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Abstract

Development of osteoarthritis commonly involves degeneration of epiphyseal trabecular bone. In 

previous studies, we observed 30–44% loss of epiphyseal trabecular bone (BV/TV) from the distal 

femur within one week following non-invasive knee injury in mice. Mechanical unloading (disuse) 

may contribute to this bone loss, however it is unclear to what extent the injured limb is unloaded 

following injury, and whether disuse can fully account for the observed magnitude of bone loss. In 

this study, we investigated the contribution of mechanical unloading to trabecular bone changes 

observed following non-invasive knee injury in mice (female C57BL/6N). We investigated 

changes in gait during treadmill walking, and changes in voluntary activity level using Open Field 

analysis at 4, 14, 28, and 42 days post-injury. We also quantified epiphyseal trabecular bone using 

μCT and weighed lower-limb muscles to quantify atrophy following knee injury in both ground 

control and hindlimb unloaded (HLU) mice. Gait analysis revealed a slightly altered stride pattern 

in the injured limb, with a decreased stance phase and increased swing phase. However, Open 

Field analysis revealed no differences in voluntary movement between injured and sham mice at 

any time point. Both knee injury and HLU resulted in comparable magnitudes of trabecular bone 

loss, however HLU resulted in considerably more muscle loss than knee injury, suggesting another 

mechanism contributing to bone loss following injury. Altogether, these data suggest that 

mechanical unloading likely contributes to trabecular bone loss following non-invasive knee 

injury, but the magnitude of this bone loss cannot be fully explained by disuse.

Keywords

Post-traumatic osteoarthritis; hindlimb unloading; trabecular bone; knee injury; mechanical 
loading

Correspondence: Blaine A. Christiansen, Ph.D., University of California-Davis Medical Center, Department of Orthopaedic Surgery, 
4635 2nd Ave, Suite 2000, Sacramento, CA 95817, Phone: 916-734-3974, bchristiansen@ucdavis.edu. 

Author Contributions Statement: MJA performed hindlimb unloading and muscle mass analysis. SD performed microCT analysis. 
LMB performed muscle biomarker analysis. KB assisted with study design and data interpretation, and provided HLU equipment. 
SCB assisted with study design and data interpretation, and provided resources for biomarker analysis. BAC coordinated all analyses 
and was primarily responsible for writing the manuscript. All authors have read and approved the final submitted manuscript.

HHS Public Access
Author manuscript
J Orthop Res. Author manuscript; available in PMC 2017 October 01.

Published in final edited form as:
J Orthop Res. 2016 October ; 34(10): 1680–1687. doi:10.1002/jor.23178.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Post-traumatic osteoarthritis (PTOA) is a common consequence of traumatic joint injury, 

with 20–50% of individuals suffering anterior cruciate ligament (ACL) rupture or 

meniscectomy developing PTOA within 10–20 yrs [1]. Decreased epiphyseal trabecular 

bone volume during OA development is commonly observed clinically [2–4] and in animal 

models [5, 6]. In previous studies, we observed a 30–44% loss of epiphyseal trabecular bone 

volume fraction (BV/TV) in both the proximal tibia and distal femur compared to uninjured 

controls following non-invasive knee injury in mice [7–9]. This loss of trabecular bone 

volume occurs rapidly (within one week following injury), and is maintained for at least 16 

weeks post-injury. However, the specific mechanisms driving this rapid bone loss have not 

been identified. Compensatory unloading or decreased activity level may be expected 

following this type of injury, and this decreased mechanical loading of the injured limb is a 

likely contributor to this acute bone loss. It is unclear to what extent the injured limb is 

unloaded following non-invasive knee injury in mice, and whether disuse accounts for all of 

the observed bone loss.

