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Abstract

Mechanical unloading induces muscle atrophy and bone loss; however, the time course and
interdependence of these effects is not well defined. We subjected 4-month-old C57BL/6J mice to
hindlimb suspension (HLS) for three weeks, sacrificing 12-16 mice on day (D) 0, 7, 14, and 21.
Lean mass was 7-9% lower for HLS vs. control from D7-21. Absolute mass of the gastrocnemius
(gastroc) decreased 8% by D7, and was maximally decreased 16% by D14 of HLS. mRNA levels
of Atrogin-1 in the gastroc and quad were increased 99% and 122%, respectively, at D7 of HLS.
Similar increases in MURF1 mRNA levels occurred at D7. Both atrogenes returned to baseline by
D14. Protein synthesis in gastroc and quad was reduced 30% from D7-14 of HLS, returning to
baseline by D21. HLS decreased phosphorylation of SK61, a substrate of mammalian target of
rapamycin (mTOR), on D7-21, while 4E-BP1 was not lower until D21. Cortical thickness of the
femur and tibia did not decrease until D14 of HLS. Cortical bone of controls did not change over
time. HLS mice had lower distal femur bone volume fraction (—22%) by D14; however, the effects
of HLS were eliminated by D21 due to the decline of trabecular bone mass of controls. Femur
strength was decreased approximately 13% by D14 of HLS, with no change in tibia mechanical
properties at any time point. This investigation reveals that muscle atrophy precedes bone loss
during unloading and may contribute to subsequent skeletal deficits. Countermeasures that
preserve muscle may reduce bone loss induced by mechanical unloading or prolonged disuse.
Trabecular bone loss with age, similar to that which occurs in mature astronauts, is superimposed
on unloading. Preservation of muscle mass, cortical structure, and bone strength during the
experiment suggests muscle may have a greater effect on cortical than trabecular bone.
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INTRODUCTION

Prolonged bed rest as a result of neurological injury or trauma results in significant
deleterious effects on bone mass and strength (1,2). Similarly, “weightlessness” encountered
during spaceflight leads to bone loss at a rate of 0.5-1.5% per month (3). Furthermore, Lang
et al. found that a year after 4 to 6-month stays on the International Space Station, astronaut
femoral bone mineral density had only partially recovered (4). Unloading-induced bone loss
results from the uncoupling of bone turnover: bone formation decreases, while bone
resorption increases (5).

In addition to bone loss, there is the well-documented development of muscle atrophy
during spaceflight. Astronauts on a 17-day shuttle mission experienced a 10% decrease in
strength of knee extensor muscles and an 8% decrease in cross-sectional area (6), while
astronauts on an 8-day mission saw muscle volume decline 4-8% (7). Other studies have
examined sarcopenia following spaceflight (8,9), extended best rest (10), or spinal cord
injury (11). Muscle atrophy combined with bone loss may increase the risk for fracture
during a spaceflight mission or following return to Earth (12).

Numerous pharmacological, exercise, and nutritional strategies have been evaluated to
mitigate the musculoskeletal effects of mechanical unloading with variable success (13). It is
clear that a better understanding of the fundamental structural, functional, and molecular
changes occurring to muscle and bone during spaceflight or clinical disuse, along with a
time course of these effects, is necessary to better define the problem and aid in the
development of more effective countermeasures. Muscle and bone are intimately involved
organs, from their anatomical, biochemical, and functional relationship, to their
development from common mesenchymal origins (14). Effective therapeutic interventions to
prevent muscle atrophy and bone loss will leverage this interdependence to maximize
efficacy.

Due to the high cost, there is a limited data set regarding the physiological response to
spaceflight. A need for ground-based models of microgravity led to the development of the
hindlimb suspension (HLS) model by Morey-Holton et al. (15). In this model, a device is
attached to the animal’s tail, such that hindlimb weight bearing is prevented. However,
unlike other models of unloading, such as neurectomy, casting, or botulinum toxin (botox)
paralysis, the hindlimbs are not immobilized. Thus, much like spaceflight, passive muscle
forces are allowed to continue. Animals also experience a cephalic fluid shift during HLS.
This feature is relevant given that reduced skeletal perfusion may contribute to
musculoskeletal changes during spaceflight (16). Most importantly, HLS induces significant
and reproducible muscle atrophy and bone loss (17,18). HLS also has important limitations
when compared to other disuse models such as botox. For example, HLS is more technically
difficult, requiring specialized enclosures and apparatus, and induces relatively modest bone
loss (19). The HLS technique also requires close observation of animal health by
experienced individuals to avoid excessive weight loss or issues with reduced tail perfusion
and necrosis owing to the suspension apparatus. Despite these limitations, HLS has evolved
as the standard for simulation of microgravity in rodents.
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Ground-based unloading studies offer numerous advantages when compared with
spaceflight studies, including lower cost, reproducibility, extended duration, easy tissue
collection, and the ability to make longitudinal measurements (15). Despite its proven
utility, there has been no detailed, integrated assessment of the temporal effects of HLS on
both muscle and bone in mice. This is important considering the relationship between
muscle and bone metabolism (20). For example, muscle exerts force on bone during
contraction (21), while muscle-secreted factors may also influence bone cell activity (22).

