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Abstract

Mechanical unloading causes rapid loss of bone structure and strength, which gradually recovers 

after resuming normal loading. However, it is not well established how this adaptation to 

unloading and reloading changes with age. Clinically, elderly patients are more prone to 

musculoskeletal injury and longer periods of bedrest, therefore it is important to understand how 

periods of disuse will affect overall skeletal health of aged subjects. Bone also undergoes an 

age-related decrease in osteocyte density, which may impair mechanoresponsiveness. In this study, 

we examined bone adaptation during unloading and subsequent reloading in mice. Specifically, 

we examined the differences in bone adaptation between young mice (3-month-old), old mice 

(18-month-old), and transgenic mice that exhibit diminished osteocyte density at a young age 

(3-month-old BCL-2 transgenic mice). Mice underwent 14 days of hindlimb unloading followed 

by up to 14 days of reloading. We analyzed trabecular and cortical bone structure in the femur, 

mechanical properties of the femoral cortical diaphysis, osteocyte density and cell death in cortical 

bone, and serum levels of inflammatory cytokines. We found that young mice lost ~10% cortical 

bone volume and 27-42% trabecular bone volume during unloading and early reloading, with 

modest recovery of metaphyseal trabecular bone and near total recovery of epiphyseal trabecular 

bone, but no recovery of cortical bone after 14 days of reloading. Old mice lost 12-14% cortical 

bone volume and 35-50% trabecular bone volume during unloading and early reloading but 

had diminished recovery of trabecular bone during reloading and no recovery of cortical bone. 

In BCL-2 transgenic mice, no cortical bone loss was observed during unloading or reloading, 

but 28-31% trabecular bone loss occurred during unloading and early reloading, with little to 

no recovery during reloading. No significant differences in circulating inflammatory cytokine 
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levels were observed due to unloading and reloading in any of the experimental groups. These 

results illustrate important differences in bone adaptation in older and osteocyte deficient mice, 

suggesting a possible period of vulnerability in skeletal health in older subjects during and 

following a period of disuse that may affect skeletal health in elderly patients.
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1. Introduction

Bone loses strength and structure with age [1–4], and old bone tissue is less 

mechanoresponsive to both increased and decreased loading [5, 6]. However, there is still 

only a limited understanding of specific age-related differences in bone’s response to disuse 

and the mechanisms behind these differences. Elderly patients make up a disproportionately 

large number of hospitalizations, and their length of stay for hospitalizations is longer on 

average than younger adults [7, 8]. As a result, the reduced mechanical loading of bone 

during a hospitalization could have long-term consequences on the musculoskeletal health 

of elderly patients who are hospitalized for an extended amount of time. A more complete 

understanding of how bone adapts to decreased loading with age is therefore critical for 

protecting the skeletal health of elderly patients.

Osteocyte density in older people is ~30-40% lower than in younger patients in their 20s 

and 30s [9, 10]. Osteocytes are the major resident cells in bone tissue that sense changes in 

mechanical loading, therefore a decrease in osteocyte density could affect the bone tissue’s 

ability to adapt to decreasing and increasing loads [11, 12]. Genetic mouse models can be 

used to investigate the effect of the age-related decrease in osteocyte density without other 

confounding factors associated with aging. One such genetic model is the BCL-2 transgenic 

mouse established and described by Moriishi et al. [13]. In this mouse model, human B-cell 

lymphoma 2 (BCL-2) is overexpressed in osteoblasts and osteocytes under the control of 

the Col1a1(2.3kb) promoter. Osteoblasts in this mouse model have suppressed cell adhesion, 

spreading, and mobility [13]. Osteocytes embedded in the bone matrix have fewer, shorter 

cell processes, and as a result the canalicular network is disrupted and the osteocytes are 

unable to obtain proper nutrition and eliminate waste, leading to cell death. By 10 weeks of 

age, approximately 50% of osteocytes are dead and by 16 weeks of age 75% of osteocytes 

have died [13, 14], establishing these mice as a model for studying the effects of osteocyte 

dysfunction. These mice exhibit increased trabecular and cortical bone volume in the tibia 

and femur compared to wild type mice, but do not exhibit any differences in bone volume in 

the spine at 4-weeks-old [13] and 4-months-old [14].

In this study, we investigated the differences in bone adaptation to unloading and subsequent 

reloading between young and old C57BL/6J mice, and in young BCL-2 transgenic mice as 

a model of osteocyte dysfunction. We hypothesized that old mice would have a decreased 

and delayed adaptation response to changes in the mechanical loading environment when 

compared with young mice due to diminished osteocyte signaling. We further hypothesized 
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that BCL-2 transgenic mice would have a decreased bone adaptation response to unloading 

and reloading compared to young wild-type mice but similar to the response of old mice. 

