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Abstract

Mechanical loading is a potent strategy to induce bone formation, but with aging, the bone 

formation response to the same mechanical stimulus diminishes. Our main objectives were to (i) 

discover the potential transcriptional differences and (ii) compare the periosteal cell proliferation 

between tibias of young-adult and old mice in response to strain-matched mechanical loading. 

First, to discover potential age-related transcriptional differences, we performed RNA sequencing 

(RNA-seq) to compare the loading responses between tibias of young-adult (5-month) and old (22-

month) C57BL/6N female mice following 1, 3, or 5 days of axial loading (loaded versus non-

loaded). Compared to young-adult mice, old mice had less transcriptional activation following 

loading at each time point, as measured by the number of differentially expressed genes (DEGs) 

and the fold-changes of the DEGs. Old mice engaged fewer pathways and gene ontology (GO) 

processes, showing less activation of processes related to proliferation and differentiation. In tibias 
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of young-adult mice, we observed prominent Wnt signaling, extracellular matrix (ECM), and 

neuronal responses, which were diminished with aging. Additionally, we identified several targets 

that may be effective in restoring the mechanoresponsiveness of aged bone, including nerve 

growth factor (NGF), Notum, prostaglandin signaling, Nell-1, and the AP-1 family. Second, to 

directly test the extent to which periosteal cell proliferation was diminished in old mice, we used 

bromodeoxyuridine (BrdU) in a separate cohort of mice to label cells that divided during the 5-day 

loading interval. Young-adult and old mice had an average of 15.5 and 16.7 BrdU+ surface 

cells/mm, respectively, suggesting that impaired proliferation in the first 5 days of loading does not 

explain the diminished bone formation response with aging. We conclude that old mice have 

diminished transcriptional activation following mechanical loading, but periosteal proliferation in 

the first 5 days of loading does not differ between tibias of young-adult and old mice.
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Introduction

Osteoporotic fractures occur in one in three women and one in five men over age 50, costing 

more than $22 billion annually in the United States.(1–4) Given this burden, treatment 

options for osteoporosis remain inadequate.(5) Antiresorptive drugs, which work by 

inhibiting bone resorption, are most commonly prescribed, yet they can cause negative side 

effects.(6–8) The two anabolic US Food and Drug Administration (FDA)-approved drugs, 

which work by promoting bone formation, also carry safety concerns for long-term use.(9) 

Thus, there remains a need for additional anabolic strategies to increase bone mass and 

prevent osteoporotic fractures.(10)

Mechanical loading is a potent strategy to induce bone formation,(11,12) but with aging, the 

bone formation response to the same mechanical strain stimulus diminishes.(13–17) 

Clinically, skeletal loading that increases bone mass in young-adult women is often 

ineffective in older women.(18–20) This age-related decline remains incompletely 

understood, despite loading being effectively modeled in mice.(21,22) Understanding the 

drivers of this diminished loading response may identify additional strategies to increase 

bone mass and prevent fractures.

We have previously shown that following mechanical loading, bones of old mice do not 

increase Wnt signaling as strongly as young-adult mice.(23) A recent microarray study that 

assessed transcriptomic changes in bone during the early (<24-hour) window after loading 

also showed age-related changes in Wnt signaling.(24) The authors suggested that aged bone 

retains the ability to respond acutely to loading but is unable to translate these responses into 

functional bone formation. Therefore, we first asked what transcriptional differences 

underlie the diminished loading response with aging beyond the early 24-hour window, 

during a time of active bone formation.
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Wnt signaling plays a critical role in controlling cell proliferation,(25) and another finding of 

the microarray study was that expression of proliferation-related genes was higher in young-

adult mice but lower in old mice.(24) This finding is compelling because loading is known to 

induce the proliferation of osteoblasts.(26,27) Moreover, the proliferative response of 

osteoblast-like cells following in vitro fluid flow was diminished in cells from old mice 

versus young-adult mice.(16) For these reasons, we asked if proliferation was diminished in 

old mice relative to young-adult mice following in vivo loading.

To discover potential age-related transcriptional differences, we performed RNA sequencing 

(RNA-seq) and compared the loading responses in tibias of young-adult (5-month) and old 

(22-month) mice following 1, 3, or 5 days of axial loading. To directly test the extent to 

which proliferation was diminished in old mice, we used bromodeoxyuridine (BrdU) in a 

separate cohort of mice to label all cells that divided during the 5-day loading interval and 

counted histologically the number of cells that arose via proliferation.

Materials and Methods

Mice

Female C57BL/6N mice were obtained at 5 months old and 22 months old from the aged 

rodent colony at the NIH National Institute on Aging (Bethesda, MD, USA), which is 

managed by Charles River Laboratories (Worcester, MA, USA). Relative to young-adult 

mice (5 months old), old mice (22 months old) are known to have diminished loading-

induced bone formation (Supporting Fig. S1).(13–17) Following a 1-week to 2-week 

acclimation period, mice were separated into the following groups: five mice/day/age for the 

RNA-seq experiment and 10 mice/age for the proliferation experiment. Female mice were 

selected because: (i) osteoporosis is most prevalent in females(1); (ii) the diminished loading 

response with aging has been most consistently shown in female mice(13–17); and (iii) male 

mice often fight, which can confound the effects of loading.(28) Mice were housed in groups 

of up to five animals and kept on a 12-hour light/dark cycle under standard conditions with 

ad libitum access to water and chow (Purina, St. Louis, MO, USA; 5053 and 5058). Mice 

were loaded for either one, three, or five bouts of daily loading. Time points were selected to 

sample distinct phases of the loading response (Fig. 1A): early mechanosensation (day 1), 

activation of the bone formation cascade prior to matrix deposition (day 3), and active bone 

formation (day 5). All included mice were healthy throughout the experiment. Four hours 

after their last loading bout, mice were euthanized through CO2 asphyxiation. All animal 

work was approved by and in compliance with the Washington University IACUC.