In the present study we have undertaken a comprehensive investigation utilizing the HLS
model to develop a better understanding of the time course and potential mechanisms
underlying unloading-induced muscle and bone loss. We found that sarcopenia precedes
osteopenia during HLS and occurs as a result of increased protein degradation and decreased
protein synthesis. In addition, trabecular bone loss that occurs as a result of aging is
superimposed on the effects of unloading. This is in contrast to cortical bone and muscle,
which did not decline over the experimental period in normally loaded control mice. These
findings have refined the HLS model and provide novel insight into the integrated
musculoskeletal effects of unloading.

METHODS

Animal Procedures

We utilized male C57BL/6J mice (Jackson Labs; Bar Harbor, ME). Mice were 112+3 days
old at day 0. Mice of this age were selected due to their successful use in previous ground-
based (23) and spaceflight (24) studies. Mice were fed standard 2018 Teklad Global 18%
Protein Rodent Diet (Harlan Laboratories, Inc.; Indianapolis, IN) ad libitum, maintained at
25°C, and kept on a 12 hour light/dark cycle. Mice were housed in standard enclosures (2
mice/cage) until one-week prior to experimentation, when the pairs were moved into the
HLS enclosures to acclimatize while ambulating normally. Mice were weighed and then
assigned to groups (Table 1) to obtain an approximately equal average body weight per
group. At day 0, mice assigned to HLS were unloaded. A group of baseline mice was
sacrificed at day 0.

Hindlimb Suspension

We used a modified version of the HLS model first described by Morey-Holton et al. (15)
and described in detail previously (18). Our HLS enclosures consisted of a modified rat cage
with standard bedding placed below a wire mesh insert. Two metal crossbars were located at
either end of the cage, along with water bottles. Under isoflurane anesthesia (2%), two strips
of bandage tape were braided around the tail, with loose ends fixed to a swivel hook
attached to a string. The string was wound around the cross bar at the top of the cage. The
crossbar could be rotated, raising or lowering the hindquarters of the animal to achieve a 30°
elevation. This angle of suspension has been previously demonstrated to keep the forelimbs
normally-loaded, while minimizing tail tension and animal stress (25). Two mice were
suspended per cage in this manner, although their placement at opposite ends prevented
physical contact. Control mice were housed in this same cage environment, albeit without
attachment of the HLS apparatus. Animals were inspected daily by laboratory and veterinary
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staff and their general level of activity, responsiveness, and appearance was assessed. Of
particular concern was the prevention of urethral crusting and potential infections in male
mice during the first few days of HLS. The urethra was inspected twice daily and cleaned
with sterile gauze and warm 0.9% sterile saline as necessary. Animal procedures adhered to
NIH guidelines for the use of experimental animals and were approved by the Penn State
Institutional Animal Care and Use Committee (Protocol #2012-033).

Body Composition

Lean, fat, and fluid mass of all mice were measured on day 0, 7, 14, and 21 using IH-NMR
(Bruker Minispec, LF90; Woodlands, TX) as described previously (18).

In Vivo Protein Synthesis

Protein synthesis was determined for the gastrocnemius, quadriceps, and heart using the
flooding-dose technique (25). Briefly, mice were injected with an intraperitoneal dose of
[3H]-L-phenylalanine (Phe; 150 mM, 30 pCi/mL; 1 mL/100 g BW) and blood and tissues
collected 15 min thereafter. Approximately 1-2 min prior to collection of blood, mice were
anesthetized with isoflurane (2-3% in oxygen + 1.5% maintenance) and blood collected by
percutaneous puncture of the abdominal aorta. Next, gastrocnemius, quadriceps, and heart
were excised and frozen using liquid-nitrogen cooled clamps. A portion of each frozen
powdered tissue was homogenized in ice-cold 3.6% (w/v) perchloric acid to estimate the
rate of incorporation of radioactive Phe into protein. The specific radioactivity of plasma
Phe was measured by high-pressure liquid chromatography (HPLC) analysis of supernatant
from trichloroacetic acid extracts of plasma, exactly as described (25). The rate of protein
synthesis (nmoles Phe incorporated/h/mg protein) was calculated by dividing the amount of
radioactivity incorporated into protein by the plasma Phe specific radioactivity. The
underlying assumptions for this method and the detailed methodology have been previously
reported (26).

RNA Extraction and Real-Time Quantitative PCR

Total RNA was extracted using Trireagent (Molecular Research Center, Inc.; Cincinnati,
OH) and an RNeasy mini kit (Qiagen; Valencia, CA). Muscle was homogenized in tri-
reagent followed by chloroform extraction. An equal volume of 70% ethanol was then added
to the aqueous phase. A Qiagen mini kit protocol was followed from this point, including
on-column DNase | treatment. Total RNA (1 ug) was reversed transcribed and RT-qPCR
was performed using 25 ng of cDNA for the genes encoding atrogin-1 and muscle RING-
finger 1 (MuRF1) as described previously (27). The comparative quantitation method 2 AACt
was used in presenting gene expression in reference to controls (28).