These findings would establish key differences and mechanisms of bone adaptation with age 

and decreased osteocyte density that may inform treatment strategies for elderly patients to 

maintain skeletal health during and after periods of disuse.

2. Materials and Methods

2.1 Animals

Male C57BL/6J and BCL-2 transgenic mice were used in these studies. Breeding pairs 

of BCL-2 Tg mice were provided to us by Dr. Toshihisa Komori, Nagasaki University, 

Nagasaki, Japan. C57BL/6J mice were purchased from the Jackson Laboratory (Sacramento, 

CA). All mice in this study belonged to one of three experimental groups: Young WT 

mice (n=47; 3-month-old C57BL/6J), Old WT mice (n=45; 18-month-old C57BL/6J), and 

BCL-2 transgenic mice (n=33; 3-month-old BCL-2 Tg). 3-month-old mice are analogous 

to 20-year-old people while 18-month-old mice are analogous to 56-year-old people [15]. 

Only male mice were used in this study, as we wanted to evaluate trabecular bone changes 

in the distal femoral metaphysis, and male mice retain considerably more trabecular bone 

in their hindlimbs at older ages compared to female mice [16]. Mice were cared for in 

accordance with the guidelines set by the National Institutes of Health (NIH) on the care 

and use of laboratory animals. All procedures were conducted under approved Institutional 

Animal Care and Use Committee protocols at UC Davis and Lawrence Livermore National 

Laboratory.

2.2 Experimental groups and study design

Mice were allowed to acclimate for 1-2 weeks in the vivarium prior to the start of the study. 

A subgroup of mice from each experimental group was euthanized at day 0 to establish 

baseline bone properties. All other mice underwent a period of tail suspension for up to 

14 days as described below. One subgroup of mice from each experimental group was 

euthanized after 2 days of tail suspension while remaining mice underwent 14 days of 

tail suspension. Another subgroup of mice was euthanized immediately after the 14-day 

unloading period without resuming normal cage activity. Remaining mice were allowed to 

resume normal cage activity (reloading) for either 2 or 14 days after the unloading period. 

Subgroups of Young WT and Old WT mice included 8-10 mice per time point. Subgroups of 

BCL-2 Tg mice included 6-8 mice per time point. Experimental groups, terminal time points 

and group sizes are presented in Table 1.

At each terminal time point, mice were euthanized by exsanguination via cardiac puncture 

under anesthesia followed by cervical dislocation. Blood was collected during cardiac 

puncture for use in serum ELISA analysis described below and hindlimb bones were 

collected and stored as described below for micro-computed tomography analysis and 

histology.
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2.3 Hindlimb unloading via tail suspension

Mice were subjected to hindlimb unloading via tail suspension as first described by Morey-

Holten [17]. Mice were anesthetized with isoflurane, the tail was sterilized with an alcohol 

wipe, and a thin strip of skin-safe medical tape was wrapped around the base of the tail 

to minimize irritation. A U-shaped piece of wire was threaded through a swivel on an 

acrylic loop and attached to the base of the tail with cyanoacrylate. Once the wire hook 

was securely attached to the tail, the hook and tail were wrapped with additional skin-safe 

medical tape to reduce skin irritation and prevent mice from biting at the tail fixture. 

Mice were individually housed in custom-made cages with wire mesh flooring placed over 

absorbent pads; the acrylic loop at the top of the hook assembly was placed on a metal rod 

extending across the top of the cage. This assembly allowed the mice to move around their 

cage and access food, water, and nesting materials with their front limbs, but their hind limbs 

were unable to touch the floor of the cage (approximately 30-degree head-down angle).

2.4 Histology: TUNEL staining

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was 

performed on histological sections of tibias from mice at baseline, after 14 days of 

unloading, and after 14 days of reloading to quantify differences in osteocyte density 

and osteocyte death between experimental groups (Young WT, Old WT and BCL-2 Tg). 

Following euthanasia, tibias were fixed in a 4% paraformaldehyde (PFA) solution for 5-7 

days and then stored in 70% ethanol until decalcification. Tibias were decalcified with 0.5 

M Ethylenediaminetetraacetic acid (EDTA) until fully decalcified as determined via x-ray. 

Decalcified tibias (n=2 per subgroup, n=18 total) were processed for paraffin embedding 

and 6 μm sagittal sections were cut from the mid diaphysis to proximal end of the tibia. 