In vivo mechanical loading

Mice were anesthetized (3% isoflurane) and subjected to loading each morning for the 

specified number of bouts. With the mice prone, the right legs (tibias) were placed vertically 

in the loading fixture, with the knee positioned superiorly in a semispherical cup (10-mm-

diameter) attached to the system actuator, and the foot held in a static fixture inferiorly (20 

degrees of dorsiflexion). A pre-load (−0.5 N) was applied, and tibias were subjected to axial 

compression for 1200 cycles/day (4-Hz triangle waveform with a 0.1-s rest-insertion after 

each cycle) using the Electropulse 1000 materials testing system (Instron, Inc., Grove City, 
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PA, USA). This loading protocol is anabolic for both cortical and trabecular bone in young-

adult mice.(13,29–31) We used a strain-matched study design. Based on prior strain gauging 

analyses,(32) age-specific peak forces of −8N and −7 N were selected for 5-month-old and 

22-month-old mice, respectively, to engender average peak periosteal strains of −2200 µε at 

the cortical mid-shaft.(15) Peak compression occurs 5 mm proximal to the distal tibiofibular 

junction at the posterolateral apex of the tibial cross-section. Corresponding tensile strains 

on the anteromedial surface were approximately 1200 µε.(32) After each loading bout, 

buprenorphine (0.1 mg/kg subcutaneously) was delivered to mitigate pain from loading,(23) 

and mice were returned to their cages to resume unrestricted activity. The left tibias served 

as non-loaded, contralateral controls.

RNA isolation

Left and right tibias were stripped of muscle, cut at the distal tibiofibular junction and 2 mm 

distal to the tibial plateau (Fig. 1B), centrifuged to remove the bone marrow,(23,33) and snap 

frozen in liquid nitrogen. Samples were stored at −80°C until RNA extraction. Samples were 

pulverized using a mikro-dismembrator (B. Braun Biotech International, Hessen, Germany), 

and total RNA was extracted using TRIzol (Ambion, Austin, TX, USA) with the Total RNA 

Purification Kit (Norgen, Thorold, ON, Canada; #17200). RNA concentrations were 

measured with the Nanodrop ONE (Thermo Scientific, Waltham, MA, USA), and RNA 

quality was evaluated with the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, 

USA). The median RNA integrity number (RIN) was 7.5 with a range of 6.6 to 8.7 

(Supporting Fig. S2). No samples were excluded.

RNA sequencing

A total of 60 samples (30 pairs of tibias) were subjected to RNA-seq (Fig. 1B). For each of 

the three time points, five pairs of tibias from each age were obtained. Ribosomal RNA 

(rRNA) was removed using the Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA, 

USA), and RNA-seq with the HiSeq 3000 (Illumina) was performed at 1 × 50 bp on 1 µg of 

RNA by the Washington University Genome Technology Access Center. The RNA-seq reads 

were aligned to the mouse genome (mm10) using Spliced Transcript Alignment to a 

Reference (STAR) (version 2.4.2a).(34) Gene counts were determined by the number of 

uniquely aligned, unambiguous reads (Subread:featureCount, version 1.4.6) and annotated 

(GENCODE v9; https://www.gencodegenes.org/). Only nonredundant, uniquely aligned 

reads were used to estimate the expression level of genes. All gene-level transcript counts 

were normalized for library size (R/Bioconductor DESeq2; Bioconductor Open Source 

Software for Bioinformatics; https://bioconductor.org/).(35) Genes that were lowly expressed 

(counts per million reads mapped [CPM] < 1) in all samples at any time point were filtered 

out. After filtering, 16,430 genes remained for downstream analysis. Differential expression 

analysis was performed separately for each age and time-point combination as a comparison 

of loaded versus non-loaded paired samples, yielding six lists of differentially expressed 

genes (DEGs) for each age (3 time points * 2 [up] upregulated and [down] downregulated 

lists). Data were further explored using principal component analysis (Supporting Fig. S3). 

For each sample, the reads per kilobase of transcript per million mapped reads (RPKM) 

values for all 16,430 genes in the data set were used as inputs.
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Gene ontology and pathway analyses

For the gene ontology (GO) analysis (Fig. 1C), the 12 DEG lists were input into the 

Database for Annotation, Visualization and Integrated Discovery (DAVID)(36) with 

annotations limited to Mus musculus. Biological process GO terms were obtained for each 

list. For the pathway analysis, the 12 DEG lists (2 ages * 3 time points * 2 up and down 

lists) were input into PANTHER (version 14.1; http://pantherdb.org/)(37) to search for 

enriched pathways. GO terms and pathways were arranged temporally by age and then 

alphabetically.

Co-expression network analysis for module construction

Weighted Gene Co-expression Network Analysis (WGCNA) was used to generate two co-

expression networks for data from young-adult and old mice.(38) The RPKM values for each 

gene across all samples for each age were used as inputs. The networks were created using a 

power threshold of six according to the scale-free topology criterion previously outlined.(39) 

To identify modules associated with loading, the eigengene of each module was calculated 

and correlated with loading (loaded versus non-loaded) within each network. Pathways 

represented in the modules associated with loading (“Loading Modules”) were characterized 

using PANTHER.(37) The expression of the top 20 upregulated genes (by fold change [FC]) 

in each module were visualized using a heat map.