Studies of mechanical unloading in humans, such as during prolonged bed rest or long-term 

space flight, have shown decreases in urinary biomarkers for bone formation and increases 

in biomarkers for bone resorption, corresponding to loss of cancellous and cortical bone 

[10–13]. Astronauts have been shown to lose ~2% of their bone mass per month at the 

proximal femur during space flight [14]. Rodent tail suspension models were developed to 

model the effects of microgravity on humans, and these models also demonstrate increased 

bone resorption and decreased bone formation [15–17], as well as decreases in muscle mass 

[16, 18–20], and decreased interstitial fluid flow [21]. Mice and rats typically lose 23–50% 

trabecular bone volume in the distal femur and proximal tibia and 10–55% muscle mass 

(depending on the muscle) during 2 weeks of tail suspension [18–20, 22–26]. These data 

suggest that tail suspension may provide an important model for understanding the 

contribution of mechanical loading to bone loss observed following traumatic joint injury.

In this study we investigated changes in gait and voluntary movement in mice following 

non-invasive knee injury. Further, to determine the role of mechanical loading and altered 

knee biomechanics on PTOA, we quantified trabecular bone and muscle atrophy in mice 

following non-invasive knee injury in both ground control and hindlimb unloaded animals. 

Our goal was to quantify changes in voluntary movement in injured mice following knee 

injury, and to determine the contribution of mechanical unloading to bone changes observed 

in the injured joint. We hypothesized that knee injury would result in decreased voluntary 

movement and gait asymmetry in injured mice. We further hypothesized that hindlimb 

unloading would cause a loss of trabecular bone and muscle in both injured and sham 

animals, but that this atrophy would be greater in injured animals.

Methods

Animals

A total of 73 female C57BL/6N mice (10 weeks old at time of injury) were obtained from 

Harlan Sprague Dawley, Inc. (Indianapolis, IN). Mice underwent a two-week acclimation 
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period before injury. Mice were randomly assigned to experimental groups. 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. Mice were housed in Tecniplast conventional cages 

(Tecniplast SPA, Buguggiate, Italy), with Bed-o’ Cob bedding (The Andersons Inc., 

Maumee, OH), with 3–4 mice per cage prior to injury or sham injury, 12 hour light/dark 

cycle, 20–26° C ambient temperature. Mice had ad libitum access to food (Harlan irradiated 

2918 chow) and autoclaved water, and were provided with Enviro-dri and/or Nestlets for 

environmental enrichment. Mice were monitored by husbandry staff at least once a day, 7 

days a week, with monthly health care checks by a veterinarian. All procedures were 

approved by our Institutional Animal Care and Use Committee.

Non-invasive knee injury

Knee joint injury was induced as previously described [7]. Briefly, 38 mice were subjected 

to a single dynamic overload cycle of tibial compression. With the mouse anesthetized under 

isoflurane in a prone position with right lower leg vertically aligned between two platens, 

tibia compression was performed at a rate of 1 mm/s using an electromagnetic materials 

testing machine (Bose ElectroForce 3200, Eden Prairie, MN) until injury. Injury was noted 

by a release of compressive force, at which point the compressive load was stopped. 

Compressive force at injury was typically 8–10 N. Our previous studies showed that this 

loading protocol results in rupture of the anterior cruciate ligament (ACL) without notable 

damage to other tissues of the joint. An additional 35 mice were subjected to sham injury. 

Mice in the sham group were anesthetized with isoflurane and placed in the tibial 

compression system, then a 1–2 N load was applied to the right lower leg. After injury (or 

sham injury), mice were removed from the testing apparatus, given a subcutaneous injection 

of buprenorphine (0.01 mg/kg), and returned to individual housing.

Open field analysis of voluntary movement

Following non-invasive knee injury or sham injury, 12 mice (6 injured, 6 sham) were 

transported to the UC Davis Mouse Biology Program (https://www.mousebiology.org/) for 

Open Field analysis of voluntary movement. Each mouse was tested for a 24-hour period at 

4, 14, 28, and 42 days post-injury. During open field testing, each mouse was individually 

housed in an 18″×18″ enclosure (Opto-Varimex 4, Columbus Instruments, Columbus, OH). 