Sections were stained for TUNEL using the Apoptag® system (Millipore Sigma, Temecula, 

CA). For each stained section, three areas of cortical bone were imaged at 20x magnification 

and analyzed for live and apoptotic osteocytes. Live osteocytes stained blue while TUNEL 

positive dead osteocytes stained brown. Sections were analyzed for relative differences in 

number of live osteocytes, dead osteocytes, and empty lacunae normalized to the surface 

area of the section analyzed.

2.5 Micro-computed tomography analysis of trabecular and cortical bone

Following euthanasia, left femurs were collected and preserved in 70% ethanol, then 

scanned via micro-computed tomography (SCANCO μCT 35, Brüttisellen, Switzerland) at 

X-ray tube potential 55 kVp, intensity 114 mA, integration time 900 ms, 6 μm isotropic 

nominal voxel size [18]. Trabecular bone analysis was performed at the distal metaphysis 

and distal epiphysis of the femur. Cortical bone analysis was performed at the mid diaphysis.

The epiphyseal region of interest began immediately proximal to the distal subchondral bone 

plate and included all trabecular bone between the subchondral bone plate and the distal 

growth plate. Because this section was fully enclosed by the growth plate, the size of region 

of interest for the epiphysis varied from sample to sample in the range of 70-110 slices 

or 0.42-0.66 mm in length. The metaphysis was defined as the trabecular bone within 200 

slices (1.2 mm) of the region immediately proximal to the distal growth plate. A global 

threshold of 562.8 mg HA/cm3 was used to segment “bone” from “non-bone” voxels for 
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all experimental groups. Trabecular bone parameters were calculated in both regions with 

the manufacturer’s 3D analysis software and included: trabecular bone volume fraction 

(BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation 

(Tb.Sp).

The region of interest for the cortical bone analysis was the mid-diaphysis, defined as a 200 

slice (1.2 mm) region centered on 50% of the femur’s total length. Bone area (B.Ar), total 

cross-sectional area (T.Ar), bone area fraction (B.Ar/T.Ar), cortical thickness (Ct.Th), and 

other parameters were calculated using the manufacturer’s 3D analysis software. Additional 

parameters needed to calculate material properties from three-point bending mechanical 

testing data were obtained from µCT analysis, including the minimum moment of inertia 

(Imin) and the distance to the neutral axis (c).

Cortical bone porosity (i.e., pore volume fraction, PV/TV) was also analyzed at the 

mid-diaphysis and distal metaphysis at baseline, after 14 days of unloading, and after 

14 days of reloading. Cortical bone was isolated from the trabecular compartment using 

semi-automated segmentation protocols in 3D Slicer (v 4.11.0, slicer.org). In brief, an initial 

cortical bone volume generated by thresholding the grayscale μCT images was manually 

corrected on 10 equally spaced slices. The final cortical bone volume was then generated 

by linearly interpolating between corrected slices and filling pore space using morphological 

processing. The cortical pore volume was generated by extracting void voxels inside the 

final cortical bone volume. Mid-diaphysis volumes were initially analyzed with PV/TV 

including large porosities (“macropores”) that were present in BCL-2 Tg mice. A second 

analysis was also conducted that excluded these large porosities to determine their impact on 

overall cortical porosity.

2.6 Three-point bending mechanical testing

After μCT scanning, left femurs were mechanically tested in three-point bending to 

determine structural and material properties. Prior to testing, femurs were rehydrated 

by submerging them in a solution of phosphate buffeted saline for at least 10 minutes. 

Rehydrated femurs were then loaded into the mechanical testing machine (ELF 3200, TA 

Instruments, New Castle, DE) in a three-point bending setup such that the midpoint of the 

bone was directly beneath the top loading platen. The two lower platens were separated by 8 

mm. To prevent motion or rotation of the bone during the test, the top actuator was lowered 

onto the sample to apply a small preload (typically 1-2 N). Samples were tested with the 

posterior aspect of the bone loaded in tension. Femurs were loaded to failure by a single 

monotonic load at a rate of 0.01 mm/sec. Force and displacement data were recorded at 50 

Hz. Using the output force-displacement data, the linear region was isolated, and the yield 

point was identified as the point at which the force-displacement curve became non-linear. 

Stiffness of the linear region (K), yield force (FY), and ultimate force (Fult) were determined 

from the force-displacement curve. Minimum moment of inertia (Imin) and the distance to 

the neutral axis (c) were used to calculate elastic modulus (E), yield stress, and ultimate 

stress using beam theory equations [19].
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2.7 Serum cytokine analysis

Blood was spun at 1000g for 10 minutes at 4°C and the serum was stored at −80°C until 

analyzed. Enzyme-linked immunosorbent assay (ELISA) was used to measure circulating 

levels of Interleukin 6 (IL-6), Interleukin 1 beta (IL-1β) and tumor necrosis factor alpha 

(TNFα), in the isolated serum according to the manufacturer’s instructions (Meso Scale 

Discovery, Rockville, MD).

