were highly expressed, revealing a tendency of the respective genes to either increase or decrease with age (Figure 7A). However, RNA extraction from a skin biopsy punch is not axon-specific, but also included the surrounding skin tissue. To verify whether these differential expression results of whole skin stand on a single axonal level, we performed immunostainings for gelsolin on skin biopsy sections from a subset of eleven male proximal samples (Figure 7B). Gelsolin is an actin-binding protein, which regulates dynamics of actin filament assembly in sensory neurites as well as in surrounding cells (Heidings et al., 2020; Lee and Kang, 2020). Gelsolin protein levels significantly increased with age from the 20s to the 60s age group (1.8-fold increase, p = 0.0065, Figure 7C). Combined with previous immunofluorescence staining results of F-actin, we confirmed the increased expression with age that was observed by analyzing the transcriptomic data of skin tissue (Figure 6A). However, gelsolin was not only expressed in sensory neurites, but also in surrounding cells, which supports our approach of immunofluorescence stainings to visualize age-dependent changes in protein content.
[image: Figure 7]FIGURE 7 | Association of differentially expressed cytoskeletal genes with the actin cytoskeleton. (A) Normalized row-scaled expression of transcriptomic data filtered for differentially expressed cytoskeletal genes associated with the actin cytoskeleton as identified by GO analysis (Figures 6B–C) between the four age groups (20s, 40s, 60s, and 70s). (B) Gelsolin immunostaining (white) for a subset of male proximal skin sections (n = 11). (C) Quantification of gelsolin gray values in sensory axons (x-fold normalized to average of 20s group) (3 images per individual, 10 axons per image). Scale bar in (B) is 10 µm. Points in graph (C) represent on individuals. Data represent mean ± SEM. Kruskal–Wallis test with Dunn’s multiple comparisons test.
4 DISCUSSION
The present study analyzed cytoskeletal components in sensory axons in skin biopsies from healthy human donors in relation to age, sex, and neurite length. Our data indicates a general increase in the neurofilament, microtubule, and F-actin protein content during aging, with this trend appearing to be independent of sensory neurite length. Axonal caliber changes drastically in a sex-specific manner, as increases in diameter were only noted in male samples.
4.1 Skin biopsy as a versatile model for the study of biological aging
Cytoskeletal composition and organization is crucial for axonal structure and integrity (Kevenaar and Hoogenraad, 2015). Skin, as the most voluminous organ of the body and directly exposed to the outer environment, has naturally been the focus of many aging studies (Puizina-Ivic, 2008). Studying skin may also offer novel insights into the pathophysiology of complex multi-systemic neurodegenerative conditions with extra-motor features (Isaacs et al., 2007). Furthermore, skin biopsies are easily accessible via non-invasive procedures (Nischal et al., 2008). Nerve fiber densities of our participants were in the range of normal values reported by a global normative reference study (Figure 1) (McArthur et al., 1998; Lauria et al., 2010), indicating that skin biopsies were performed in accordance with best practices and yielded reliable results.
4.2 Neuronal cytoskeleton and aging
Our data suggest a general increase in cytoskeletal components, with the effect being more pronounced for F-actin relative to microtubules and neurofilament polypeptides (Figure 3–5). This increase may be indicative of an overall ‘ossification’ of axons with reduced flexibility. Ultrastructural analysis of the sciatic nerve in aging rats showed a similar increase in microtubule and neurofilament density (Saitua and Alvarez, 1988). Indeed, microtubule flow and fluctuation were recently found to be crucial for driving neuronal polarization during development (Schelski and Bradke, 2021). It may be possible that a similarly decreased retrograde flux during aging could lead to an increase in tubulin, as well as other cytoskeletal components, especially at the axon tips. Nevertheless, an increased microtubular mass does not directly relate to improved axonal transport. On the contrary, an abundance of cytoskeletal proteins may impair the axonal transport machinery (Côté et al., 1993). This may be due to the presence of dysfunctional subunits and fiber fragments as a result of impaired polymerization of microtubules and actin filaments. However, a dysfunctionality of the cytoskeleton regarding its dynamism and the polymerization of its subunits could not be assessed by our study.
