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Extended periods of inactivity cause severe bone loss and concomitant deterioration of the musculoskeletal sys-
tem. Considerable research has been aimed at better understanding the mechanisms and consequences of bone
loss due to unloading and the associated effects on strength and fracture risk. One factor that has not been stud-
ied extensively but is of great interest, particularly for human spaceflight, is how multiple or repeated exposures
to unloading and reloading affect the skeleton. Space agencies worldwide anticipate increased usage of
repeat-flier crewmembers, and major thrust of research has focused on better understanding of microgravity
effects on loss of bone density at weightbearing skeletal sites; however there is limited data available on repeat
microgravity exposure. The adult hindlimb unloaded (HU) rat model was used to determine how an initial
unloading cycle will affect a subsequent exposure to disuse and recovery thereafter. Animals underwent
28 days of HU starting at 6 months of age followed by 56 days of recovery, and then another 28 days of HU
with 56 days of recovery. In vivo longitudinal pQCT was used to quantify bone morphological changes, and ex
vivo uCT was used to quantify trabecular microarchitecture and cortical shell geometry at the proximal tibia
metaphysis (PTM). The mechanical properties of trabecular bone were examined by the reduced platen com-
pression mechanical test. The hypothesis that the initial HU exposure will mitigate decrements in bone mass
and density for the second HU exposure was supported as pre- to post-HU declines in total BMC, total vBMD,
and cortical area by in vivo pQCT at the proximal tibia metaphysis were milder for the second HU (and not sig-
nificant) compared to an age-matched single HU (3% vs. 6%, 2% vs. 6%, and 2% vs. 6%, respectively). In contrast,
the hypothesis was not supported at the microarchitectural level as losses in BV/TV and Th.Th. were similar dur-
ing 2nd HU exposure and age-matched single HU. Recovery with respect to post-HU values and compared to
aging controls for total BMC, vBMD and cortical area were slower in older animals exposed to single or double
HU cycles compared to recovery of younger animals exposed to a single HU bout. Despite milder recovery at
the older age, there was no difference between unloaded animals and controls at the end of second recovery pe-
riod. Therefore, the data did not support the hypothesis that two cycles of HU exposure with recovery would
have a net negative effect. Mechanical properties of trabecular bone were affected more severely than densito-
metric measures (35% loss in trabecular bone ultimate stress vs. 9% loss in trabecular vBMD), which can be attrib-
uted most prominently to reductions in trabecular bone density and tissue mineral density. Together, our data
demonstrate that initial exposure to mechanical unloading does not exacerbate bone loss during a subsequent
unloading period and two cycles of unloading followed by recovery do not have a cumulative net negative effect
on total bone mineral content and density as measured by pQCT at the proximal tibia metaphysis.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Extended periods of inactivity cause substantial bone loss and con-
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clines in bone mass and also increases in fracture risk [1]. Considerable
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research has been aimed at better understanding the mechanisms and
consequences of bone loss due to unloading and the associated effects
on strength and fracture risk. One factor that has not been studied
extensively, but is of great interest due to concerns with repeated
spaceflights [2,3], is how multiple cycles of unloading and reloading
affect weightbearing bone sites.

The rate of bone loss for crewmembers in microgravity is 10-fold
more rapid than the rate of loss seen in elderly Caucasian females
[2,4-6], and a significant increase in estimated fracture risk remains
even 1 year after returning to Earth [7,8]. Furthermore, QCT results
from crewmembers exhibit a discordant recovery dynamic at the prox-
imal femur [7], where bone mineral content (BMC) recovered faster
than bone mineral density (BMD). Most importantly, calculated bone
strength indices derived from density and geometry recovered the
slowest and remained well below pre-flight values after recovery
period equivalent to twice the mission duration [7]. Newly published
data [9] indicate that, based on Dual-energy X-ray absorptiometry
(DXA) scans, pelvis bone mineral density (BMD) and bone mineral con-
tent, hip femoral neck BMD, trochanter BMD, and total hip BMD were
unchanged from preflight for crewmembers who have had access to
the advanced resistance exercise device (ARED) in more recent ISS
missions. This is presumably due to improved resistance exercise proto-
cols (exercise prescription and constant, greater absolute loads of up to
600 Ib¢ generated by ARED) coupled with adequate energy intake and
vitamin D; however, it is unclear how these BMD data translate into
structural adaptations or bone strength. According to this recent study,
the fact that resorption remained elevated after flight provides further
evidence that bone resorption exceeds formation despite apparent
maintenance of bone mass using resistance exercise protocols. In addi-
tion, incomplete recovery of bone density and calcium balance in astro-
nauts and cosmonauts even after up to 5 years post-flight [10-14] is a
concern, especially for those who fly repeat missions on the ISS as the
bone loss due to spaceflight is combined with age-related bone loss [2].
The average time between flights is approximately 3.8 years, and the
shortest recovery time is roughly 4 times the typical mission duration
[15]. DXA densitometry measures of bone mineral density (BMD) are
commonly used clinically to assess skeletal integrity, but the two-
dimensional DXA measures are insufficient for capturing the more com-
plex three-dimensional changes in bone compartment-specific changes
in mass, structure, and integrity that might provide an accurate predictor
of bone strength and fracture risk [3,8,16-22].