Mouse activity was tracked using a grid of infrared photocells placed around the arena; 

vertical motion was detected by a second array of photocells placed above the animal. Total 

distance travelled, ambulatory time, vertical sensor breaks (rearing), and other parameters 

were tracked during each 24-hour testing period using the manufacturer’s analysis software.

Gait analysis

Following non-invasive knee injury or sham injury, 16 mice (8 injured, 8 sham) were 

transported to the UC Davis Mouse Biology Program for gait analysis. Mice were tested 1 

day post-injury using the Treadscan system (CleverSys Inc., Reston, VA) to assess gait 

during forced locomotion. Running speed for all mice was 14.6 cm/s. Percent stance phase, 

percent swing phase, stance time, brake time, propel time, swing time, and other gait 

parameters of each limb were recorded for analysis.
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Hindlimb unloading via tail suspension

After injury or sham injury, mice were individually housed in a standard cage (ground 

control (GC) mice, n = 21), or were individually housed in a custom tail suspension cage 

(hindlimb unloaded (HLU) mice, n = 24; Techshot Inc., Greenville, IN). HLU mice were tail 

suspended according to previously described methods [27]. While still under anesthesia 

following knee injury or sham injury, HLU mice had a metal loop attached near the base of 

their tail using cyanoacrylate and athletic tape. This loop was then attached to a swivel that 

allowed for 360 degrees of rotation and was mounted on a bar spanning the top length of the 

cage. The height of the swivel was adjusted to maintain mice in approximately 30° head 

down angle, so that the hindlimbs were not able to contact the floor. Absorbent material was 

placed under a wire mesh flooring to allow the mice to pull themselves about their cage. 

Hindlimb unloaded mice were given free access to food, water, and nesting materials. Mice 

were sacrificed 7 days or 14 days after knee injury or sham injury (n = 5–6 mice/group/time 

point).

Results from one mouse (day 7, injured, HLU) were not included because the mouse 

escaped the tail suspension setup near the end of the experimental period, and thus was 

subjected to normal mechanical loading during that time. Another mouse (day 14, uninjured, 

HLU) was sacrificed during the experimental period due to health concerns.

Trabecular bone analysis by micro-computed tomography imaging

Injured and uninjured knees were imaged with micro-computed tomography (SCANCO 

μCT 35, Bassersdorf, Switzerland) to quantify trabecular bone structure in the distal femoral 

epiphysis. Dissected limbs were fixed in 4% paraformaldehyde for 24–48 hours, then 

transferred to 70% ethanol. Knees were scanned according to the guidelines for micro-

computed tomography (μCT) analysis of rodent bone structure [28] (x-ray tube potential = 

55 kVp, current = 114 μA, 10 μm isotropic nominal voxel size, integration time = 900 ms, 

number of projections = 1000/180°). Knees were scanned from above the patella to below 

the proximal tibial growth plate. Trabecular bone in the distal femoral epiphysis was 

analyzed by manually drawing contours on 2D transverse slices. The distal femoral 

epiphysis was designated as the region of trabecular bone enclosed by the growth plate and 

subchondral cortical bone plate. Bone was segmented from non-bone using a global 

threshold of 564.6 mg HA/cm3; this threshold was determined based on histograms of pixel 

brightness for the volumes of interest and visual comparison with unsegmented images. We 

quantified trabecular bone volume per total volume (BV/TV), trabecular thickness (Tb.Th), 

trabecular number (Tb.N), and apparent bone mineral density (Apparent vBMD; mg 

HA/cm3 TV) using the manufacturer’s analysis tools. The direct measurement method (not 

dependent on model assumptions) was used to determine Tb.Th, Tb.N, and Tb.Sp.