Our data is in line with other studies on cytoskeletal changes in the context of aging. TUBB3 has been proposed as a biomarker for aging, as its levels were shown to increase in human keratinocytes (Lehmann et al., 2017). Whether this increase in cytoskeletal components is cell type-specific, and the mechanisms that drive this differential expression during aging remain to be clarified. Aging is broadly associated with increased heterogeneity of gene expression in the human brain (Isildak et al., 2020), possibly due to substantial epigenetic variations (Cheung et al., 2018). Our transcriptomic analysis (Figure 6) also confirms altered gene expression with age. Whether cytoskeletal protein upregulation is the result of increased gene expression or an impairment of degradation pathways, as a result of enhanced stability due to post-translational modifications for instance, remains to be elucidated (Didonna and Opal, 2019).
4.3 Sex-dependency of the neuronal cytoskeleton
Interestingly, our results showed a sex-specific effect; no age-associated nerve fiber caliber increase was observed in females (Figure 2). In contrast to the relative decrease in protein content (cytoskeletal protein levels stagnated while axon size increased) observed in elderly men, women in the same age group displayed an increase in relative cytoskeletal mass (cytoskeletal protein levels rose with stagnating axon diameter). These differences suggest that biological sex, in addition to age, may contribute to alterations in cytoskeletal protein levels. Indeed, sex hormones can influence the development of the human brain both with respect to the formation of synaptic structures and the neuronal cytoskeleton (Hansberg-Pastor et al., 2015). Sex hormone levels were also shown to affect the F-actin content of alveolar macrophages (Tsotakos et al., 2016). These sex-associated differences in cytoskeletal content changes may potentially contribute to the differential vulnerability to neurodegenerative disease in aging males and females (McCombe and Henderson, 2010; Ullah et al., 2019).
4.4 Actin cytoskeleton and aging
Here, we assessed F-actin levels by phalloidin staining, as this is a proxy for total actin levels. However, age-driven changes in F-actin content—as observed here—may also result from an altered F-actin/G-actin ratio rather than a change in total actin content. The increase and subsequent arrest of F-actin could have a positive impact on axon stability as well as our GO enrichment analysis (Figures 6B–E, Figure 7A) revealed that a significant proportion of the differentially expressed proteins were associated with the actin cytoskeleton. Transcriptomic analysis of skin showed that the actin-binding protein gelsolin was upregulated with increasing age. This was confirmed at the protein level via immunostaining of peripheral nerve fibers from skin sections (Figures 7B,C), thereby further validating our experimental paradigm. Whether β-actin expression increases or decreases during aging remains inconclusive, with some studies reporting increased F-actin content (Garcia and Miller, 2011) and conversely, decreased β-actin expression during aging in non-neuronal cells (Moshier et al., 1993; Li et al., 2017). Actin dynamics are also highly dependent on actin-binding proteins (Gourlay and Ayscough, 2005; Li et al., 2017). Additional experiments evaluating cytoskeletal component subtypes, the post-translational modification landscape, and associated proteins, may help shed light on age-associated alterations.
4.5 Link to age-related phenomena and pathologies
There is an increasing evidence that sensory perception is affected during aging. For instance, cutaneous sensitivity has been reported to decline with age (Bell-Krotoski et al., 1993), with perceptual thresholds also differing between sexes (Bowden and McNulty, 2013). Moreover, sensitivity towards low-intensity pain, particularly heat pain, deteriorates with age, (Lautenbacher et al., 2017). Although this age-associated decline in sensory perception may be linked to the altered cytoskeletal composition inside sensory fibers, fully exploring this is beyond the scope of this paper. Furthermore, pathological protein aggregation is a shared hallmark of several neurodegenerative