2.8 Statistical analysis

Statistical analysis of μCT, mechanical testing, and ELISA data was performed via 2-way 

ANOVA with experimental group and time point as factors. Statistical significance was 

defined as p < 0.05. Main effects and interactions between experimental groups were 

obtained through the ANOVA. Since Old WT and BCL-2 Tg mice differed both in age and 

genotype, no direct statistical comparisons were made between these two groups. Instead, 

both of those experimental groups were compared only to Young WT mice.

To determine differences between subgroups (time points) within each experimental group, 

post hoc planned contrasts were performed. To adjust for the multiple comparisons from 

planned contrasts, the cutoff p-value for statistical significance was adjusted with a 

Bonferroni correction. The p-value (originally set at p < 0.05) was divided by the total 

number of contrasts which was 30. Thus, statistical significance in each planned contrast 

was defined as p < 0.00167.

3. Results

3.1 Histology: TUNEL staining

Histological assessment of TUNEL stained sections showed that at baseline, Old WT mice 

(Fig. 1b) had more extensive osteocyte death than Young WT mice (Fig. 1a). BCL-2 Tg 

mice (Fig. 1c) had greater overall lacunar density than either Young or Old WT mice (Fig. 

1d), though the percentage of lacunae with live osteocytes was considerably lower in BCL-2 

Tg mice than in Young WT mice. The total live osteocyte density in Old WT mice was lower 

than either Young WT or BCL-2 Tg mice (Fig. 1d). Empty lacunae (assumed to be dead 

osteocytes) were observed in samples from both Old WT mice and BCL-2 Tg mice, but no 

empty lacunae were observed in Young WT mice. After 14 days of unloading, live osteocyte 

density was lower in Young WT mice and BCL-2 Tg compared to baseline, but no decrease 

in osteocyte density was observed in Old WT mice (Fig. 1e). After 14 days of reloading, live 

osteocyte density had mostly recovered in Young WT mice and BCL-2 Tg mice. In contrast, 

live osteocyte density in Old WT mice was decreased at this time point relative to baseline.

3.2 Micro-Computed Tomography Analysis: Metaphyseal Trabecular Bone

At the metaphysis of Young WT mice, bone loss occurred during unloading and continued 

into early reloading, and only modest recovery was observed by 14 days of reloading (Fig. 

2a–b). BV/TV and Tb.Th were significantly lower (−29% and −27%, respectively) than 

baseline after 14 days of unloading, and this bone loss was even greater (−42% and −34%, 

respectively) after 2 days of reloading. As expected, Old WT mice had less bone than 

Young WT mice at the metaphysis, but significant bone loss during unloading and reloading 
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was still observed in the Old WT mice. BV/TV in Old WT mice was 46% lower and 

Tb.Th was 36% lower after 14 days of unloading compared to baseline. These parameters 

remained lower than baseline for the full reloading period with little sign of recovery. In the 

metaphysis of BCL-2 Tg mice, no trabecular bone parameters were significantly different 

from baseline after 14 days of unloading. However, trabecular bone loss was observed 

throughout reloading at the metaphysis. After 14 days of reloading, both BV/TV and Tb.Th 

were significantly lower (−44% and −22% respectively) than baseline.

3.3 Micro-Computed Tomography Analysis: Epiphyseal Trabecular Bone

Similar patterns of trabecular bone loss and recovery were observed at the femoral epiphysis 

during unloading and reloading, though recovery during reloading was more complete at this 

site (Fig. 2c–d). In Young WT mice, BV/TV was 27% lower and Tb.Th was 23% lower 

at 14 days of unloading compared to baseline (p < 0.0001). During reloading, epiphyseal 

trabecular bone parameters in Young WT mice largely returned to baseline values after 14 

days of reloading. Tb.Th returned to baseline values after 14 days of reloading, but BV/TV 

remained significantly lower than baseline at this time point (−12%, p = 0.0013). In Old WT 

mice, both BV/TV and Tb.Th were significantly lower (−35% and −26%, respectively) after 

14 days of unloading compared to baseline (p < 0.0001). Following 14 days of reloading, 

epiphyseal BV/TV and Tb.Th significantly recovered but remained significantly lower than 

baseline. After 14 days of reloading, BV/TV remained 24% lower than baseline BV/TV (p 
< 0.0001) and Tb.Th remained 20% lower than baseline (p < 0.0001). In the epiphysis of 

BCL-2 Tg mice, we observed trabecular bone loss following unloading that did not recover 

during reloading. BV/TV was 28% lower and Tb.Th was 19% lower compared to baseline 

after 14 days of unloading (p < 0.0001). After 14 days of reloading, BV/TV and Tb.Th 

showed only non-significant trends toward recovery.