Quantification of muscle mass and biomarkers of muscle atrophy

At the time of dissection, muscle mass of the tibialis anterior (TA) and gastrocnemius + 

soleus (GS) was quantified for each leg of each mouse. After weighing, muscles were flash 

frozen in liquid nitrogen and retained for analysis of biomarkers of muscle atrophy. Total 

RNA was extracted from powdered muscles using TRIzol reagent according to the 

manufacturer’s instructions (Invitrogen, Carlsbad, CA). cDNA was then synthesized using a 
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QuantiTech Reverse Transcription Kit (Qiagen, Hilden, Germany) from one μg of total 

RNA. MuRF1 and MAFbx gene expression was measured by quantitative PCR (qPCR) 

using Power SYBR Green PCR Master Mix (Life Technologies, Benicia, CA) on an ABI 

7900HT thermocycler. Cycling conditions were one cycle at 94°C for 10 min followed by 

forty cycles at 94°C for 30 s, 59°C for 30 s, and 72°C for 30 s. Each sample was run in 

triplicate. All data was normalized to GAPDH expression.

Statistical analysis

All data are presented as mean ± standard deviation. Body mass data were compared using 

repeated measures ANOVA. Open field and gait data were compared using Student’s t-test at 

each time point. For μCT and muscle data, differences between injured and uninjured 

(contralateral) limbs were determined using paired t-test. Remaining groups were compared 

using analysis of variance (ANOVA) with post-hoc analysis by Fisher’s protected least 

significant difference (PLSD). Significant differences were defined as p < 0.05.

RESULTS

Animal body mass

Knee injury and HLU were generally well tolerated by the animals in this experiment. There 

were no significant differences in animal body mass between experimental groups at any 

time point (Fig. 1). In general, animals in all experimental groups gained weight during the 

experiment. Approximately half of the animals subjected to HLU lost weight from day 0 to 

day 7, but by day 14 their body mass was increased relative to day 0.

Open field analysis of voluntary movement

There were no significant differences between injured and sham mice for any parameters 

measured by open field analysis at any time point (Fig. 2). In fact, injured mice exhibited 

greater distance travelled and ambulatory time than sham animals, particularly at 14 days 

post-injury, although these differences were not significant (p = 0.12–0.23). However, 

injured mice exhibited a lower number of vertical sensor breaks at 4 days post-injury (−49% 

in injured mice; p = 0.10). Injured mice also spent greater time in the margins of the 

enclosure (+8.1%) and less time in the center of the enclosure (−58%) than sham mice at 4 

days post-injury (p = 0.053).

Gait analysis

Gait analysis revealed an altered stride pattern in the injured limb of mice compared to sham 

animals (Fig. 3). Percent of stride spent in stance phase was decreased 6.0% in injured limbs 

(p = 0.048), primarily due to a 24% reduction in brake time (p = 0.03). Percent of stride 

spent in swing phase was increased 9.5% in the injured limb compared to sham (p = 0.048). 

The stride pattern of the contralateral front limb was also somewhat altered (although not 

statistically significant), with a 7.3% increase in percent of stride spent in stance phase, and 

a 10.1% decrease in percent of stride spent in swing phase compared to sham animals (p = 

0.10). No significant differences were observed for the contralateral rear limb or the 

ipsilateral front limb. No significant differences were observed for stride time or stride 

length for any of the limbs.
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Trabecular bone analysis by micro-computed tomography imaging

Both knee injury and hindlimb unloading resulted in significantly less epiphyseal trabecular 

bone volume than sham mice at 7 and 14 days post-injury (Fig. 4). All HLU mice exhibited 

similar deficits in epiphyseal trabecular bone regardless of injury status, and this decrease in 

bone volume progressed from day 7 to day 14 of unloading (~25% decrease in BV/TV at 

day 7 (p < 0.01), ~50% decrease in BV/TV at day 14 (p < 0.01)). Injured limbs of GC mice 

exhibited a comparable deficit in epiphyseal trabecular bone volume compared to HLU mice 

at 7 days post-injury, but this deficit did not progress from 7–14 days post-injury. A similar 

pattern was observed for Tb.Th, with both HLU mice and injured limbs of GC mice 

exhibiting ~20% lower Tb.Th of the epiphyseal trabecular bone at 7 days post-injury (p < 

0.01), and HLU mice exhibiting ~33% lower Tb.Th by 14 days post-injury (p < 0.01) with 

no further decrease in Tb.Th in GC mice from day 7–14 post-injury. No differences in Tb.N 

were observed due to HLU, however injured limbs of GC mice had 5.8% and 6.5% lower 

Tb.N than contralateral limbs at day 7 (p = 0.044) and day 14 (p < 0.01), respectively (data 

not shown).