diseases: for instance, β-amyloid peptides and tau in Alzheimer’s disease and transactive response DNA-binding protein 43 (TDP-43) in ALS (Phillip et al., 2015; Jo et al., 2020). Interestingly, actin-rich deposits like Hirano bodies have also been observed in ALS and Alzheimer’s disease (Rao and Cohen, 1990; Hirano, 1994; Gourlay and Ayscough, 2005). These aggregations may result from mRNA transport defects and a subsequently altered subcellular localization landscape and cellular stress (Canclini et al., 2020; Chin and Lecuyer, 2020; Markmiller et al., 2021). In addition, nucleocytoplasmic transport defects might affect this tight regulation of the exchange of proteins and RNAs between cytoplasm and nucleus (Giampetruzzi et al., 2019). Taken together, the observed age-related changes in the composition and structure of the neuronal cytoskeleton hold an important scientific value, as they may be related to the occurrence of neurodegenerative diseases.
4.6 Limitations
Here, we describe age-associated cytoskeletal alterations in peripheral sensory nerves. However, our results do not dissect the functionality or dynamism of the neuronal cytoskeleton during aging; further experiments to identify the mechanistic basis for the observed changes and how these may influence susceptibility to neurodegenerative diseases are therefore needed. Additionally, transcriptomic analysis was performed on whole skin tissue, which naturally includes several cell types in addition to sensory nerve fibers. Given that the cell bodies of these fibers are not located in the skin, our analysis may have only captured the RNA within the axon endings, which is relatively small to begin with and potentially further “diluted” by material from surrounding skin cells. As a result, the cytoskeletal alterations observed at the protein level cannot be directly ascribed to the gene expression changes noted in the transcriptomic data set. Rather, these may manifest as an epiphenomenon of the profound differential gene expression that occurs during aging. While single axon-sequencing may soon be feasible with the advent of novel technologies like axon sequencing, applicability is still restricted to in vitro models, thus precluding its integration within our experimental paradigm (Nijssen et al., 2018; Nijssen et al., 2019).
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Supplementary Figure 1 | Negative control staining and immunostaining for PGP9.5 and quantification. (A–F) Confocal images of the (A–C) sample staining (application of both primary and secondary antibody) and the (D–F) negative control (application of the secondary antibody with omission of the primary antibody). (G,H) Immunostaining for PGP9.5 (white) and quantification was performed on the proximal samples from 21 male individuals as an additional control. Graph represents mean values ± SEM. The scale bars represent 10 μm. *p < 0.05.
ABBREVIATIONS
ALS, amyotrophic lateral sclerosis; ANOVA, analysis of variance; BSA, bovine serum albumin; F-actin, filamentous actin; G-actin, globular actin; GO, Gene Ontology; H2O2, hydrogen peroxide; IENFD, intraepidermal nerve fiber density; NfH, neurofilament heavy chain; NfL, neurofilament light chain; NfM, neurofilament medium chain; PBS, phosphate-buffered saline; PGP9.5, Protein Gene Product 9.5; TBS, Tris-buffered saline; TDP-43, transactive response DNA-binding protein 43; TPM, transcripts per million; TUBB3, type-III β-tubulin.
REFERENCES
 Aramillo Irizar, P., Schauble, S., Esser, D., Groth, M., Frahm, C., Priebe, S., et al. (2018). Transcriptomic alterations during ageing reflect the shift from cancer to degenerative diseases in the elderly. Nat. Commun. 9, 327. doi:10.1038/s41467-017-02395-2
 Barth, E., Srivastava, A., Stojiljkovic, M., Frahm, C., Axer, H., Witte, O. W., et al. (2019). Conserved aging-related signatures of senescence and inflammation in different tissues and species. Aging (Albany NY) 11, 8556–8572. doi:10.18632/aging.102345
 Barth, E., Srivastava, A., Wengerodt, D., Stojiljkovic, M., Axer, H., Witte, O. W., et al. (2021). Age-dependent expression changes of circadian system-related genes reveal a potentially conserved link to aging. Aging (Albany NY) 13, 25694–25716. doi:10.18632/aging.203788
 Bell-Krotoski, J., Weinstein, S., and Weinstein, C. (1993). Testing sensibility, including touch-pressure, two-point discrimination, point localization, and vibration. J. Hand Ther. 6, 114–123. doi:10.1016/s0894-1130(12)80292-4