Western Blot Analysis

Muscle was homogenized in ice-cold buffer. Protein concentration was quantified and equal
amounts of protein were subjected to SDS-PAGE. Western analysis was performed for
phosphorylated 4E-BP1 (Ser65, Bethyl Laboratories; Montgomery, TX) and phosphorylated
S6K1 (Thr 389), and total protein of interest or tubulin (Cell Signaling Technology; Boston,
MA) used as a loading control. Blots were developed with enhanced chemiluminescence
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reagents (Supersignal Pico, Pierce Chemical; Rockford, IL). Dried blots were exposed to x-
ray film to achieve a signal within the linear range, scanned, and quantified using Scion
Image 3b software (Scion Corp; Frederick, MD). Samples from Control and Suspended
mice from the same time point (i.e., day 7, 14, or 21) were run on same gel.

MicroComputed Tomography

Right tibias and femurs were scanned using a Scanco vivaCT 40 (Scanco Medical AG;
Bruittsellen, Switzerland). Trabecular bone was assessed in 72 slices of distal femur
(immediately proximal to the epiphyseal plate) and proximal tibia (immediately distal to the
epiphyseal plate). Cortical bone was assessed in 22 slices of the femur midshaft and tibia (5
mm proximal to the tibia-fibula junction). Settings were: 55 KVp, 145 pA, 200 ms
integration time. Images were reconstructed as a matrix of 2048x2048x76 isotropic voxels
measuring 10.5 um. Images were Gaussian filtered (sigma = 1.5, support =2) and a threshold
(27.5% of full scale) was used to remove soft tissue. Periosteal and endosteal boundaries of
cortical bone were segmented using a semi-automated edge detection algorithm. Trabecular
bone was manually segmented. Parameters are reported according to published guidelines
(29). Trabecular parameters included bone volume fraction (BV/TV), number (Tb.N),
thickness (Th.Th), separation (Th.Sp), structure model index (SMI), connectivity density
(Conn.D), and tissue mineral density (TMD). Cortical parameters included total area inside
the periosteal envelope (Tt.Ar), bone area (Ct.Ar), area fraction (Ct.Ar/Tt.Ar), marrow area
(Ma.Avr), thickness (Ct.Th), porosity (Ct.Po), bone mineral density (BMD), and polar
moment of inertia (pMOI).

Biomechanical Testing

Bones stored at —80°C after MicroCT scanning were thawed and mechanically tested to
failure via three-point bending using a Bose testing apparatus (Bose Corporation,
ElectroForce Systems Group; Eden Prairie, MN) (30). Flexural support spans were 8 mm. A
loading rate of 1 mm/min was applied in the medial to lateral direction (18). Displacement
(d) and force (F) were used to calculate parameters describing whole bone structural
properties. Force was converted to bending moment (M = FL/4), where L = span length of 8
mm. Displacement was normalized to span length (d’ = 12d/L2) (31,32). From a plot of M
vs. d’, ultimate bending moment, stress, bending rigidity (slope of the linear portion of the
curve), total bending energy, ultimate bending energy (area under the curve until the max
force), and ultimate normalized displacement (at maximum force) were calculated (31).

Statistical Analysis

RESULTS

Body Mass

Data are shown as mean + standard error. We used ANOVA with post hoc Student-Neuman-
Keuls test when the interaction was significant (p<0.05).

Day 0 body mass of Control and Suspended mice was not different (Figure 1A). Body mass
of Control mice at each time point did not differ from day 0. Suspended mice had lower
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body mass by day 7 (-7%; p<0.05) and this reduction was maintained throughout the
protocol.

Body Composition: Fluid, Fat, and Lean Mass

Fluid, fat, and lean mass did not differ on day 0 (p>0.05 for all; Figure 1B). Fluid mass of
Suspended mice decreased by 13% at day 7, with no further change at day 14 (-13%) or day
21 (-12%) (p<0.05 for all). Fat mass of Suspended mice decreased 16% at day 7 (p<0.05),
although Controls lost a similar amount. As Control mice began to recover by day 14,
Suspended mice had a fat mass 30% lower than baseline (p<0.05) and this remained reduced
at day 21 (—25%; p<0.05). Lean mass of Suspended mice was 7% lower than baseline by
day 7 (p<0.05) and remained decreased throughout the protocol.