Quantification of muscle mass

Both hindlimb unloading and knee injury resulted in decreases in muscle mass of the lower 

limb compared to Sham mice, with HLU resulting in considerably greater decreases than 

knee injury (Fig. 5). All HLU mice exhibited similar decreases in muscle mass in the lower 

limbs compared to Sham regardless of injury status (~25% muscle mass loss at day 7 (p = 

0.0002–0.023), ~30% muscle mass loss at day 14 (p = 0.0008–0.09)). Injured limbs of GC 

mice exhibited less of a deficit in muscle mass compared to HLU mice (~10% muscle mass 

loss relative to contralateral; p = 0.009–0.13). Additionally, sham GC mice exhibited a 4–

11% decrease in muscle mass at day 14 compared to day 7, although this difference was not 

statistically significant (p = 0.11–0.47).

Quantification of biomarkers of muscle atrophy

Hindlimb unloading resulted in increased levels of biomarkers of muscle atrophy MuRF1 

and MAFbx relative to GC mice, while knee injury alone did not increase these biomarkers 

(Fig. 6). For example, 7 days of HLU increased MuRF1 and MAFbx expression 90% and 

314%, respectively, in sham HLU mice relative to sham GC mice (p = 0.05 and p = 0.005, 

respectively). After 14 days, MuRF1 expression remained 93% higher in sham HLU mice 

relative to sham GC mice (p = 0.016), while MAFbx expression returned to baseline values 

at this time point. In contrast, non-invasive knee injury did not result in increased levels of 

MuRF1 or MAFbx expression at either time point, and in fact often decreased expression in 

injured mice compared to sham mice (p = 0.0008–0.91). Additionally, the combination of 

HLU and knee injury did not further increase MuRF1 or MAFbx expression relative to HLU 

alone, and in fact was typically lower for injured HLU mice relative to sham HLU mice (p = 

0.074–0.495).

Discussion

This study investigated the contribution of mechanical unloading to the loss of trabecular 

bone volume following non-invasive knee injury in mice. We originally hypothesized that 
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knee injury would result in decreased voluntary movement and gait asymmetry in injured 

mice, and that hindlimb unloading would cause a loss of trabecular bone and muscle in both 

injured and sham animals, but that this atrophy would be greater in injured animals. 

Contrary to this hypothesis, we observed similar magnitudes of trabecular bone and muscle 

mass loss during HLU for both injured and sham animals. We also observed only minor 

changes in gait and movement behavior due to injury, with no changes in general activity 

level. These data indicate that mechanical unloading is a primary determinant of bone loss 

following joint injury in mice, although other non-mechanical factors must be considered in 

order to account for the observed magnitude of trabecular bone loss.

Open field analysis indicated that injured mice were on average just as active as sham mice 

at all time points following injury, although within-group variance was high for all of the 

groups. The primary behavioral change of injured mice was the decrease in vertical sensor 

breaks at 4 days post-injury, indicating a reduction in rearing. Additionally, injured mice 

spent a greater amount of time in the margins of the enclosure and less time in the center of 

the enclosure at this early time point, indicative of increased stress. These early differences 

can be attributed to pain and discomfort associated with knee injury, but at later time points 

no differences in behavior were observed. Similarly, gait analysis at 1 day post-injury 

indicated that injured animals exhibited a shorter stance phase in the injured limb relative to 

sham animals, and compensated with a slightly longer stance phase in the contralateral 

forelimb. These differences can also be attributed to acute knee pain associated with injury. 

Altogether, these data indicate small differences in gait and behavior of animals at early time 

points following injury, although the overall activity of the animals is not reduced, and 

movement at later time points does not differ from sham animals.