In vivo proliferation labeling

Mice were subjected to daily loading as stated above (Fig. 1D). From the start of loading on 

day 1 until euthanasia on day 5, mice were continuously administered BrdU (Sigma-Aldrich, 

St. Louis, MO, USA) via their drinking water (0.8 mg/mL with 5% sucrose, prepared and 

changed daily). BrdU labels all cells that arise via proliferation throughout administration. 

This offered an advantage over relying on histological markers such as proliferating cell 

nuclear antigen (PCNA) or Ki-67, which only identify cells that are actively proliferating at 

euthanasia. Thus, our design labeled all cells that arose via proliferation during the same 5-

day loading interval that we profiled transcriptionally. Three mice (one young-adult and two 

old) were excluded due to injury, resulting in n = 9 young-adult and n = 8 old mice for the 

study.

Histology to assess proliferation

Left and right tibias were collected and fixed in 10% neutral-buffered formalin (NBF). 

Intestines were collected as a positive, internal control for BrdU incorporation. After 48 

hours in NBF, tissues were washed in PBS, and tibias were decalcified in 14% 

ethylenediaminetetraacetic acid (EDTA) for 2 weeks. Both tissues were processed for 

paraffin sectioning by the Washington University Musculoskeletal Research Center 

Histology Core.

Streptavidin-Biotin (SB; Invitrogen, Carlsbad, CA, USA; #93–3943) and Avidin-Biotin (AB; 

Invitrogen; #8800–6599-45) kits were used for BrdU staining. Manufacturer instructions 

were followed with minor modifications. Briefly, endogenous peroxidase activity was 

blocked by immersion in 3% hydrogen peroxide in methanol for 10 min. Antigen retrieval 

was accomplished with either 0.1% trypsin in PBS (SB) or kit reagents (AB) per 
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instructions. A harsh denaturation step consisting of either 2 N HCl at 37°C (SB) or 4 N HCl 

at room temperature (AB) was included to access the BrdU antigen incorporated into 

dividing cells. Biotinylated anti-BrdU antibody was added to the tissue sections with either 

kit reagents (SB) or at a concentration of 1:500 in blocking solution (AB) at 4°C overnight. 

Streptavidin-peroxidase (SB) or avidin-horseradish peroxidase (HRP) (AB) was added to the 

samples (1:100 in blocking solution) for 1 hour at room temperature, and diaminobenzidine 

(DAB) (ImmPACT; Vector Laboratories, Burlingame, CA, USA) was used to stain the 

tissue. Last, hematoxylin was applied to the tissue sections for 3 min to counterstain the 

cells.

Histological analysis

Samples were imaged on a NanoZoomer 2.0-HT system (Hamamatsu Photonics K.K., 

Hamamatsu City, Japan) in bright-field. A 2-mm region of interest (ROI) was identified 

approximately 5 mm distal to the tibial plateau. We have previously determined this region 

to span the site 5 mm proximal to the distal tibiofibular junction, where peak compression 

and bone formation are observed.(32) BIOQUANT (Osteo II) (BIOQUANT, Nashville, TN, 

USA) was used to manually count BrdU+ cells, BrdU− cells, and bone surface length. Cells 

were further categorized as “surface” cells (Fig. 1D) if they were directly on the bone 

surface or “non-surface” cells if they were not directly adjacent to the bone surface (ie, in the 

periosteum more than one cell layer above the surface). Only the periosteal surface was 

analyzed because the BrdU+ marrow sometimes separated from or overlapped with the 

endocortical surface, preventing reliable analysis of this surface.

Statistical analysis

To define DEGs, we used the following criteria: an FC (loaded/non-loaded) of >1.5 or <0.67 

and a false discovery rate (FDR) of 0.05. For the GO analysis, only significant terms were 

included (Bonferroni p < .05). For the pathway analysis, a Fisher’s exact test was used with 

an FDR of 0.05. For the co-expression network analysis, the significance threshold was set 

using a Bonferroni correction (p = .05/38 = 0.0013). For the proliferation analysis, we 

analyzed two independent slides for the first nine samples (four young-adult and five old) 

and averaged the counts. Because the counts between the two slides were not significantly 

different (p = 0.84 by Wilcoxon matched-pairs signed rank test, n = 9 per group), only a 

single slide was analyzed for the remaining eight samples. A nonparametric Wilcoxon 

matched-pairs signed rank test was used to compare the number of BrdU+ cells/length and 

BrdU+ cells/total cells between loaded and non-loaded samples within an age for both 

surface and non-surface counts (GraphPad Prism 8.0; GraphPad Software, Inc., La Jolla, 

CA, USA; n = 9 young-adult and n = 8 old). An unpaired Mann-Whitney test was used to 

compare the loaded counts between young-adult and old mice.

Results

Tibias from old mice had less transcriptional activation after loading compared to young-
adult mice

At day 1, tibias from young-adult mice had 19 upregulated and 0 downregulated DEGs 

(Supporting Table S1) whereas old mice had no genes that met the DEG criteria (Fig. 2A). 
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Increasing bouts of loading progressively induced more DEGs in both young-adult and old 

mice, but young-adult mice had more upregulated and downregulated DEGs than old mice at 

every time point. By day 3, young-adult mice had 430 upregulated and 122 downregulated 

DEGs whereas old mice had 233 and 81, respectively. At day 5, young-adult mice had 894 

upregulated and 566 downregulated DEGs whereas old mice had only 353 and 50, 

respectively. To assess transcriptional activation beyond the number of DEGs, we compared 

the absolute FC inductions of the upregulated DEGs between young-adult and old mice (Fig. 