Twenty eight days of unloading in skeletally mature rats induces
changes in total vBMD, BMC and cortical area at the PTM that are similar
to changes observed in humans' femoral neck and proximal femur after
4-6 months of spaceflight [6,16,23,24]. Consequently, the hindlimb
rodent model provides an excellent platform for assessing skeletal
strength following repeated exposures to simulated microgravity as it
enables a controlled study and provides the only means to directly mea-
sure mechanical properties of bone. We have previously shown that
changes in total vBMD and total BMC at the proximal tibia metaphysis
(PTM) provide a better model for alterations in the human femoral
neck with prolonged weightlessness [16] than do similar variables at
the femoral neck (FN) for the adult rat model; however, no strength
tests were done for the PTM. Therefore, the current study addresses
the mechanical properties of trabecular bone at the PTM, and the re-
sponse of the PTM region to two HU cycles followed by weightbearing
recovery periods following each unloading period.

We are aware of only one other study that has looked at multiple dis-
use and recovery periods [25,26]. In this study, adult C57BL/6 male mice
were exposed to 2 weeks of hindlimb unloading followed by 4 weeks of
reambulation, where the unloading-recovery cycle was repeated once,
twice, or thrice, and mid-diaphyseal and distal metaphyseal regions of
the femur were tracked by in vivo uCT. When age is eliminated as a con-
founding variable, Gupta et al. [25] report that the magnitude of the re-
sponse to unloading (reductions in trabecular BV/TV and thickness)
diminished during subsequent exposures. Therefore, these data suggest

that bone's mechanosensitivity is reduced with consecutive unloading/
reambulation cycles. Despite this reduced responsivity with repeated
unloading periods, Gupta et al. [25] also observed that multiple expo-
sures to mechanical unloading are more detrimental than a single
unloading exposure, as evidenced by cumulative net negative effects
on trabecular morphology persisting after multiple unloading compared
to baseline. However, this study did not include any direct measures of
bone strength. The current study used two cycles of unloading but
employed adult male rats rather than mice in order to be consistent
with our previous studies [16,24] and to permit more extensive mechan-
ical testing. In vivo longitudinal pQCT was used to quantify densitometric
and morphological changes, ex vivo uCT was used to quantify trabecular
microarchitecture, and reduced platen compression was used for me-
chanical testing of the trabecular bone at the proximal tibia metaphysis.

In our previous study [16], total BMC, trabecular vBMD and cortical
area, but not total vBMD, at the PTM recovered to aging controls after
weightbearing period (56 days) equivalent to twice the duration of
unloading (28 days). Therefore, the present study tracked recovery
over 56 days (twice the duration of unloading) of weightbearing activ-
ity after both periods of unloading. The primary hypothesis was that an
initial HU exposure would mitigate the effects of a second HU exposure,
in terms of changes during both the second HU and recovery thereafter.
To test this hypothesis for HU effects requires comparing pre- to
post-HU changes for the second HU to the changes for a single
age-matched HU. Another important consideration was whether multi-
ple unloading cycles would have a cumulative negative effect. Thus, we
also hypothesized that two cycles of HU exposure plus recovery would
still result in a net overall negative effect on bone properties. To test this
hypothesis requires comparing the level, or magnitude, of variables
after the recovery following the second HU to those after recovery
following a single age-matched HU. In addition, we aimed to assess
the effects of the first HU + recovery cycle on the recovery response
following the second HU.

Materials and methods
Animals and experiment design

Adult male Sprague-Dawley rats were obtained (Harlan Laboratories
Inc., Houston, TX) at 5.5 months of age and allowed to acclimate for
14 days prior to initiation of the study. All animals were singly housed
in a temperature-controlled (23 + 2 °C) room with a 12-hour light-
dark cycle (10 PM-10 AM) in an AAALAC-accredited animal care facility
and were provided standard rodent chow (Harlan Teklad 8604) and
water ad-libitum, except where specified. Animal care and all experimen-
tal procedures described in this investigation were conducted in accor-
dance with the Texas A&M University Institutional Animal Care and
Use Committee rules and approvals.

At 6 months of age, rats were block assigned to groups normalized by
body weight and total volumetric bone mineral density (vBMD) at the
proximal tibia on day 0. Animals (n = 200) were assigned to three cat-
egories: baseline control (BC, n = 20, euthanized on study day 0),
hindlimb unloaded (HU, n = 75), and age-matched control (AC, n =
105). The design is depicted schematically in Fig. 1, where “one month”
refers to four weeks or 28 days. All HU animals underwent 1 month of
hindlimb unloading from 6 to 7 months of age (2HU7) followed by
2 months (56 days) of recovery (2HU7 + R2). The 2-month recovery
period was chosen based on our previous findings [16], where total
BMC, trabecular vBMD, and cortical area at the PTM recovered to
age-matched control (AC) values after two months of recovery, and
total vBMD at PTM hit a plateau after the second month of recovery
and remained constant during the 3rd recovery period. Animals were
then exposed to a second hindlimb unloading from 9 to 10 months of
age (2HU10), followed by 2 months of recovery (2HU10 + R2). To
distinguish between effects of previous exposure vs. differences due to
animal age at the start of HU, a subset of animals, denoted by 1THU
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