Results from μCT analysis were consistent with our previous study, in which the injured 

limbs of GC mice exhibiting a peak loss of trabecular bone at 7–14 days followed by a 

partial recovery of bone volume at later time points [7]. HLU resulted in a comparable 

magnitude of trabecular bone loss from days 0–7, with a further loss of trabecular bone from 

day 7–14. In our initial hypothesis we postulated that we would observe a greater trabecular 

bone loss in injured mice subjected to HLU than in Sham HLU mice. This effect was 

observed at 14 days post-injury, at which point the injured limb of HLU mice had the lowest 

BV/TV, although this difference was small and not significantly different from Sham HLU 

mice. This data partially supports our initial hypothesis, but to a much lesser degree than we 

expected. It is possible that HLU produces a “maximal” bone resorption response, and 

further bone resorption due to knee injury is not possible. Importantly, it appears that injured 

GC mice also achieve this “maximal” response from day 0–7 after injury, since the 

magnitude of trabecular bone loss was comparable to HLU mice at day 7. Unfortunately, this 

“maximal” bone resorption response precludes us from determining the contribution of 

mechanical unloading to trabecular bone loss in injured GC mice based on this data. Since 

the same degree of trabecular bone loss was observed in all HLU mice and the injured limbs 

of GC mice, it is not possible to determine the individual contributions of mechanical 

unloading or other non-mechanical factors based on this data. It is also possible that the 

observed trabecular bone losses in injured GC mice are attributable only to mechanical 

unloading, which is why the bone loss magnitude is similar to that observed with HLU. 

However, this is unlikely based on our activity/gait analysis and muscle mass analysis.
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Analysis of lower limb muscle mass suggests that disuse in the injured limbs of GC mice 

was considerably less than in HLU mice, with muscle mass of HLU mice exhibiting a 2-fold 

greater deficit than injured limbs of GC mice compared to Sham. Consistent with muscle 

mass data, MuRF1 and MAFbx expression increased only in HLU mice. MuRF1 and 

MAFbx are E3 ubiquitin ligases that are expressed at relatively low levels in resting muscle 

and upregulated under a variety of atrophy associated conditions including unloading, 

inactivity, elevated glucocorticoids, and elevated cytokines [29]. Contrary to our initial 

predictions, MuRF1 and MAFbx decreased in the injured limbs, which is unexpected since 

decreases in MuRF1 and MAFbx expression have only been reported with increased 

loading, such with functional overload [30] and in response to β2-adrenergic agonists [31]. 

Therefore, the mechanisms underlying the observed decreases in MuRF1 and MAFbx 

expression with injury remain unknown.

Based on this data, it may be possible to conclude that disuse in the injured limb of GC mice 

accounts for less than half of the observed trabecular bone volume loss during this time. A 

limitation of this conclusion is that it assumes that bone and muscle are completely “in 

phase”, and that these tissues require the same level of mechanical loading to maintain their 

volume and structure. This may not be the case, and therefore the ability to use muscle mass 

as a proxy for disuse effects in bone may be limited. However, our observations from open 

field and gait analysis may support this conclusion, since only slight changes in animal 

behavior were observed at early time points, with no overall decrease in the activity level of 

injured animals. These data suggest that some degree of disuse occurs with knee injury, but 

to a far less extent than total unloading of the hindlimbs.

This study is somewhat limited because we did not collect baseline data for any outcomes, 

and instead relied on sham-injured GC mice for controls. This is particularly important since 

we observed some loss of muscle mass in sham GC mice during the experimental period. 

This is likely due to the fact that GC mice were moved from group housing to individual 

housing at the beginning of the experimental period in order to control for the single housing 

of HLU mice. This may have resulted in some loss of muscle mass or trabecular bone 

volume from day 0–7 that was not quantified in this study. Despite this limitation, we were 

able to observe significant changes in muscle and bone due to both HLU and non-invasive 

knee injury, and based on this data we are able to estimate the contribution of mechanical 

unloading to trabecular bone loss in injured GC mice. Another limitation of the study was 

the fact that gait analysis was performed at only one time point (1 day post-injury), and that 

mice were subjected to a prescribed walking speed, rather than a self-selected walking 

speed. This study was also limited due to gait analysis being performed at day 1, while the 

first bout of Open Field analysis was not performed until day 4 post-injury. It is possible that 

voluntary activity of mice could change during this time period, and these changes are not 

quantified in the current study. A more thorough analysis of gait could investigate self-

selected walking speed of mice at multiple time points post-injury. However, despite this 

limitation we were able to determine small differences in mouse gait soon after injury, and 

identify this as a possible mechanism contributing to mechanical unloading of injured limbs.
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Conclusions