2B). To compare FCs of the same genes, we restricted the comparison to the set of genes 

that met the DEG criteria in both ages at days 3 and 5. Young-adult mice had significantly 

higher FCs, indicating that even when old mice upregulate the same genes as young-adult 

mice, old mice upregulate them less strongly. DEGs were also compared across days to 

assess how the proportion of DEGs changed over time during the loading response (Fig. 

2C). Young-adult and old mice shared a similar proportion of genes between days 3 and 5. 

In young-adult mice, eight DEGs (Wnt7b, Wnt1, Ngf, Ddn, Mt2, Gem, Rgs16, and Junb) 

were identified as upregulated at all three time points. To investigate if young-adult and old 

mice upregulated and downregulated the same genes, we compared the overlap between the 

two ages for upregulated and downregulated DEGs at days 3 and 5 (Fig. 2D). Although 33% 

to 39% of upregulated DEGs were shared between young-adult and old mice, only 3% to 4% 

of downregulated DEGs were shared between young-adult and old mice.

Old mice had lower induction of Wnt-related genes at day 1 and matrix genes at day 5

The top 10 upregulated and downregulated genes by FC for each day and age were compiled 

(Table 1). At day 1, Wnt1 and Wnt7b were strongly induced in young-adult mice, as has 

been previously reported,(23,40) but Wnt1 and Wnt7b were less strongly induced in old mice, 

which is consistent with our previous findings.(23) Nerve growth factor (Ngf ), which is 

reported to act upstream of Wnt signaling in mechanically loaded bone,(41) was also strongly 

induced in young-adult mice but to a much lesser extent in old mice (threefold higher, 

young-adult versus old). In addition, dendrin (Ddn), which is expressed in brain and kidney,
(42) was more strongly upregulated by loading in young-adult versus old mice (threefold 

higher, young-adult versus old). Fosb, which has a well-established role in the osteoblast 

mechanotransduction cascade,(43) was also one of the most strongly induced genes in young-

adult but not old mice. Cyclooxygenase-2 (Ptgs2, commonly known as Cox-2) was more 

strongly induced in young-adult versus old mice (more than twofold higher). Additionally, 

the three genes coding for type IX collagen (Col9a1, Col9a2, Col9a3), which is found in 

cartilage,(44) were strongly downregulated in young-adult but not old mice at day 1, although 

these changes did not meet the FDR cutoff.

At day 3, Wnt1 and Wnt7b continued to be highly upregulated by loading in young-adult 

mice, with FC inductions approximately threefold higher than old mice. Only young-adult 

mice strongly upregulated the serine protease inhibitors Serpina3m and Serpina3n, which to 

our knowledge have no documented role in cortical bone or the mechanical loading 

response. Notably, these genes had the highest FCs at day 3. Chemokine (C-C motif) ligand 

7 (Ccl7), a Wnt-activating cytokine that is secreted by osteocytes in response to in vitro 

mechanical stimulation and protects against cell death,(45) was more highly induced in 

young-adult than old mice (approximately fivefold, young-adult versus old) at day 3. A 
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related cytokine, Ccl2, which also protects against cell death,(45) was more strongly induced 

in young-adult mice (approximately threefold, young-adult versus old). Ras-related 

glycolysis inhibitor and calcium channel regulator (Rrad) was strongly upregulated at days 3 

and 5 in young-adult but not old mice. Rrad is critical for bone homeostasis, and its deletion 

results in lower bone mineral density (BMD) and higher bone marrow adipose tissue.(46) 

Last, at day 3, fibroblast growth factor 23 (Fgf23), which is critical for phosphate 

homeostasis,(47) is more strongly downregulated in young-adult mice (2.5-fold, young-adult 

versus old).

At day 5, in young-adult mice, extracellular matrix (ECM) components, including brevican 

(Bcan) and hyaluronan and proteoglycan link protein 4 (Hapln4), were the most highly 

upregulated. Wnt1 continued to be more strongly induced in young-adult mice (threefold-

young-adult versus old), but Wnt7b was only modestly upregulated at day 5, and this 

upregulation was similar in both ages. In old mice, Bglap, Col11a1, and Col1a1 were the 

most highly upregulated matrix components, yet the FCs of these three genes in young-adult 

mice were still approximately twofold higher. Carbonic anhydrase 12 (Car12), a gene 

induced after fracture,(48) was more highly induced in young-adult than old mice 

(approximately sevenfold, young-adult versus old). Nell1, which is osteoanabolic,(49) was 

strongly induced in young-adult but not old mice at day 5.

GO analyses show less process activation in old mice

We assessed GO process enrichment using separate upregulated and downregulated DEG 

lists (Fig. 3A) and identified 33 total processes (Fig. 3B). Most of these processes (82%, 

27/33) were identified in young-adult mice, whereas fewer (58%, 19/33) were identified in 

old mice at any time point. At day 1, no processes were enriched in either age, likely due to 

the low number of DEGs at that time point. At day 3, cell-cell signaling, which was driven 

by expression changes in gap junctions and signaling molecules such as Wnt ligands, was up 

in young-adult but not old mice. At days 3 and 5, in young-adult mice, processes involved in 

bone formation were enriched, including collagen fibril organization and osteoblast 

differentiation, yet most of these processes were not identified until day 5 in old mice. 