 Bocquet, A., Berges, R., Frank, R., Robert, P., Peterson, A. C., and Eyer, J. (2009). Neurofilaments bind tubulin and modulate its polymerization. J. Neurosci. 29, 11043–11054. doi:10.1523/JNEUROSCI.1924-09.2009
 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: A flexible trimmer for illumina sequence data. Bioinformatics 30, 2114–2120. doi:10.1093/bioinformatics/btu170
 Bowden, J. L., and Mcnulty, P. A. (2013). Age-related changes in cutaneous sensation in the healthy human hand. Age (Dordr) 35, 1077–1089. doi:10.1007/s11357-012-9429-3
 Brouhard, G. J., and Rice, L. M. (2018). Microtubule dynamics: An interplay of biochemistry and mechanics. Nat. Rev. Mol. Cell Biol. 19, 451–463. doi:10.1038/s41580-018-0009-y
 Bulinski, J. C. (2019). Microtubules and neurodegeneration: The tubulin code sets the rules of the road. Curr. Biol. 29, R28–R30. doi:10.1016/j.cub.2018.11.031
 Canclini, L., Farias, J., Di Paolo, A., Sotelo-Silveira, J. R., Folle, G., Kun, A., et al. (2020). Association of microtubules and axonal RNA transferred from myelinating Schwann cells in rat sciatic nerve. PLoS One 15, e0233651. doi:10.1371/journal.pone.0233651
 Caselli, U., Bertoni-Freddari, C., Paoloni, R., Fattoretti, P., Casoli, T., and Meier-Ruge, W. (1999). Morphometry of axon cytoskeleton at internodal regions of rat sciatic nerve during aging. Gerontology 45, 307–311. doi:10.1159/000022110
 Cash, A. D., Aliev, G., Siedlak, S. L., Nunomura, A., Fujioka, H., Zhu, X., et al. (2003). Microtubule reduction in Alzheimer's disease and aging is independent of tau filament formation. Am. J. Pathol. 162, 1623–1627. doi:10.1016/s0002-9440(10)64296-4
 Cheung, P., Vallania, F., Warsinske, H. C., Donato, M., Schaffert, S., Chang, S. E., et al. (2018). Single-cell chromatin modification profiling reveals increased epigenetic variations with aging. Cell 173, 1385–1397. doi:10.1016/j.cell.2018.03.079
 Chin, A., and Lecuyer, E. (2020). Translating messages in different neighborhoods. Dev. Cell 54, 691–693. doi:10.1016/j.devcel.2020.09.006
 Costa, A. R., Pinto-Costa, R., Sousa, S. C., and Sousa, M. M. (2018). The regulation of axon diameter: From axonal circumferential contractility to activity-dependent axon swelling. Front. Mol. Neurosci. 11, 319. doi:10.3389/fnmol.2018.00319
 Côté, F., Collard, J. F., and Julien, J. P. (1993). Progressive neuronopathy in transgenic mice expressing the human neurofilament heavy gene: A mouse model of amyotrophic lateral sclerosis. Cell 73, 35–46. doi:10.1016/0092-8674(93)90158-m
 Didonna, A., and Opal, P. (2019). The role of neurofilament aggregation in neurodegeneration: Lessons from rare inherited neurological disorders. Mol. Neurodegener. 14, 19. doi:10.1186/s13024-019-0318-4
 Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2013). Star: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21. doi:10.1093/bioinformatics/bts635
 Dong, D. L., Xu, Z. S., Chevrier, M. R., Cotter, R. J., Cleveland, D. W., and Hart, G. W. (1993). Glycosylation of mammalian neurofilaments. Localization of multiple O-linked N-acetylglucosamine moieties on neurofilament polypeptides L and M. J. Biol. Chem. 268, 16679–16687. doi:10.1016/s0021-9258(19)85471-6
 Doshi, B. M., Hightower, L. E., and Lee, J. (2010). HSPB1, actin filament dynamics, and aging cells. Ann. N. Y. Acad. Sci. 1197, 76–84. doi:10.1111/j.1749-6632.2010.05191.x
 Dugina, V., Alieva, I., Khromova, N., Kireev, I., Gunning, P. W., and Kopnin, P. (2016). Interaction of microtubules with the actin cytoskeleton via cross-talk of EB1-containing +TIPs and gamma-actin in epithelial cells. Oncotarget 7, 72699–72715. doi:10.18632/oncotarget.12236
 Garcia, G. G., and Miller, R. A. (2011). Age-related defects in the cytoskeleton signaling pathways of CD4 T cells. Ageing Res. Rev. 10, 26–34. doi:10.1016/j.arr.2009.11.003
 Gardner, M. K., Charlebois, B. D., Janosi, I. M., Howard, J., Hunt, A. J., and Odde, D. J. (2014). Rapid microtubule self-assembly kinetics. Cell 159, 215. doi:10.1016/j.cell.2014.09.017
 Giampetruzzi, A., Danielson, E. W., Gumina, V., Jeon, M., Boopathy, S., Brown, R. H., et al. (2019). Modulation of actin polymerization affects nucleocytoplasmic transport in multiple forms of amyotrophic lateral sclerosis. Nat. Commun. 10, 3827. doi:10.1038/s41467-019-11837-y
 Gourlay, C. W., and Ayscough, K. R. (2005). The actin cytoskeleton in ageing and apoptosis. FEMS Yeast Res. 5, 1193–1198. doi:10.1016/j.femsyr.2005.08.001