Muscle Mass and Protein Metabolism

Muscle mass did not change over time for Control mice. By day 7, the absolute mass of the
gastrocnemius in Suspended mice was 8% lower than Controls (p<0.05) (Figure 2A). By
day 14, there was a further decline to —16% (p<0.05), with no further decrease at day 21.
For the quadriceps, there was no difference between Control and Suspended at day 7
(p>0.05), although there was a 14% decrease at day 14 and 21 (p<0.05 for both). When
normalized to body mass, there was no difference between Control and Suspended
gastrocnemius mass at day 7 (p>0.05), although it was a significant 5 and 6% lower than
Control at day 14 and 21, respectively. The relative quadriceps mass was not significantly
different from Control at any of the three sampling times (p>0.05).

At day 7, the mRNA content of the gene encoding atrogin-1 was increased in both the
gastrocnemius (+199%) and quadriceps (+222%) (p<0.05 for both; Figure 2B) of Suspended
mice. However, the mRNA level returned to baseline by day 14 and remained unchanged at
day 21 for both. The mRNA content of the gene encoding MuRF-1 had a similar temporal
response pattern, with a 144% and 188% increase at day 7 for the gastrocnemius and
quadriceps (p<0.05 for both), returning to baseline levels by day 14 (Figure 2C). There was
no change in atrogin-1 or MuRF-1 mRNA levels in normally loaded Control mice at any
time point.

The rate of muscle protein synthesis in the gastrocnemius of Suspended mice was 35%
lower than Control at day 7 and 28% lower at day 14 (p<0.05 for both; Figure 2D). Muscle
protein synthesis did not differ between Control and Suspended at day 21. The response was
similar in the quadriceps, with an initial decline in muscle protein synthesis of 30% in
Suspended (p<0.05) and recovery to baseline over the following two weeks. Control animals
had no change in muscle protein synthesis over the course of the 21-day protocol.

To determine whether the effect of HLS on skeletal muscle protein synthesis was relatively
localized (or specific), we also assessed protein synthesis in cardiac muscle. Myocardial
protein synthesis did not differ between Control and Suspended rats at Day 7 (2.00 £ 0.10
vs. 1.82 + 0.07 nmol/h/mg protein), Day 14 (2.10 + 0.10 vs. 1.95 + 0.07 nmol/h/mg protein)
or Day 21 (1.99 + 0.07 vs. 2.2 £ 0.01 nmol/h/mg protein) (p>0.05; n=12-16 hearts per

group).
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The mammalian target of rapamycin (mTOR) is a central regulator of protein synthesis in
muscle and its activity can be assessed by determining the phosphorylation state of its
downstream substrates, S6K1 and 4E-BP1 (33). HLS decreased Thr-389 phosphorylation of
S6K1 in both gastrocnemius and quadriceps muscle by 30-40% at each of the three time
points examined (p<0.05 for both; Figure 3A,B). In contrast, there were no statistical
differences in Ser65-phosphorylation of 4E-BP1 in gastrocnemius and quadriceps muscle at
day 7 and 14 of HLS, compared to time-matched control values. However, a significant
HLS-induced decrease in phosphorylated 4E-BP1 was detected in both muscles by day 21
(p<0.05).

Cortical Bone Microstructure in Control Animals

Most cortical parameters in Control mice did not change with time. Tibia cortical bone
mineral density was 1.25% greater than baseline by day 14 (p<0.05), with no further change
after (Figure 4A). By day 21, tibia polar moment of inertia (pMOI) was 16% lower than day
0 (p<0.05). Femur cortical bone responded similarly, with increased mineral density by day
14 and lower pMOI by day 21 (Figure 4B).

Effects of Unloading on Cortical Bone Microstructure

At the tibia, there was no difference for Suspended vs. Control cortical bone at day 7 (Figure
4A). By day 14, Suspended mice had 4% lower cortical area fraction (p<0.05). There were
non-significant changes in cortical thickness (-4%; p=0.11), marrow area (+8%; p=0.08),
and cortical porosity (-37%; p=0.09).

At day 21, tibia cortical thickness of Suspended mice was 7% lower than Control, while
cortical area fraction was 5% lower (p<0.05 for both). Marrow area was 10% greater than
Control at day 21 (p<0.05). Other parameters were not different for Control vs. Suspended
(p>0.05).

Femur cortical response to HLS was similar, although there were no changes detected until
day 21 (Figure 4B). At this time, Suspended mice had lower cortical thickness (-7%), lower
cortical area fraction (—6%) (p<0.05 for both), and a non-significant 8% greater marrow area
(p=0.08).

Trabecular Bone Microstructure in Control Animals

Trabecular number was the only parameter changed by day 7 at the proximal tibia (-5%;
p<0.05) (Figure 5A). By day 14, there were also changes in trabecular separation (+13%)
and connectivity density (—24%) (p<0.05 for both). By day 21, most trabecular parameters
had declined below that of baseline, including: trabecular bone volume fraction (-31%),
thickness (=13%), number (-11%), separation (+15%), connectivity density (-29%),
structure model index (+41%), and tissue mineral density (—23%) (p<0.05 for all).