Further, at day 5, young-adult mice showed enrichment for proliferative processes including 

positive regulation of mesenchymal cell proliferation, but this signal was absent in old mice. 

At day 5, in young-adult mice, brown fat cell differentiation, gluconeogenesis, and 

metabolic processes were down, suggesting a role for metabolic changes during the bone 

formation phase of the loading response. At day 5, pathways exclusively upregulated in old 

mice included endochondral ossification and negative regulation of canonical Wnt signaling 

pathway. The negative regulation of canonical Wnt signaling pathway was driven by a set of 

genes that included NKD inhibitor of WNT signaling pathway 2 (Nkd2) and SRY-box 9 

(Sox9), two genes that have been shown to inhibit Wnt signaling in bone.(50,51) Myelination, 

identified at day 5, was the only downregulated pathway in old mice.

Pathway analyses show less pathway activation in old mice

We also assessed pathway enrichment in separate upregulated and downregulated DEG lists 

for each day (Fig. 4A) and identified 14 total pathways. At all days, in young-adult mice, 

angiogenesis was enriched in upregulated DEGs (Fig. 4B). At day 1, gonadotropin-releasing 
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hormone receptor, which affects BMD,(52) was up exclusively in young-adult mice. At days 

3 and 5, integrin signaling was up in both young-adult and old mice whereas Wnt signaling 

and cadherin signaling were exclusively up in young-adult mice. The Alzheimer disease–

presenilin pathway was also up in young-adult mice at these days but was not identified until 

day 5 in old mice. At day 5, axon guidance mediated by semaphorins, Huntington disease, 

ionotropic glutamate receptor, and plasminogen activating cascade pathways were up 

exclusively in young-adult mice. The enrichment of axon guidance mediated by 

semaphorins pathway supports the idea that a neurogenic response may play a role in the 

loading response.(41) This enrichment was not detected in old mice. At day 5, enkephalin 

release was exclusively up in old mice. Enkephalins are endogenous opioid peptides that 

regulate nociception(53) and have been shown to inhibit osteoblast alkaline phosphatase.(54) 

The only pathway that was enriched in downregulated DEGs was acetate utilization in 

young-adult mice at day 5. Enrichment FCs were calculated (Supporting Table S2). We 

repeated this analysis using combined up and down DEG lists, and the results were similar 

to those described here for separate up and down DEG lists (Supporting Fig. S4).

Co-expression network analysis identified a loading module in each age

Separate co-expression networks for young-adult and old mice were constructed using 

WGCNA. Both networks consisted of 38 co-expression modules (Fig. 5A). To identify 

modules associated with loading, we correlated each module’s eigengene with loading in 

both the young-adult and old networks. In each age, only a single module had a significant 

association with loading, and these two modules were termed the Young-adult Loading 

Module and the Old Loading Module. Only 29% of the genes were shared between the two 

modules. However, the top 10 GO hits for each age showed a nearly identical osteoanabolic 

signal, driven by terms including collagen fibril organization, collagen metabolic process, 

and osteoblast differentiation (Fig. 5B). Visualization of the top 20 genes (by FC at any day) 

in the two loading modules revealed that even the genes most highly expressed in old mice 

were more highly expressed in young-adult mice (Fig. 5C). The 956 genes unique to the 

Young-Adult Loading Module were enriched for Wnt signaling and neuronal projection 

(Supporting Table S3). The 1201 genes unique to the Old Loading Module were enriched for 

negative regulation of Wnt signaling, including Notum, which inactivates Wnt ligands and 

negatively regulates bone mass.(55)

Old mice showed a similar periosteal proliferative response compared to young-adult mice

BrdU+ cells were observed in both the intestinal samples and the marrow of all bone 

samples, confirming that BrdU was taken up by every animal and that the BrdU staining was 

successful (Supporting Fig. S5A). In both young-adult and old mice, the non-loaded 

periosteal (Ps) surface displayed few BrdU+ cells, whereas the loaded periosteal surface 

displayed numerous BrdU+ cells (Fig. 6A). In young-adult and old mice, the non-loaded 

surface had an average of 1.6 and 1.7 BrdU+ surface cells/mm, respectively, whereas the 

loaded surface had an average of 15.5 and 16.7 BrdU+ surface cells/mm, respectively (p 
< .01, Fig. 6B). We repeated the analysis after normalizing the number of BrdU+ cells to the 

total number of cells, and the same trends were observed (Supporting Fig. S5B). Both ages 

showed that ~30% to 40% of cells on the loaded surface had arisen via proliferation, which 

is consistent with our recent data assessing the periosteal lamellar bone formation responses 
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in 5-month-old and 12-month-old mice.(27) We defined “non-surface” cells as those that 

were not directly adjacent to the bone surface and assessed the number of these cells that 

arose via proliferation. Both young-adult and old mice showed a statistically significant 

increase in the number of BrdU+ non-surface cells with loading (p < .02, Fig. 6C). Although 

there was no significant difference in loaded counts between the young-adult and old mice, 

the median number of 30 in young-adult mice compared to 12 cells in old mice may indicate 

more nonresponders in old mice. We observed no difference in the total number of cells 

between the loaded and non-loaded surfaces in either age (Supporting Fig. S5C). Nor did we 

observe any differences in apoptosis by TUNEL staining between ages or with loading 

(Supporting Fig. S6A,B). Overall, young-adult and old mice showed a similar proliferative 

response to the same loading stimulus.