3.4 Micro-Computed Tomography Analysis: Mid-Diaphyseal Cortical Bone

Cortical bone microstructure did not change during unloading and reloading to the same 

extent as trabecular bone, but some bone loss was detected, particularly during reloading 

in Old WT mice (Fig. 3). In Young WT mice, after 14 days of reloading, Ct.Th was 

significantly lower (−11%) than the baseline value (p = 0.0006). Old WT mice also had 

significantly lower Ct.Th (−11%) after 14 days of unloading compared to baseline values 

(p = 0.0005) and remained lower (−17%) after 14 days of reloading (p < 0.0001). After 2 

days of reloading, B.Ar of Old WT mice was significantly lower (−15.3%) than baseline (p 
< 0.0001). In contrast, no changes in cortical bone microstructure were observed at any time 

point in the BCL-2 Tg mice. Total cross-sectional area of Old WT mice was significantly 

greater than Young WT mice and BCL-2 Tg mice, consistent with periosteal expansion and 

endocortical resorption of bone during aging [20]. Total cross-sectional area of the femur did 

not change during unloading or reloading in any experimental group, indicating that changes 

in B.Ar and Ct.Th during unloading and reloading were attributable to endocortical bone 

resorption. Section modulus (a correlate of bending strength) was significantly decreased 

(−14%) after 2 days and 14 days of reloading in Old WT mice, but did not change during 

unloading or reloading in Young WT mice or BCL-2 Tg mice.
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3.5 Micro-Computed Tomography Analysis: Cortical Porosity

Cortical porosity was primarily affected by unloading and reloading in BCL-2Tg mice 

(Fig. 4). PV/TV did not change after 14 days of unloading or 14 days of reloading in 

Old WT mice and was significantly decreased (−26%) in Young WT mice only after 14 

days of reloading. In BCL-2 Tg mice, PV/TV was significantly increased after 14 days of 

reloading at the mid-diaphysis (+240%). However, this increase can be primarily attributed 

to expansion of the “macropores” in the cortical bone. Analysis of PV/TV in BCL-2 Tg 

mice excluding the macropores yielded results similar to those of Young WT mice, with 

a significant decrease in PV/TV (−32%) relative to baseline after 14 days of reloading. 

Similarly, at the distal femur no significant changes in PV/TV due to unloading or reloading 

were observed for Young or Old WT mice but decreases in PV/TV were observed in 

BCL-2 Tg mice after 14 days of unloading (−18% relative to baseline) and after 14 days of 

reloading (−48% relative to baseline).

3.6 Three-Point Bending Mechanical Testing

Three-point bending results largely mirrored the results from the cortical bone structure 

analysis (Fig. 5). We observed significant decreases in structural and material properties 

following unloading and reloading in Young and Old WT mice, but we observed no changes 

in bone mechanical properties following unloading or reloading in BCL-2 Tg mice. In 

Young WT mice, the elastic modulus was 25% lower after 2 days of unloading and remained 

significantly lower than baseline after 14 days of reloading; no other mechanical properties 

changed relative to baseline at any other time point. In contrast, unloading affected multiple 

mechanical properties in Old WT mice. After 14 days of unloading, femurs from Old 

WT mice had a significantly lower stiffness (−33%; p = 0.0038) and ultimate stress was 

significantly lower (−25%; p = 0.0004) than at baseline. After 14 days of reloading, the 

elastic modulus of femurs from Old WT mice was significantly lower than at baseline 

(−44%; p < 0.0005). No mechanical properties changed during unloading and reloading in 

BCL-2 Tg mice, but post-yield displacement was significantly lower in these mice relative 

to Young WT and Old WT mice. This is consistent with previous studies of mouse models 

of osteocyte deficiency, which showed that diminished osteocyte function resulted in bone 

tissue becoming more brittle [21].

3.7 Serum Cytokine Analysis

Serum cytokine measures had high variability within experimental groups, and thus we 

observed significant main effects between groups but no significant differences due to 

unloading or reloading (Supplemental Fig. 1). A significant main effect was observed 

between Young WT mice and Old WT mice, with Young WT mice having higher IL-1β 
and lower TNF-α than Old WT mice (p < 0.0001 and p < 0.0001, respectively). In addition, 

Young WT mice had higher IL-1β than BCL-2 Tg mice (p < 0.0001).