Decline of femur trabecular bone over time was greater, with changes in trabecular
separation (+7%), connectivity density (—15%), and structure model index (+28%) by day 7
(p<0.05 for all) (Figure 5B). Other parameters, such as trabecular number, bone volume
fraction, and tissue mineral density responded similar to the tibia, with the greatest
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differences occurring at day 21. Trabecular separation and number were lower at day 7 but
did not continue to decrease.

Effects of Unloading on Trabecular Bone Microstructure

Unlike cortical bone, there were significant effects of HLS on trabecular bone at the
proximal tibia by day 7 (Figure 5A). Suspended mice had 4% lower trabecular number, 5%
higher separation (p<0.05 for both) and non-significant changes in bone volume fraction
(-12%, p=0.09) and tissue mineral density (—19%, p=0.07) at day 7.

The difference in trabecular parameters between Suspended and Control were most apparent
at day 14. Suspended mice had changes in bone volume fraction (-27%), trabecular
thickness (=20%), structure model index (+20%), and tissue mineral density (—21%) (p<0.05
for all). Due to the decline of Control trabecular parameters over time, trabecular number
and separation, which were significantly different for Suspended mice at day 7, were not
different at day 14 (p>0.05). By day 21, trabecular parameters in Suspended mice were
lower still, although the decline in Control mice resulted in a lower magnitude difference
than at day 14. Trabecular separation, connectivity density, and structure model index were
not different at day 21.

In trabecular bone at the distal femur, we noted a similar peak difference in microstructural
parameters at day 14, with Suspended mice having lower bone volume fraction (-22%),
trabecular thickness (—15%), and tissue mineral density (—16%) (p<0.05 for all) (Figure 5B);
however, by day 21, the decline in ground control trabecular parameters eliminated any
differences.

Representative images demonstrate the effect of HLS on cortical and trabecular bone
microstructure compared to baseline (Figure 6).

Bone Mechanical Properties

There was no significant change over time in most tibia or femur mechanical properties
from controls (p>0.05) (Figure 7A,B), with the exception of tibia bending rigidity at day 21,
which —21% from baseline (p<0.05).

We did not detect any change in mechanical properties of the tibia with unloading. For the
femur at day 7, there was a significant difference in stress of femur, which was 8% lower
than control (p<0.05). It was not until day 14 that most mechanical properties in suspended
mice showed any difference from Control. At this time point, femurs had a 13% lower
ultimate bending moment, 10% lower stress, and 12% lower bending rigidity (p<0.05 for
all). The magnitude of the difference for Control vs. Suspended was greater by day 21.

DISCUSSION

In the present study we documented muscle loss beginning as early as one week following
the start of HLS. Muscle atrophy occurred concomitant to increased expression of genes
associated with protein degradation (i.e., atrogin-1 and MuRF1) and decreased protein
synthesis. Changes in muscle preceded those in bone, suggesting that sarcopenia may
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contribute to subsequent osteopenia during unloading. Age-related bone loss of normally
loaded control mice tended to mask trabecular bone loss during unloading. Conversely,
muscle mass, cortical bone structure, and bone strength in control mice did not decline over
the experimental period, suggesting the intriguing possibility that muscle may have a greater
influence on cortical than trabecular bone. Interestingly, a lack of change in tibia mechanical
properties suggests this bone is less sensitive to reductions in strength during HLS.

By day 7 of HLS, we detected a significant decrease in lean body mass. Absolute mass of
the gastrocnemius was lower than control at day 7, with suspended mice having the largest
reduction in muscle mass at day 14. The quadriceps appeared to be less sensistive to
unloading-induced atrophy, with no change in absolute mass until day 14 and no significant
change in relative mass at any time point. This is consistent with findings in spaceflight,
where loss of muscle volume from the gastrocnemius and soleus of astronauts was found to
be twice that of the quadriceps (34). The response of the gastrocnemius was similar to a
study by Hanson et al., which found 18% lower gastroc mass by day 14 of HLS (35).
Ellman et al. documented a 15% decline in gastrocnemius mass by day 21 of HLS (36),
which combined with our findings, suggests that muscle atrophy plateaus following
approximately two weeks of unloading.

Ubiquitin-proteasome-dependent proteolysis is a critical mechanism mediating protein
degradation during muscle wasting (37). One of the initial steps in this pathway is the
addition of ubiquitin tags via specific ligases. Two E3 ligases specifically found in striated
muscle are atrogin-1 and MuRF1, so-called “atrogenes”. These ligases are important
mediators of muscle atrophy (38). We found that mRNA levels of atrogin-1 and MuRF1 in
mice unloaded for 7 days were 50-100% greater than normally loaded controls. mMRNA
levels returned to baseline by day 14. Studies of hindlimb immobilization from our group
have shown that increased atrogene expression occurs early (day 3-5) and returns to baseline
by day 7, although proteasome activity itself remains elevated (27,39). Consistent with these
findings, atrogene expression in the tibialis anterior and calf complex have been found
elevated with as little as one day of HLS in mice (17).