 Gur, R. E., and Gur, R. C. (2002). Gender differences in aging: Cognition, emotions, and neuroimaging studies. Dialogues Clin. Neurosci. 4, 197–210. doi:10.31887/dcns.2002.4.2/rgur
 Hagg, S., and Jylhava, J. (2021). Sex differences in biological aging with a focus on human studies. Elife 10, e63425. doi:10.7554/eLife.63425
 Hansberg-Pastor, V., Gonzalez-Arenas, A., Pina-Medina, A. G., and Camacho-Arroyo, I. (2015). Sex hormones regulate cytoskeletal proteins involved in brain plasticity. Front. Psychiatry 6, 165. doi:10.3389/fpsyt.2015.00165
 Heidings, J. B., Demosthene, B., Merlino, T. R., Castaneda, N., and Kang, E. H. (2020). Gelsolin-mediated actin filament severing in crowded environments. Biochem. Biophys. Res. Commun. 532, 548–554. doi:10.1016/j.bbrc.2020.08.041
 Hirano, A. (1994). Hirano bodies and related neuronal inclusions. Neuropathol. Appl. Neurobiol. 20, 3–11. doi:10.1111/j.1365-2990.1994.tb00951.x
 Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al. (2019). Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15, 565–581. doi:10.1038/s41582-019-0244-7
 Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2008). Bioinformatics enrichment tools: Paths toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res. 37, 1–13. doi:10.1093/nar/gkn923
 Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–57. doi:10.1038/nprot.2008.211
 Isaacs, J. D., Dean, A. F., Shaw, C. E., Al-Chalabi, A., Mills, K. R., and Leigh, P. N. (2007). Amyotrophic lateral sclerosis with sensory neuropathy: Part of a multisystem disorder?J. Neurol. Neurosurg. Psychiatry 78, 750–753. doi:10.1136/jnnp.2006.098798
 Isildak, U., Somel, M., Thornton, J. M., and Donertas, H. M. (2020). Temporal changes in the gene expression heterogeneity during brain development and aging. Sci. Rep. 10, 4080. doi:10.1038/s41598-020-60998-0
 Janke, C., and Magiera, M. M. (2020). The tubulin code and its role in controlling microtubule properties and functions. Nat. Rev. Mol. Cell Biol. 21, 307–326. doi:10.1038/s41580-020-0214-3
 Jo, M., Lee, S., Jeon, Y. M., Kim, S., Kwon, Y., and Kim, H. J. (2020). The role of TDP-43 propagation in neurodegenerative diseases: Integrating insights from clinical and experimental studies. Exp. Mol. Med. 52, 1652–1662. doi:10.1038/s12276-020-00513-7
 Kapitein, L. C., and Hoogenraad, C. C. (2015). Building the neuronal microtubule cytoskeleton. Neuron 87, 492–506. doi:10.1016/j.neuron.2015.05.046
 Katsetos, C. D., Herman, M. M., and Mork, S. J. (2003a). Class III beta-tubulin in human development and cancer. Cell Motil. Cytoskelet. 55, 77–96. doi:10.1002/cm.10116
 Katsetos, C. D., Legido, A., Perentes, E., and Mork, S. J. (2003b). Class III beta-tubulin isotype: A key cytoskeletal protein at the crossroads of developmental neurobiology and tumor neuropathology. J. Child. Neurol. 18, 851–866. doi:10.1177/088307380301801205
 Kevenaar, J. T., and Hoogenraad, C. C. (2015). The axonal cytoskeleton: From organization to function. Front. Mol. Neurosci. 8, 44. doi:10.3389/fnmol.2015.00044
 Konietzny, A., Bar, J., and Mikhaylova, M. (2017). Dendritic actin cytoskeleton: Structure, functions, and regulations. Front. Cell. Neurosci. 11, 147. doi:10.3389/fncel.2017.00147
 Korobova, F., and Svitkina, T. (2010). Molecular architecture of synaptic actin cytoskeleton in hippocampal neurons reveals a mechanism of dendritic spine morphogenesis. Mol. Biol. Cell 21, 165–176. doi:10.1091/mbc.e09-07-0596
 Kounakis, K., and Tavernarakis, N. (2019). The cytoskeleton as a modulator of aging and neurodegeneration. Adv. Exp. Med. Biol. 1178, 227–245. doi:10.1007/978-3-030-25650-0_12
 Kriz, J., Zhu, Q., Julien, J. P., and Padjen, A. L. (2000). Electrophysiological properties of axons in mice lacking neurofilament subunit genes: Disparity between conduction velocity and axon diameter in absence of NF-H. Brain Res. 885, 32–44. doi:10.1016/s0006-8993(00)02899-7
 Lai, W. F., and Wong, W. T. (2020). Roles of the actin cytoskeleton in aging and age-associated diseases. Ageing Res. Rev. 58, 101021. doi:10.1016/j.arr.2020.101021
 Lauria, G., Bakkers, M., Schmitz, C., Lombardi, R., Penza, P., Devigili, G., et al. (2010). Intraepidermal nerve fiber density at the distal leg: A worldwide normative reference study. J. Peripher. Nerv. Syst. 15, 202–207. doi:10.1111/j.1529-8027.2010.00271.x
 Lautenbacher, S., Peters, J. H., Heesen, M., Scheel, J., and Kunz, M. (2017). Age changes in pain perception: A systematic-review and meta-analysis of age effects on pain and tolerance thresholds. Neurosci. Biobehav. Rev. 75, 104–113. doi:10.1016/j.neubiorev.2017.01.039