4. Discussion

In this study, we investigated differences in bone adaptation in response to unloading and 

reloading between three different experimental groups of mice: Young WT mice, Old WT 

mice, and BCL-2 Tg mice. Contrary to our initial hypothesis, Old WT mice had a robust 
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bone adaptation response to unloading that was similar in effect size to Young WT animals. 

Similarly, BCL-2 Tg mice, a model of osteocyte dysfunction, exhibited notable trabecular 

bone loss during unloading and reloading. However, we also observed key differences in 

bone adaptation between these experimental groups, particularly during reloading period, 

that may inform treatments and therapeutic targets for maintaining bone health during 

periods of disuse in older individuals.

The effect of disuse on bone in young adult subjects has been well established. In humans, 

bedrest and spaceflight studies have shown a gradual loss of bone mineral density (BMD) 

during periods of reduced loading. In bedrest studies, adult women exhibited a 3-4% 

decrease in trabecular BMD in the femur and tibia during a 60-day bedrest [22]. Though 

the scope of subjects was far narrower, spaceflight studies have indicated similar levels of 

trabecular bone resorption, with an estimated 1-2% loss of trabecular bone BMD in the 

hip per month spent in microgravity [23, 24]. In mouse tail suspension studies, 25-40% of 

trabecular bone volume fraction in the femur and tibia was lost over a 14-day period of 

unloading [25, 26]. Far fewer studies have examined the bone recovery that occurs during 

reloading following a period of unloading. Previous studies established that bone recovery 

during reloading takes far longer than the duration of unloading, up to twice as long as 

the unloading period [27–30]. Some studies indicate that even after full recovery of some 

bone quantity measures (i.e., BV/TV), the effects on other bone quality measures such as 

osteoblast number and bone formation rate may take even longer to recover [27, 29–32]. 

However, it is important to note that these reloading studies were done in adolescent or 

young adult populations. Therefore, these results may not necessarily translate to older 

subjects, and changes in bone metabolism with age could affect bone adaptation during 

unloading and subsequent reloading.

It has been reported that exercise in older patients results in smaller increases in bone mass 

than in younger patients [33]. Similarly, in animal models increased compression of cortical 

bone resulted in less bone formation in older animals than in younger animals [5]. However, 

far fewer studies have examined the effect of disuse on the bones of older people or animals. 

Previous studies in rats, including reports from our group, showed that the bones of older 

animals do not lose as much bone during unloading as younger animals [6, 34]. In addition, 

in our previously published work we observed that old rats continued to lose bone during 

reloading, which could imply that the adaptation response to decreased mechanical loading 

was delayed in older rats.

In this study we regularly observed bone loss during unloading that continued during the 

reloading period. There are a few potential causes for this continued bone loss during 

reloading. One potential explanation is that it may take a significant period of time after the 

end of unloading to reverse unloading-induced bone resorption. Trabecular bone loss during 

reloading occurred in early reloading with partial recovery later in reloading. In contrast, 

cortical bone loss continued during late reloading. This is reasonable, since trabecular bone 

is a more dynamically remodeled tissue than cortical bone and is quicker to respond to 

changing mechanical loading environments [27, 35]. Another potential cause for bone loss 

during reloading could be that allowing a mouse to ambulate with its hindlimbs after 14 days 

of unloading could cause microdamage to the bone from the sudden increase in mechanical 
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loading. The mechanostat theory suggests that if strain magnitude in bone is above a certain 

threshold, bone accrues damage rather than just adapting with a net increase in bone mass 

[36, 37]. It is possible that due to unloading-induced bone loss compromising the structure 

of the bone, there may be a period during early reloading where the strain magnitudes may 

be high enough to accrue some amount of damage, and this might be the initiating event for 

the bone loss that we observed in early reloading.

A previous study reported very little bone adaptation in old rats during unloading [6]. 

Similarly, in our previous study in rats, we observed no significant decreases in trabecular 

bone during 14 days of unloading, and we observed no significant decreases in cortical 

bone during unloading or subsequent reloading [34]. In contrast, in the current study 

we found that Old WT mice experienced considerable trabecular and cortical bone loss 

during unloading and reloading. It is somewhat difficult to compare our results, since 

previous studies examining unloading in older animals have used rats and have generally 

not reported epiphyseal bone results. Nonetheless, we did observe that Old WT mice did 

respond differently than Young WT mice during reloading. While both ages of WT mice 

experienced some continued bone loss during early reloading, Old WT mice did not exhibit 

the same magnitude of trabecular bone recovery. Similarly, BCL-2 Tg mice exhibited a 

clearly diminished ability to recover from bone loss during reloading, implicating osteocytes 

as a potential mediator of bone recovery during reloading.