A potential contributor to the changes in gene expression we observed could be the
decreased body weight of mice subjected to HLS. Weight loss during HLS was likely the
result of early reductions in food intake (17,40) and fluid loss from diuresis (41). Supporting
this, we detected a 13% decrease in fluid mass with HLS. Greater loss of body heat may
have also contributed to weight loss via reduction of fat mass, which was also decreased
throughout the study. We housed animals at the upper end of the temperature range allowed
by the NIH (18-26°C) (42), although this is still below the thermoneutral zone for rodents
(26-34°C) (43). Below this range, mice require increased metabolic activity to maintain
core temperature. Cachexia has been shown to result in increased expression of the genes
encoding atrogin-1 and MuRF1 (44). Compared to the present study, other investigations
utilizing the HLS model have demonstrated more modest weight loss in mice, on the order
of 2-8% within the first week (17,36). However, these studies were conducted in younger,
10 or 11-week-old female mice. Mice of this age are still in a period of rapid growth (45), a
factor that tends to blunt the weight loss experienced during HLS. While weight loss is
certainly a confounding factor in the use of HLS as a pure model of mechanical unloading, it
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is a relevant variable in the context of its use as a model for the effects of spaceflight.
Indeed, a 9% decrease in total body mass was documented in mice of this same age and
strain when flown for 15 days on the space shuttle (24). Similarly, 7-week-old mice flown
for 13 days on the space shuttle had an average body mass 15% lower than ground controls
(46). Astronauts lose approximately 2.4+0.4% body mass per 100 days in space (47).
Therefore, although we cannot discount the contribution of weight loss when interpreting
these results, it is consistent with spaceflight observations.

Decreased protein synthesis is another important contributor to sarcopenia (48). Muscle
protein synthesis was decreased 30—35% by day 7 in mice subjected to HLS. Interestingly,
muscle protein synthesis began to recover at day 14 and returned to baseline by day 21. The
decline in protein synthesis was limited to the gastrocnemius and quadriceps, as protein
synthesis measured in the heart was unchanged. Previously, we showed that hindlimb
immobilization results in decreased protein synthesis within 3 days, reaching a peak decline
of approximately 25-30% by day 5, with no further decrease by day 7 (27). The restoration
of protein synthesis and degradation to baseline levels by the study endpoint suggests that a
new homeostatic balance was established. Indeed, there was no additional loss of muscle or
lean mass after day 14.

Whereas global muscle protein synthesis returned to control levels after 21 days of
unloading, the phosphorylation state of S6K1, a surrogate marker of mTOR activation, was
decreased throughout the protocol. Furthermore, 4E-BP1 phosphorylation, which is also
downstream of mTOR, was significantly decreased only at day 21, a time when global
protein synthesis in muscle from unloaded mice had returned to baseline. The reason for this
discordant response in phosphorylation of S6K1 and 4E-BP1 is not clear, but highlights the
importance of direct determination of protein synthesis.

The response of the skeletal system to HLS was relatively delayed compared to that of
muscle, with significant effects of unloading not apparent until day 14 for trabecular bone
and day 21 for cortical bone. Many bone parameters were not different between Control and
Suspended groups by the study endpoint. This was particularly apparent in the trabecular
compartment, where microstructural parameters tended to reach a peak difference at day 14,
before converging at day 21. This response pattern was the result of a decline in the
trabecular bone of normally loaded mice over time. Mice of this age were selected because
of their skeletal maturity and having reached peak bone mass (49). Comprehensive studies
of age-related bone loss in C57BL6/J mice corroborate our findings (45,50). These studies
found a large and continuous decline in trabecular bone microstructural beginning at 1.5
months of age. BALB/c mice experience a similar decline beginning at 4 months of age
(51). The ability to resolve the effects of HLS on trabecular bone is complicated by this
natural deterioration. However, one must consider the average age of an astronaut is now
40-50 years, and trabecular bone in individuals of this age is also undergoing a relatively
constant decline (52). Thus, the contribution of aging superimposed on unloading is a
consideration in modeling spaceflight. Practically, to resolve differences in trabecular bone
between Suspended and Control mice it may be worthwhile to select a two-week period of
HLS. Conversely, murine aging studies have documented that cortical bone indices slowly
increase until approximately 6 months of age, remaining relatively stable thereafter (45,50).
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As a result, resolving differences in this compartment may be achieved with a three-week
protocol.

While structural parameters are important, bone strength is ultimately most relevant as
regards fracture risk. Bone strength, as assessed using a three-point bending protocol, is
primarily dependent on the structure of cortical bone. Our findings for the femur largely
reflect this association, with significantly lower mechanical properties generally not
appearing until day 14 (the time point when cortical bone changes were first observed).
Ultimate bending moment and bending rigidity were decreased by day 14, with further
decreases by day 21. Interestingly, we saw significantly lower stress and non-significant
changes indicating lower ultimate bending energy at day 7, suggesting that changes in
mechanical properties may be manifested even without major structural changes. The stress
parameter is an assessment of the material properties of the bone. It is likely that defects in
mineralization or collagen content manifest prior to loss of actual bone mass.