 Lee, M., and Kang, E. H. (2020). Molecular dynamics study of interactions between polymorphic actin filaments and gelsolin segment-1. Proteins 88, 385–392. doi:10.1002/prot.25813
 Lehmann, S. G., Bourgoin-Voillard, S., Seve, M., and Rachidi, W. (2017). Tubulin beta-3 chain as a new candidate protein biomarker of human skin aging: A preliminary study. Oxid. Med. Cell Longev. 2017, 5140360. doi:10.1155/2017/5140360
 Li, B., and Dewey, C. N. (2011). Rsem: Accurate transcript quantification from RNA-seq data with or without a reference genome. BMC Bioinforma. 12, 323. doi:10.1186/1471-2105-12-323
 Li, Z., Jiao, Y., Fan, E. K., Scott, M. J., Li, Y., Li, S., et al. (2017). Aging-impaired filamentous actin polymerization signaling reduces alveolar macrophage phagocytosis of bacteria. J. Immunol. 199, 3176–3186. doi:10.4049/jimmunol.1700140
 Manjaly, Z. R., Scott, K. M., Abhinav, K., Wijesekera, L., Ganesalingam, J., Goldstein, L. H., et al. (2010). The sex ratio in amyotrophic lateral sclerosis: A population based study. Amyotroph. Lateral Scler. 11, 439–442. doi:10.3109/17482961003610853
 Markmiller, S., Sathe, S., Server, K. L., Nguyen, T. B., Fulzele, A., Cody, N., et al. (2021). Persistent mRNA localization defects and cell death in ALS neurons caused by transient cellular stress. Cell Rep. 36, 109685. doi:10.1016/j.celrep.2021.109685
 Mattedi, F., and Vagnoni, A. (2019). Temporal control of axonal transport: The extreme case of organismal ageing. Front. Cell. Neurosci. 13, 393. doi:10.3389/fncel.2019.00393
 Mattson, M. P., and Magnus, T. (2006). Ageing and neuronal vulnerability. Nat. Rev. Neurosci. 7, 278–294. doi:10.1038/nrn1886
 Mcarthur, J. C., Stocks, E. A., Hauer, P., Cornblath, D. R., and Griffin, J. W. (1998). Epidermal nerve fiber density: Normative reference range and diagnostic efficiency. Arch. Neurol. 55, 1513–1520. doi:10.1001/archneur.55.12.1513
 Mccombe, P. A., and Henderson, R. D. (2010). Effects of gender in amyotrophic lateral sclerosis. Gend. Med. 7, 557–570. doi:10.1016/j.genm.2010.11.010
 Milde, S., Adalbert, R., Elaman, M. H., and Coleman, M. P. (2015). Axonal transport declines with age in two distinct phases separated by a period of relative stability. Neurobiol. Aging 36, 971–981. doi:10.1016/j.neurobiolaging.2014.09.018
 Moshier, J. A., Cornell, T., and Majumdar, A. P. (1993). Expression of protease genes in the gastric mucosa during aging. Exp. Gerontol. 28, 249–258. doi:10.1016/0531-5565(93)90032-9
 Munoz-Lasso, D. C., Roma-Mateo, C., Pallardo, F. V., and Gonzalez-Cabo, P. (2020). Much more than a scaffold: Cytoskeletal proteins in neurological disorders. Cells 9, E358. doi:10.3390/cells9020358
 Nijssen, J., Aguila, J., and Hedlund, E. (2019). Axon-seq for in depth analysis of the RNA content of neuronal processes. Bio. Protoc. 9, e3312. doi:10.21769/BioProtoc.3312
 Nijssen, J., Aguila, J., Hoogstraaten, R., Kee, N., and Hedlund, E. (2018). Axon-seq decodes the motor axon transcriptome and its modulation in response to ALS. Stem Cell Rep. 11, 1565–1578. doi:10.1016/j.stemcr.2018.11.005
 Nischal, U., Nischal, K., and Khopkar, U. (2008). Techniques of skin biopsy and practical considerations. J. Cutan. Aesthet. Surg. 1, 107–111. doi:10.4103/0974-2077.44174
 Okonechnikov, K., Conesa, A., and Garcia-Alcalde, F. (2016). Qualimap 2: Advanced multi-sample quality control for high-throughput sequencing data. Bioinformatics 32, 292–294. doi:10.1093/bioinformatics/btv566
 Perrot, R., Berges, R., Bocquet, A., and Eyer, J. (2008). Review of the multiple aspects of neurofilament functions, and their possible contribution to neurodegeneration. Mol. Neurobiol. 38, 27–65. doi:10.1007/s12035-008-8033-0
 Phillip, J. M., Aifuwa, I., Walston, J., and Wirtz, D. (2015). The mechanobiology of aging. Annu. Rev. Biomed. Eng. 17, 113–141. doi:10.1146/annurev-bioeng-071114-040829
 Puizina-Ivic, N. (2008). Skin aging. Acta dermatovenerol. Alp. Pannonica Adriat. 17, 47–54.
 Rao, K. M., and Cohen, H. J. (1990). The role of the cytoskeleton in aging. Exp. Gerontol. 25, 7–22. doi:10.1016/0531-5565(90)90004-l
 Rice, F. L., and Albrecht, P. J. (2008). Cutaneous mechanisms of tactile perception: Morphological and chemical organization of the innervation to the skin. Acad. Press 6, 1–32. doi:10.1016/B978-0-12-805408-6.00340-7