Few studies have examined the effect of disuse on the bones of old animals, and these 

previous studies used ~28-month-old rats, whereas our study used 18-month-old mice. The 

rats in these previous studies were older relative to their total life span than the mice used 

in the current study, and this may explain some of the differences in bone adaptation that 

we observed in Old WT mice in this study versus previous studies in rats. Another factor 

that could contribute to the differences in the magnitude and timing of bone adaptation could 

be the differences in basal metabolic rate between mice and rats. Mice have a significantly 

higher metabolic rate than rats [38, 39], which could mean that the same 14-day period 

of mechanical unloading could have a much larger effect on the more metabolically active 

mouse than on the rat.

Young BCL-2 Tg mice were used in this study as a model of osteocyte dysfunction without 

the other confounding effects of aging. Since osteocytes have a key role in sensing and 

responding to mechanical loads in bone, osteocyte death and diminished lacunar-canalicular 

connectivity would suggest that BCL-2 Tg mice would have diminished bone adaptation in 

response to changing mechanical loading environments. A previous study showed that tail 

suspension in this BCL-2 Tg mouse model resulted in no significant trabecular bone loss in 

the metaphysis in response to unloading when the mice were 16 weeks old at the start of 

unloading [14]. In the current study, we similarly observed no significant loss of trabecular 

bone in the metaphysis during the unloading period. However, we did observe trabecular 

bone loss in the epiphysis during unloading, and we observed trabecular bone loss in the 

metaphysis when we investigated BCL-2 mice during reloading.

Previous studies have found that osteocyte apoptosis precedes disuse-induced bone loss [12, 

40] and is localized to areas of microdamage in response to increased loading [41, 42]. 
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While osteocyte apoptosis during reloading has not been directly measured, another study 

has modeled bone recovery during reloading using osteocyte viability based on the expected 

mechanical loading range that allows for osteocyte survival [43]. In the current study, we 

observed decreases in the number of live osteocytes following 14 days of unloading in all 

experimental groups. Unexpectedly, we also observed recovery of live osteocyte numbers 

after 14 days of reloading in Young WT and BCL-2 Tg mice. This observation certainly 

merits further investigation, and is difficult to explain since dead osteocytes are likely 

not replaced or reanimated during reloading. These observations may instead point to the 

difficulty in assessing live and dead osteocytes from paraffin-embedded sections. A previous 

study found that quantifying live/dead osteocytes from paraffin sections overestimates the 

numbers of empty lacunae due to shrinkage of osteocytes during processing, and that 

assessment of osteocytes using plastic sections is more accurate [20].

BCL-2 Tg mice had a considerably higher density of osteocyte lacunae than C57BL/6J mice. 

This may be due to the fact that BCL-2 is known to block cell apoptosis, so potentially 

a higher number of osteoblasts survived to become osteocytes before ultimately dying due 

to the disrupted lacunar-canalicular network. A lower number of live osteocytes at baseline 

means that there are fewer osteocytes that can undergo cell death in response to either 

unloading or reloading, which may impair bone adaptation. Cortical bone microstructure 

in BCL-2 Tg mice did not change during unloading or reloading (though there were 

notable changes in cortical porosity), and there were no differences observed in mechanical 

properties at any time point. Mechanoresponsiveness, particularly in the diaphysis of long 

bones, is thought to be heavily mediated by osteocytes [11, 44] and thus a lower osteocyte 

density and dysfunctional canalicular network in the BCL-2 Tg mice could explain the 

lack of cortical bone response to unloading and reloading in these mice. Furthermore, 

the development of “macropores” in BCL-2 Tg mice suggests that osteocyte dysfunction 

or death may contribute to trabecularization of cortical bone with age, though specific 

mechanisms are not yet understood, and we did not investigate the content of cortical 

macropores in this study. Further research into these changes is warranted as increased 

porosity and trabecularization of cortical bone present a major risk for degradation of 

structural properties of bone and increased fracture risk in older subjects.

One limitation of this study is the cross-sectional design with multiple terminal time points; 

there are no analyses that captured the changes for the same animals over the course 

of the unloading and reloading periods. Additionally, this study used only male mice 

due to the paucity of trabecular bone in the metaphysis of older female C57BL/6J mice, 

therefore we were unable to assess potential differences in bone adaptation in male vs. 

female mice. We also purchased C57BL/6J mice from a vendor rather than using transgene-

negative littermate controls to compare WT and BCL-2 Tg mice. In addition, this study 

is limited in the conclusions it can draw mechanistically. Our analysis presents a thorough 

examination of structural and mechanical changes in response to loading and unloading, 

but mechanistically we only examined TUNEL staining of osteocytes and serum levels of 

inflammatory cytokines. Thus, while we have observed complex differences in site-specific 

bone adaptation between the three experimental groups, we cannot currently determine the 

specific biological mechanisms causing these changes.
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5. Conclusions