Despite similar and significant changes in cortical bone structure, we did not detect an effect
of unloading on mechanical properties of the tibia. This study represents the first assessment
of the effect of unloading on tibia mechanical properties. Although the mouse tibia's large
flat side allows it to be reproducibly positioned for three-point bending, it has several
notable limitations for bending analysis that likely increased error and variability. For
example, the cross sectional geometry is less symmetrical than the femur, leading to less
certainty in stress-at-failure predictions. Additionally the cross section is variable
longitudinally, making MicroCT and mechanical testing results sensitive to identification of
the tibial midspan (53). It is possible that differences in structure and morphology (e.g.,
diamond-shaped tibia vs. oval-shaped femur cross-section) mean that a similar relative loss
of cortical bone does not translate to a similar loss of strength. It is also possible the testing
paradigm we utilized is not appropriate to resolve the mechanical properties of the tibia.
Positioning the bone in the anterior-posterior direction or utilizing an alternative testing
methodology such as torsion testing may also be warranted.

During unloading, changes in muscle preceded those in bone. This in itself suggests that
sarcopenia may contribute to subsequent osteopenia. MicroCT is able to resolve changes in
bone structure on the order of 10.5 um, as compared to the relatively less precise
measurements of muscle mass and 1H-NMR. Therefore, the “bone lag” observed during
HLS is not an artifact owing to lower skeletal assay resolution. Despite the fact that muscle
is directly attached to cortical bone, we observed that trabecular bone loss during HLS
tended to be greater in magnitude and precede cortical bone loss. This suggests that
trabecular bone is more sensitive to unloading and that the direct effect of reduced weight
bearing may be relatively more important to trabecular bone than the effect of reduced
muscle forces. Conversely, it may be that trabecular bone, owing to its higher turnover and
metabolic activity (54,55), is more sensitive to myokines or other catabolic factors released
by sarcopenic muscle during unloading (56). It has been documented that HLS results in
reduced functional and isolated muscle strength within 1-3 days after unloading (17), which
may contribute to the negative impact of unloading on the underlying cortical bone. Indeed,
although bone formation is primarily maintained through weight bearing, the force exerted
by muscle on its bony attachments also makes a contribution (20). For example, Turner et
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al. has shown the posterior eminence of the tibia, a site of high muscle stress, is affected
little by HLS and spaceflight, while the anterior aspect of the tibia, which experiences less
muscle activity, is severely affected (57). The functional relationship between muscle and
bone is also highlighted in the changes we observed in normally loaded control mice. There
was no change in cortical bone or muscle mass over time in controls, while trabecular bone
declined steadily. Taken together, muscle forces appear to be relatively more important for
cortical than trabecular bone during aging and disuse, although the role of muscle-derived
bone catabolic factors warrants further study.

The interaction of muscle and bone physiology has received increasing attention in recent
years (58,59), with mounting evidence suggesting a dominant role for muscle over bone in
the homeostatic maintenance of these two tissues (14). For example, muscle size is strongly
correlated with bone size and strength in humans (60). Aside from the direct application of
force, however, molecular crosstalk between muscle and bone has been suggested as an
important mediator of the relative dependence of these two tissues. Experimental evidence
suggests that the aforementioned “myokines” may influence the activity of neighboring bone
cells (61), such as delaying osteocyte apoptosis (62). Potentially important mediators of
bone-muscle crosstalk include prostaglandin E2 (63), interleukin-6 (64), bone
morphogenetic proteins (65), and insulin-like growth factor 1 (66). Genetic co-regulation of
muscle and bone may also be regulated by pleiotropic factors, with bone osteoporosis and
sarcopenia having a common genetic etiology (67). While the mechanical forces exerted by
muscle on bone are certainly important, it is clear that more complicated mechanisms also
make a contribution and could a potential focus of therapeutic intervention.

In summary, we have demonstrated that sarcopenia precedes osteopenia during unloading.
These data suggest that muscle atrophy may contribute to subsequent skeletal deterioration,
particularly in the cortical bone compartment. In addition, the natural decline of trabecular
bone with age in normally loaded control mice tends to reduce the magnitude of the effect of
HLS, with many trabecular microstructural parameters in unloaded mice converging with
controls by day 21. Extension of our findings suggests that a therapeutic strategy that targets
muscle may also help to preserve bone during unloading. Taken together, this study has
refined the appropriate use of the HLS model, while providing new insights into the
development of effective countermeasures to the musculoskeletal effects of spaceflight,
prolonged bed rest, and disuse.
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Figure 1.
Body habitus of mice subjected to normal loading (Control) or mechanical unloading via