 Rodriguez, O. C., Schaefer, A. W., Mandato, C. A., Forscher, P., Bement, W. M., and Waterman-Storer, C. M. (2003). Conserved microtubule-actin interactions in cell movement and morphogenesis. Nat. Cell Biol. 5, 599–609. doi:10.1038/ncb0703-599
 Saitua, F., and Alvarez, J. (1988). Do axons grow during adulthood? A study of caliber and microtubules of sural nerve axons in young, mature, and aging rats. J. Comp. Neurol. 269, 203–209. doi:10.1002/cne.902690205
 Sakaguchi, T., Okada, M., Kitamura, T., and Kawasaki, K. (1993). Reduced diameter and conduction velocity of myelinated fibers in the sciatic nerve of a neurofilament-deficient mutant quail. Neurosci. Lett. 153, 65–68. doi:10.1016/0304-3940(93)90078-y
 Schelski, M., and Bradke, F. (2021). Microtubule retrograde flow retains neuronal polarization in a fluctuating state. New York: bioRxiv. 
 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi:10.1038/nmeth.2019
 Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. doi:10.1038/nmeth.2089
 Small, J. V., and Kaverina, I. (2003). Microtubules meet substrate adhesions to arrange cell polarity. Curr. Opin. Cell Biol. 15, 40–47. doi:10.1016/s0955-0674(02)00008-x
 Somel, M., Khaitovich, P., Bahn, S., Pääbo, S., and Lachmann, M. (2006). Gene expression becomes heterogeneous with age. Curr. Biol. 16, R359–R360. doi:10.1016/j.cub.2006.04.024
 Spence, E. F., and Soderling, S. H. (2015). Actin out: Regulation of the synaptic cytoskeleton. J. Biol. Chem. 290, 28613–28622. doi:10.1074/jbc.R115.655118
 Stahon, K. E., Bastian, C., Griffith, S., Kidd, G. J., Brunet, S., and Baltan, S. (2016). Age-related changes in axonal and mitochondrial ultrastructure and function in white matter. J. Neurosci. 36, 9990–10001. doi:10.1523/JNEUROSCI.1316-16.2016
 Svitkina, T. (2018). The actin cytoskeleton and actin-based motility. Cold Spring Harb. Perspect. Biol. 10, a018267. doi:10.1101/cshperspect.a018267
 Tsotakos, N., Phelps, D. S., Yengo, C. M., Chinchilli, V. M., and Floros, J. (2016). Single-cell analysis reveals differential regulation of the alveolar macrophage actin cytoskeleton by surfactant proteins A1 and A2: Implications of sex and aging. Biol. Sex. Differ. 7, 18. doi:10.1186/s13293-016-0071-0
 Ullah, M. F., Ahmad, A., Bhat, S. H., Abu-Duhier, F. M., Barreto, G. E., and Ashraf, G. M. (2019). Impact of sex differences and gender specificity on behavioral characteristics and pathophysiology of neurodegenerative disorders. Neurosci. Biobehav. Rev. 102, 95–105. doi:10.1016/j.neubiorev.2019.04.003
 Van Acker, N., Rage, M., Sluydts, E., Knaapen, M. W., De Bie, M., Timmers, M., et al. (2016). Automated PGP9.5 immunofluorescence staining: A valuable tool in the assessment of small fiber neuropathy?BMC Res. Notes 9, 280. doi:10.1186/s13104-016-2085-4
 Wegmann, S., Bennett, R. E., Delorme, L., Robbins, A. B., Hu, M., Mckenzie, D., et al. (2019). Experimental evidence for the age dependence of tau protein spread in the brain. Sci. Adv. 5, eaaw6404. doi:10.1126/sciadv.aaw6404
 Xu, K., Zhong, G., and Zhuang, X. (2013). Actin, spectrin, and associated proteins form a periodic cytoskeletal structure in axons. Science 339, 452–456. doi:10.1126/science.1232251
 Yadav, P., Selvaraj, B. T., Bender, F. L., Behringer, M., Moradi, M., Sivadasan, R., et al. (2016). Neurofilament depletion improves microtubule dynamics via modulation of Stat3/stathmin signaling. Acta Neuropathol. 132, 93–110. doi:10.1007/s00401-016-1564-y
 Yan, S. C., Hwang, S., Rustan, T. D., and Frey, W. H. (1985). Human brain tubulin purification: Decrease in soluble tubulin with age. Neurochem. Res. 10, 1–18. doi:10.1007/BF00964768
 Yuan, A., and Nixon, R. A. (2021). Neurofilament proteins as biomarkers to monitor neurological diseases and the efficacy of therapies. Front. Neurosci. 15, 689938. doi:10.3389/fnins.2021.689938
 Yuan, A., Rao, M. V., and Veeranna & Nixon, R. A. (2012). Neurofilaments at a glance. J. Cell Sci. 125, 3257–3263. doi:10.1242/jcs.104729
 Zhang, S., and Duan, E. (2018). Fighting against skin aging: The way from bench to bedside. Cell Transpl. 27, 729–738. doi:10.1177/0963689717725755
 Zucchi, E., Bonetto, V., Soraru, G., Martinelli, I., Parchi, P., Liguori, R., et al. (2020). Neurofilaments in motor neuron disorders: Towards promising diagnostic and prognostic biomarkers. Mol. Neurodegener. 15, 58. doi:10.1186/s13024-020-00406-3
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Metzner, Darawsha, Wang, Gaur, Cheng, Rödiger, Frahm, Witte, Perocchi, Axer, Grosskreutz and Brill. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-965382-g005.gif