Discussion

Our main objectives were to (i) discover the potential transcriptional differences and (ii) 

compare the periosteal cell proliferation between tibias of young-adult and old mice 

following strain-matched mechanical loading. First, we used RNA-seq to profile the 

transcriptomes in the interval spanning from the early response (day 1) through active bone 

formation (days 3 and 5). Compared to young-adult mice, old mice had less transcriptional 

activation at each time point, as measured by both the number of DEGs induced and their 

FCs. Old mice engaged fewer GO processes and pathways and had less activation of 

processes involving proliferation and differentiation, consistent with previous findings.(24) 

We observed prominent Wnt signaling, ECM, and neuronal responses, which were all 

diminished to some extent with aging. We also identified targets that had diminished 

upregulation in old mice, which may inform therapeutic approaches to restore the aged 

loading response. Next, we built on previous work(16,27,56) analyzing the aged proliferative 

response to mechanical loading. Specifically, we used a strain-matched study design to 

facilitate young-adult versus old comparisons in vivo and BrdU incorporation to assess 

proliferation. We found that following 5 days of loading, a similar number of surface cells 

arose via proliferation in young-adult and old mice, implying that the proliferative capacity 

of old mice in the early interval is not impaired.

Previous studies suggested that old mice are “equally able” to sense loading stimuli yet are 

unable to coordinate the same bone formation response.(24) In our study, however, the lack 

of DEGs in old mice at day 1 suggests that early mechanosensing is blunted in old mice, 

which is consistent with the age-related degeneration of the mechanosensing osteocyte 

network.(57,58)

Our RNA-seq results support previous studies that implicate increased Wnt signaling as a 

fundamental feature of the loading response.(23,40) Wnt1 and Wnt7b were strongly induced 

at all days in young-adult mice but to a lesser extent in old mice. Despite their low absolute 

expression levels in bone (based on RPKMs), both Wnt1 and Wnt7b are known to be 

important. Specifically, gain-of-function studies of Wnt1 and Wnt7b in osteoblast-lineage 

cells have shown that both ligands are osteoanabolic.(59–61) Further, human WNT1 
mutations have been associated with early-onset osteoporosis and osteogenesis imperfecta.
(62) The cellular sources and targets of these ligands in bone remain incompletely 
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understood. Osteocytes are thought to be the predominant source of Wnt1, which likely 

targets both adjacent osteocytes and osteoblasts.(60) Even less is known about the sources 

and targets of Wnt7b. Future studies should elicit the functional roles of these ligands in the 

loading response. In our pathway analysis, Wnt signaling was exclusively up in young-adult 

mice. Wnt-related genes Wnt1, Wnt7b, Wnt10b, and Fzd1 drove the activation of the 

Alzheimer disease–presenilin pathway at days 3 and 5 in young-adult mice, but only day 5 

in old mice. Together, these pathway analysis results indicate less and slower activation of 

Wnt-related processes with aging. In old mice, the GO finding of negative regulation of 

canonical Wnt signaling pathway and the enrichment of negative regulation of Wnt signaling 

in the Old Loading Module suggest that Wnt signaling may be actively dampened in old 

mice (rather than simply not stimulated as strongly). This finding supports the strategy of 

disinhibiting Wnt signaling to restore the aged loading response (eg, anti-sclerostin 

antibodies). Finally, although Wnt signaling was robustly enriched, we did not observe 

consistent indication of noncanonical versus canonical signaling with loading or aging, 

likely because many of these downstream signaling targets are post-transcriptionally 

regulated.

In addition, our RNA-seq findings point to a number of targets that might be explored to 

restore the mechanical loading response in aged bone. First, like the Wnt ligands, Ngf was 

mechanoresponsive in young-adult mice at each time point but showed blunted upregulation 

in old mice. Notably, Ngf has been reported to act upstream of Wnt signaling, and inhibiting 

NGF signaling in young-adult mice mimicked aging by reducing both loading-induced bone 

formation and Wnt signaling.(41) Thus, the extent to which (re-)activating NGF signaling in 

old mice could restore loading-induced Wnt signaling and bone formation merits further 

exploration. Second, one of the drivers of the enriched negative regulation of Wnt signaling 

in the Old Loading Module was Notum, a secreted enzyme that inactivates Wnt ligands and 

is expressed by osteoblast-lineage cells.(63) Global Notum knockout led to a striking 

increase in cortical thickness,(55) and oral inhibitors of Notum increased cortical bone 

thickness in a dose-dependent manner.(64) Thus, Notum inhibition may offset the impaired 

Wnt ligand upregulation in aging and rescue the loading response. Third, the higher 

induction of Ptgs2 (Cox-2) in young-adult versus old mice suggested that prostaglandin 

signaling is attenuated in the aged loading response. Past work on the role of Cox-2 in 

loading-induced bone formation has been conflicting,(65–67) but enhancing prostaglandin 

signaling protected against age-related bone loss.(68) Because many FDA-approved drugs 

effectively modulate prostaglandin signaling, targeting this pathway should be considered. 

Fourth, Nell1 upregulation was also attenuated in old mice. Notably, Nell1 plays a role in 

osteoporotic bone loss, and delivering Nell-1 to ovariectomized mice increased bone 

formation by enhancing Wnt signaling.(49) Thus, Nell-1 may also be an attractive target to 

restore the loading response in aging, and the first human trial for Nell-1 was recently 

approved.(69) Last, both Fosb and Junb, which are members of the mechanoresponsive AP-1 

transcription factor family, are upregulated at day 1 in young-adult but not old mice.(43) 

Thus, although the AP-1 family plays a role in a range of contexts in humans,(70) targeting 

AP-1 in bone is a possible strategy to restore the loading response in aging.