This study investigated the contribution of mechanical unloading to trabecular bone volume 

loss observed following non-invasive knee injury in mice. We found that gait and behavior 

of injured mice is slightly altered at early time points post-injury, resulting in some degree of 

mechanical unloading that contributes to trabecular bone loss. However, using muscle mass 

as an indicator of disuse, we found that knee injury resulted in less than half of the muscle 

mass loss observed for mice subjected to hindlimb unloading. Altogether, these data suggest 

that mechanical unloading likely contributes to the trabecular bone volume loss observed 

following non-invasive knee injury, but the magnitude of this bone loss cannot be fully 

explained by unloading. Other non-mechanical factors (e.g., inflammation) likely contribute 

to this bone loss, and these factors must be investigated and considered for studies of post-

traumatic osteoarthritis and the treatment of acute joint injuries.
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Figure 1. 
Body mass of hindlimb unloaded (HLU) and ground control (GC) mice following non-

invasive knee injury or sham injury. There were no significant differences between any of 

the experimental groups at any time points. Approximately half of the animals subjected to 

HLU lost weight from day 0 to day 7, but by day 14 their body mass was increased relative 

to day 0. Data are presented as mean ± standard deviation.
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Figure 2. 
Open Field containment for analysis of voluntary movement (top left). Each mouse was 

tested for a 24-hour period at 4, 14, 28, and 42 days post-injury. No significant differences 

were observed between injured and sham mice for any parameters at any time point. Data 

are presented as mean ± standard deviation.
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Figure 3. 
Gait of injured and sham mice was analyzed during treadmill running using the Treadscan 

system (left). Average percent of stride spent in stance phase was decreased in injured limbs 

compared to sham, while percent of stride spent in swing phase was increased (right). Mean 

data for swing, propel, and brake phases are presented.
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Figure 4. 
(Left) Representative μCT reconstruction frontal sections of mouse distal femurs showing 

epiphyseal trabecular bone after 14 days of injury or HLU. The volume of interest for 

analysis is indicated in red. (Right) Trabecular bone volume fraction (top row) and 

trabecular thickness (bottom row) after 7 or 14 days of injury and/or HLU. Both HLU and 

knee injury resulted in comparable trabecular bone loss after 7 days, however HLU resulted 

in further decreases in trabecular bone volume from 7–14 days, while injured GC knees 

exhibited no further decreases. Data are presented as mean ± standard deviation. Groups that 

do not share a letter are significantly different from one another (p < 0.05).
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Figure 5. 
Muscle mass of the Tibialis Anterior (top row) and Gastrocnemius and Soleus (bottom row) 

after 7 or 14 days of injury or HLU. All HLU mice lost comparable muscle mass at 7 and 14 

days regardless of injury status. Knee injury alone also resulted in decreased muscle mass, 

but to a much lesser extent than HLU. Data are presented as mean ± standard deviation. 

Groups that do not share a letter are significantly different from one another (p < 0.05).
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Figure 6. 
Expression of biomarkers of muscle atrophy MuRF1 (top row) and MAFbx (bottom row) 

after 7 or 14 days of injury or HLU. HLU resulted in increased levels of MuRF1 and 

MAFbx relative to GC mice, while knee injury did not result in increased levels of MuRF1 

or MAFbx expression at either time point, and in fact often decreased expression in injured 

mice compared to sham mice. Data are presented as mean ± standard deviation. Groups that 

do not share a letter are significantly different from one another (p < 0.05).
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