hindlimb suspension (Suspended). (A) (Left) Baseline (Day 0) total body mass of mice
assigned to either Control (n=64) or Suspension (n=36). (Right) Percent change in total body
mass from day 0 (n=12-16/group). (B) Baseline body composition of mice assigned to either
Control (n=64) or Suspension (n=36). Percent change in fluid mass, fat mass, and lean mass
from day O (n=12-16/group). Data shown as Mean + SEM. * indicates a significant
difference from time-matched Control value (p<0.05).
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Muscle properties obtained from mice subjected to normal loading (Control) or mechanical
unloading via hindlimb suspension (Suspended). (A) Total muscle mass and muscle mass
normalized to body mass, (B) mMRNA levels of the gene encoding atrogin-1, (C) mRNA
levels of the gene encoding MuRF1, and (D) protein synthesis rates were determined for
both the gastrocnemius (left) and quadriceps (right). (n=12-16/group). Data shown as Mean
+ SEM. * indicates a significant difference of Suspended from time-matched Control value

(p<0.05).
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Figure 3.
Alterations in S6K1 and 4E-BP1 phosphorylation of (A) gastrocnemius and (B) quadriceps

muscle obtained from mice subjected to normal loading (Control; Cont) or mechanical
unloading via hindlimb suspension (Suspended; Susp). There was no significant difference
in the total amount of total S6K1and 4E-BP1 between Control and Suspended muscle at any
time point (data not shown). (Left) Representative Western blots of phosphorylated and total
proteins of interest. Western blots for Control and Suspended muscle from the same time
point were run on the same gel. (Right) Densitometric quantitation of all Western blot data.
(n=9/group). Data shown as Mean + SEM. * indicates a significant difference of Suspended
from time-matched Control value (p<0.05).
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Figure4.
Cortical microstructural parameters obtained via microcomputed tomography scans of tibias

and femurs obtained from mice subjected to normal loading conditions (Control) or
mechanical unloading via hindlimb suspension (Suspended). Measured parameters at the
tibia midshaft (A) included cortical thickness (Ct.Th), cortical area (Ct.Ar), total area
(Tt.Ar), cortical area fraction (Ct.Ar/Tt.Ar), marrow area (Ma.Ar), cortical porosity (Ct.Po),
cortical bone mineral density (BMD), polar moment of inertia (pMOI). Length of the tibia
was also measured. These parameters were also determined for cortical bone at the femur
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midshaft (B). (n=12-16/group). Data shown as Mean + SEM. Significant difference between
two time points within a loading condition (Control or Suspended) is indicated as: T p<0.05
vs. Day 0, Vp<0.05 vs. Day 7, Q p<0.05 vs. Day 14, while * indicates a significant
difference of Suspended from time-matched Control value (p<0.05).
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Figure5.

Tribecular microstructural parameters obtained via microcomputed tomography scans of
tibias and femurs obtained from mice subjected to normal loading conditions (Control) or
mechanical unloading via hindlimb suspension (Suspended). Measured parameters at the
proximal tibia (A) included bone volume (BV), total volume (TV), bone volume fraction
(BVITV), trabecular thickness (Th.Th), trabecular number (Th.N), trabecular separation
(Th.Sp), connectivity density (Conn.D), structure model index (SMI), and tissue mineral
density (TMD). These parameters were also determined for trabecular bone at the distal
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femur (B). (n=12-16/group). Data shown as Mean = SEM. Significant difference between
two time points within a loading condition (Control or Suspended) is indicated as: T p<0.05
vs. Day 0, Vp<0.05 vs. Day 7, Q p<0.05 vs. Day 14, while * indicates a significant
difference of Suspended from time-matched Control value (p<0.05).
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BASELINE CONTROL SUSPENDED
DAY 0 DAY 21 DAY 21

Figure6.
Representative images of trabecular (top) and cortical (bottom) microstructure from mice

subjected to normal loading conditions (Control) or mechanical unloading via hindlimb
suspension (Suspended). Representative 3D MicroCT reconstructions were selected based
on mean trabecular bone volume fraction or cortical thickness. Trabecular images represent
72 slices (756 pm) of the distal femur, immediately proximal to the epiphyseal plate.
Cortical images represent 22 slices (231 pm) of the femur midshaft.
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Figure7.
Bone mechanical properties from mice subjected to normal loading conditions (Control) or

mechanical unloading via hindlimb suspension (Suspended). Measured parameters of the
tibia (A) included ultimate bending moment, stress, bending rigidity, ultimate bending
energy, total bending energy, and ultimate normalized displacement (at maximum force).
These parameters were also determined for the femur (B). (n=12-16/group). Data shown as
Mean £+ SEM. Significant difference between two time points within a loading condition
(Control or Suspended) is indicated as: T p<0.05 vs. Day 0, Vp<0.05 vs. Day 7, Q2 p<0.05
vs. Day 14, while * indicates a significant difference of Suspended from time-matched
Control value (p<0.05).
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Table 1

Summary of experimental groups and animal numbers.

Day of Study | Loading Condition | n
Day 0 Control 16
Day 7 Control 16

Suspended 12
Day 14 Control 16
Suspended 12
Day 21 Control 16
Suspended 12
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