We also consistently identified changes in ECM-related genes. At day 5, when histological 

bone formation actively occurs, the upregulation of ECM proteins represented the largest 
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signal. In young-adult mice, a total of 23 collagen transcripts (including Col1a1 and Col1a2) 

were among the upregulated DEGs at day 5 (Supporting Table S4). Most of these genes 

(16/23, 70%) were also upregulated DEGs in old mice, but their FCs were lower. Thus, in 

bones of old mice, the diminished induction of these collagen transcripts is consistent with 

the diminished bone formation (Supporting Fig. S1).(15) In the GO analysis, collagen fibril 

organization was up in both ages at days 3 and 5, but ECM organization was exclusively 

enriched in young-adult mice. These findings suggest that some aspects of the ECM 

response remain intact with aging while others do not. A number of noncollagenous proteins 

were also upregulated at day 5. In particular, Bcan and Hapln4 were up >20-fold (loaded/

non-loaded). Although these two proteins have not been described in bone’s loading 

response, they play a role in synaptic stabilization in the brain.(71) Given the nerve-like 

nature of the osteocytic network, we speculate that these proteins may play a role in the bone 

response to loading by facilitating osteocytogenesis or osteocyte maintenance.(72)

Consistent with the nerve-like nature of the osteocytic network, we identified a consistent 

neuronal signal in the loading response. In fact, of the eight DEGs common to every time 

point in young-adult mice, two—Ddn and Ngf—are classically associated with the nervous 

system. First, dendrin (Ddn) was originally identified in dendrites in the brain.(73) More 

recently, in kidney podocytes, dendrin was shown to interact with Yes-associated protein 

(YAP), a key player in mechanotransduction, to induce apoptosis.(74) Either role in bone—

whether functioning in osteocyte dendrites or modulating apoptosis following mechanical 

loading—remains plausible but should be explored further. Second, in addition to a role for 

NGF noted above, NGF is a potent growth factor for both sympathetic and sensory neurons.
(75) Because osteocytes and osteoblasts express low levels of the high-affinity NGF receptor 

(TrkA), NGF may target surrounding peripheral nerves to promote nerve sprouting into bone 

following loading.(41) The axon guidance mediated by semaphorins pathway was exclusively 

enriched in young-adult mice at day 5. Whether this signal represents a cue for nerve 

sprouting following loading or is evidence of osteocyte-driven repurposing of neuron-

associated pathways remains to be established.(76,77) The latter explanation may suggest that 

osteocytes induce classical “nerve genes” to remodel their dendritic processes. Either way, 

this neuronal response does not seem to be fully preserved with aging.

In our proliferation study, the few BrdU+ cells on the periosteal surface in non-loaded tibias 

indicate negligible cell proliferation in the absence of mechanical loading. With loading, the 

number of BrdU+ surface cells significantly increased in both ages. These surface cells—

because of their location—are presumably the cells responsible for active bone formation, so 

old mice did not display an impaired recruitment of bone-forming surface cells via 

proliferation during a 5-day loading interval. Because the BrdU labeling was conducted for 5 

days, we cannot rule out the possibility that old mice do not sustain this proliferative 

response for loading regimens exceeding 5 days. Overall, we found that ~30% to 40% of 

surface cells arose via proliferation following loading, which is consistent with our previous 

work in 5-month-old and 12-month-old reporter mice.(27) To explore the origins of these 

proliferating cells, we considered markers of osteoprogenitors, including Sca-1 (Ly6a)(78) 

and Ctsk.(79) Sca-1 was unchanged with loading in both age groups, and Ctsk was 

downregulated in young-adult mice at day 3. This suggests that, at these early time points, 

there may not be enrichment of osteoprogenitors, which is consistent with our current 
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understanding that the initial bone formation response to mechanical loading is based on the 

activation and proliferation of existing osterix-lineage cells rather than the differentiation of 

progenitors.(27)

Our study had several limitations. First, small amounts of contaminant nonbone tissue 

(including muscle and bone marrow) may significantly impact RNA-seq data.(80) Therefore, 

we carefully removed other tissues from the tibias and used a previously published 893-gene 

contaminant tissue list(80) to confirm that few of our DEGs were contaminants (Supporting 

Fig. S7). Second, because of the minimal trabecular bone in tibias of old mice, no effort was 

made to separate cortical and trabecular bone, which have differential expression following 

loading.(40) Third, our study focused on female mice for the reasons stated above. Although 

we cannot be certain that our findings would be the same in male mice, both female and 

male C57BL/6 mice exhibit similar age-related cortical bone loss,(16) suggesting that these 

findings will translate to male mice. Fourth, although a sample size of 5 mice/age/day 

enabled the identification of many DEGs at later days, a larger sample size would have 

increased statistical power and allowed genes with more variable expression to be identified 

as DEGs. Fifth, bulk sequencing cannot distinguish whether transcriptional differences were 

due to changes in cellular composition (eg, a new osteoblast expressing Col1a1 after arising 

from cell division) or due to altered expression (eg, the same osteoblast upregulating 

Col1a1). Sixth, in contrast to other reports, Sost was not strongly downregulated with 

loading in young-adult mice at day 1 (FC of 0.99, loaded/control), day 3 (0.71), or day 5 

(0.81). Similar nonsignificant changes were detected in old mice. We observed a tendency 

for lower overall Sost expression in old bones. Last, in our proliferation study, we 

administered BrdU for the entire 5-day loading interval, which allowed us to assess the 

cumulative number of cells that proliferated in the 5-day loading interval rather than 

evaluating a single time point.