OPS/images/fcell-10-965382-g006.gif





OPS/images/fcell-10-965382-g003.gif





OPS/images/fcell-10-965382-g004.gif





OPS/images/fcell-10-965382-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Age-dependent increase of cytoskeletal components in sensory axons in human skin		1 Introduction

		2 Materials and methods		2.1 Participants and skin biopsy collection

		2.2 Assessment of fiber density values

		2.3 Immunostaining and analysis

		2.4 Statistical analysis

		2.5 Analysis of differentially expressed genes from RNA-sequencing data of skin tissue





		3 Results		3.1 Fiber density in skin to exclude neuropathies

		3.2 Sensory axon caliber increases during aging are only evident in males

		3.3 Age-dependent increase in cytoskeletal components in sensory nerve endings

		3.4 Age-dependent alterations in cytoskeletal gene expression in human skin





		4 Discussion		4.1 Skin biopsy as a versatile model for the study of biological aging

		4.2 Neuronal cytoskeleton and aging

		4.3 Sex-dependency of the neuronal cytoskeleton

		4.4 Actin cytoskeleton and aging

		4.5 Link to age-related phenomena and pathologies

		4.6 Limitations





		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-965382-g001.gif
€ J e

d mose, sl

e 4be o 7o
-

:"' . PRA
i

w0






OPS/images/fcell-10-965382-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