This study builds on our previous work examining age-related differences in bone adaptation 

during mechanical unloading and subsequent reloading. Here we describe a delay in bone 

recovery and additional bone loss during reloading in Old WT and BCL-2 Tg mice, which 

further indicates that there may be a window of skeletal vulnerability in older subjects 

following a period of disuse. Altered bone adaptation in BCL-2 Tg mice, particularly in 

cortical bone, provides further evidence of the role of osteocytes during bone’s response to 

changing mechanical loading environments. This research motivates further investigations 

into specific differences in bone adaptation based on age and other factors to better preserve 

the skeletal health of elderly patients following significant periods of bedrest or disuse.
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Figure 1: 
(a-b) Representative images of TUNEL-stained osteocytes in tibias from Young WT (a), 

Old WT (b), and BCL-2 Tg (c) mice. Live osteocytes appear blue and dead osteocytes 

appear brown. Empty lacunae were also observed in Old WT mice and BCL-2 Tg mice. Old 

WT mice had a lower lacunar density overall compared to Young WT mice, with a greater 

percentage of dead osteocytes and empty lacunae (d). BCL-2 Tg mice had a higher lacunar 

density than Young WT mice, but a much lower percentage of live osteocytes (d). After 14 

days of unloading, both Young WT mice and BCL-2 Tg mice had diminished live osteocyte 

density, but this seemed to recover after 14 days of reloading (e). In contrast, Old WT mice 

did not have a decrease in live osteocyte density after 14 days of unloading, but did exhibit 

decreased live osteocyte density after 14 days of reloading.
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Figure 2: 
Trabecular bone microstructure at the distal femoral metaphysis (a-b) and epiphysis (c-d). 

At the metaphysis, significant bone loss was observed in Young WT and Old WT mice after 

14 days of unloading and into reloading, with little recovery after 14 days of reloading. 

In BCL-2 TG mice, bone loss was not observed after unloading, but significant bone loss 

occurred after 14 days of reloading. At the epiphysis, mice in all experimental groups had 

diminished bone volume and trabecular thickness after 14 days of unloading and into early 

reloading. This was largely recovered in Young WT and Old WT mice, but little recovery 

was observed in BCL-2 Tg mice. Data are presented as mean with standard deviation. On 

each graph, groups that do not share a letter are significantly different.
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Figure 3: 
Cortical bone microstructure at the femoral mid-diaphysis. Significant decrease in cortical 

thickness were observed in Old WT mice after 14 days of unloading, and this bone loss was 

maintained during reloading. In contrast, Young WT mice lost cortical thickness only after 

2 or 14 days of reloading, and no cortical bone loss was observed in BCL-2 Tg mice. Bone 

area and section modulus were diminished in Old WT mice after 2 and 14 days of reloading, 

but these were not affected by unloading or reloading in Young WT or BCL-2 Tg mice.
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Figure 4: 
Cortical porosity at the mid-diaphysis (top) and distal metaphysis (bottom). At the mid-

diaphysis, BCL-2 Tg mice had considerably higher porosity than Young or Old WT mice, 

and this porosity was increased by unloading and reloading. When “macropores” were 

excluded from the analysis of BCL-2 Tg mice, Young WT mice and BCL-2 Tg mice had 

comparable cortical porosity, and both were significantly reduced during unloading and 

reloading. At the distal metaphysis, BCL-2 Tg mice had higher cortical porosity than either 
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Young or Old WT mice, and this porosity was reduced during unloading and reloading. No 

changes were observed as a result of unloading or reloading in Young or Old WT mice.
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Figure 5: 
Structural and material properties of femoral cortical bone determined by 3-point 

bending. Changes in structural and material properties of cortical bone largely mirrored 

microstructural changes in cortical bone, with the greatest effect of unloading observed in 

the Old WT mice, and little or no effect in Young WT and BCL-2 Tg mice. Data are 

presented as mean with standard deviation. On each graph, groups that do not share a letter 

are significantly different.
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Table 1:

Experimental groups, terminal time points for subgroups, and subgroup sizes

Experimental Group Baseline (Day 
0)

2 days of unloading 
(Day 2)

14 days of 
unloading (Day 14)

2 days of reloading 
(Day 16)

14 days of 
reloading (Day 28)

Young WT (3 months old) n=9 n=10 n=8 n=10 n=10

Old WT (18 months old) n=8 n=10 n=10 n=9 n=8

BCL-2 Tg (3 months old) n=6 n=8 n=6 n=6 n=7
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