In summary, old mice had less transcriptional activation following tibial loading compared 

to young-adult mice. Old mice engaged fewer GO processes and pathways and had less 

activation of processes involving proliferation and differentiation. Prominent features of the 

young-adult loading response were Wnt signaling, ECM, and neuronal responses, and these 

were diminished with aging. We identified a number of targets that may be effective in 

restoring the mechanoresponsiveness of aged bone, including NGF, Notum, prostaglandin 

signaling, Nell-1, and the AP-1 family. We also showed that young-adult and old mice had a 

similar periosteal cell proliferative response following five bouts of daily loading. We 

conclude that old mice have diminished transcriptional activation following mechanical 

loading, but periosteal proliferation in the first 5 days of loading does not differ between 

tibias of young-adult and old mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Experimental design for RNA-seq and cell proliferation studies. (A) Thirty female 

C57BL/6N mice (5 mice/day/age) were subjected to daily in vivo axial tibial compression 

for either 1 (day 1), 3 (day 3), or 5 (day 5) bouts and euthanized 4 hours after their final bout 

of loading. (B) The loaded (right) and non-loaded (left) tibial mid-diaphyses were isolated, 

removed of marrow, and pulverized. RNA was extracted and sequenced. (C) Sequencing 

reads were mapped to mm10 genome. First, differential expression analysis was performed 

using DESeq2 to obtain fold changes for each gene at every time point and lists of DEGs 

using a fold-change threshold of >1.5 or <0.67 and an FDR of 0.05. Pathway and GO 

analyses were performed using the DEG lists. Second, WGCNA was used to cluster genes 

into functional modules. (D) Seventeen female C57BL/6N mice (nine young-adult, eight 

old) were subjected to five bouts of daily in vivo axial tibial compression. Mice were given 

BrdU to label proliferating cells from the start of loading until euthanasia, 4 hours after their 

final bout. Surface and non-surface cells were counted as either BrdU+ or BrdU− using 

BIOQUANT. BrdU = bromodeoxyuridine; DEG = differentially expressed gene; FDR = 
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false discovery rate; GO = gene ontology; WGCNA = weighted gene co-expression network 

analysis.

Chermside-Scabbo et al. Page 19

J Bone Miner Res. Author manuscript; available in PMC 2020 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Tibias from old mice had less transcriptional induction after loading compared to young-

adult mice. (A) Old mice had fewer upregulated and downregulated DEGs at every time 

point. (B) Old mice had lower fold-change inductions of the shared upregulated DEGs at 

day 3 and day 5 (*p < .0001, Wilcoxon matched-pairs test). (C) Old and young-adult mice 

shared a similar proportion of DEGs across days of loading. (D) Old and young-adult mice 

shared more upregulated DEGs than downregulated DEGs. At day 3 and day 5, 33% and 

39% of upregulated DEGs were shared, respectively, whereas only 3% and 4% of 

downregulated DEGs were shared. DEG = differentially expressed gene.
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Fig. 3. 
Temporal map of GO biological processes showed less activation in old mice. (A) DEG lists 

for each age and day combination (upregulated and downregulated DEGs separate) were 

input to DAVID to identify enriched GO biological processes. (B) Old mice had fewer 

enriched processes, and some processes were enriched later relative to young-adult mice. 

Young, but not old mice, downregulated metabolic processes at day 5. DEG = differentially 

expressed gene; GO = gene ontology.
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Fig. 4. 
Temporal map of PANTHER pathways showed fewer enriched pathways in old mice. (A) 

DEG lists for each age and day combination (up and down DEGs separate) were input to 

PANTHER to identify enriched pathways. (B) Old mice lacked enrichment of several 

pathways including cadherin signaling and Wnt signaling yet had activation of other 

pathways including heterotrimeric G-protein signaling and enkephalin release that were 

absent in young-adult mice. DEG = differentially expressed gene.
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Fig. 5. 
A distinct loading-responsive gene module was identified for each age using WGCNA. (A) 

For each age, RPKM values were used to cluster genes into 38 functional modules. Each age 

had one module that was significantly enriched for loading (red). The significance threshold 

(dashed line) was set using a Bonferroni correction (p = .05/38 = .0013); 29% of the genes in 

these modules were shared between young-adult and old. (B) GO analysis of the loading 

modules showed high enrichment of collagen-related and osteoblast-related processes (bold: 

shared between young-adult and old). (C) The top 20 upregulated genes (by fold-change) in 

each module were induced in both ages but to a lesser magnitude in old mice (white: 

expression not detected). FE = fold-enrichment; GO = gene ontology; WGCNA = weighted 

gene co-expression network analysis.
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Fig. 6. 
Old mice showed a similar periosteal proliferative response compared to young-adult mice. 

(A) BIOQUANT was used to count BrdU+ and BrdU− cells 2-mm region of interest (ROI), 

shown at magnification ×40. (B) Both young-adult (n = 9) and old (n = 8) mice showed a 

significant increase in proliferating cells on the periosteal (Ps) surface (arrowheads) 

following loading (*p < .02, Wilcoxon matched-pairs signed rank test). (C) Both young-

adult and old mice showed a significant increase in proliferating non-surface cells (arrows) 

following loading (*p < .02, Wilcoxon matched-pairs signed rank test).
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