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Mortreux M, Nagy JA, Ko FC, Bouxsein ML, Rutkove SB. A
novel partial gravity ground-based analog for rats via quadrupedal
unloading. J Appl Physiol 125: 175–182, 2018. First published March
22, 2018; doi:10.1152/japplphysiol.01083.2017.—Musculoskeletal
deconditioning is a well-known consequence of microgravity. How-
ever, the effects of partial gravity, such as that experienced on the
moon (0.16 g) or Mars (0.38 g), on musculoskeletal health remain
relatively unexplored. Because Mars is being increasingly viewed as
the likely next extraterrestrial site for human exploration, there is an
increasing need for Earth-based models that can replicate the long-
term physiological effects of microgravity. These models would also
offer the opportunity to explore the potential impact of partial artificial
gravity (as would be achieved by centrifugation). In this study, we
describe a novel partial gravity model that can be employed in rats
over extended periods of time. We demonstrate that 2 wk of partial
weight bearing at 20, 40, or 70% of normal loading affects the
musculoskeletal health of the animals, as evidenced by decreased
trabecular bone density (ranging from �7.5 � 2.7% at 70% of normal
loading to �27.9 � 2.9% at 20%), hindlimb muscle mass, and im-
paired muscle function as characterized by grip force. This new model
will facilitate studies of the physiological changes occurring in partial
gravity and allow for the design of potential countermeasures to
mitigate these changes.

NEW & NOTEWORTHY This research article describes the first
quadrupedal unloading model in rats that is sustainable for investi-
gating the physiological alterations occurring in partial gravity envi-
ronments, providing a new and adaptable model for ground-based
research for future space exploration.

artificial gravity analog; ground-based studies; partial weight bearing;
pelvic harness; quadrupedal unloading; spaceflight

INTRODUCTION

For decades, scientists have sought to understand the major
physiological adaptations of the human body to weightlessness
(3, 11, 21). Among the many organ systems impacted, the
musculoskeletal system is especially sensitive (27). Human
soleus mass declines by �30% after 3 wk in space (6), and
computed bone strength declines by �2% in weight-bearing
bones such as the femur for every 100 days in space (9, 10).
Musculoskeletal changes are also accompanied by an overall
decrease in body mass of �2.4% per 100 days in space (14).
These changes affect astronaut health during space flight and

also have long-term health consequences upon their return to
Earth (20, 22). Returning astronauts experience decreased
muscle endurance and strength (12), leading to muscle fatigue
and low back pain (1, 23). This makes it difficult to resume
normal activities and may raise susceptibility to fractures and
osteoporosis (4).

Although directly exposing animals to microgravity during
spaceflight is very informative, there are several challenges to
such an approach, including limited access to space flights and
the relatively small number of animals that can be flown. In
1979, Morey et al. (18) developed a rat model of weightless-
ness by using tail suspension, providing a total mechanical
unloading of the hindlimbs associated with a cephalic fluid
shift (17, 18). This hindlimb unloading (HLU) model via tail
suspension has become the gold standard to evaluate the
consequences of muscle and bone disuse in vivo here on Earth.
Although extremely valuable and informative, this model al-
lows only for the study of complete unloading (i.e., 0 g) and is
not suitable to investigate partial gravity environments such as
those found on the moon and Mars.

In 2010, a new ground-based model of quadrupedal partial
weight bearing (PWB) was created, reflecting the particular
gravity of targeted systems such as the moon (16% of Earth’s
gravity) and Mars (38% of Earth’s gravity) as well as an
intermediate gravity level (60% of Earth’s gravity) (5, 30). To
date, this model has only been used in mice for �3 wk.
Therefore, we sought to develop a new quadrupedal unloading
model suitable for larger animals such as rats, which present
more physiological similarities with humans (9, 12) and thus
had the potential for being used for longer periods of time. One
long-term goal of this work is to evaluate the potential benefit
of supplemental artificial gravity during long duration space-
flights [e.g., via centrifugation (29, 31)], as would be beneficial
for travel to Mars or to visit near-Earth objects. This model
could also provide new insights into long-duration stays on the
moon or Mars as well as determine whether the musculoskel-
etal deficits reach a plateau during extended missions (24).

METHODS

Animals

All experimental protocols were approved by the Beth Israel
Deaconess Medical Center Institutional Animal Care and Use Com-
mittee.

Thirty-eight Wistar male rats (Charles River Laboratories, Wil-
mington, MA) weighing 390.7 � 2.02 g (14 wk of age) were obtained
and housed in a temperature-controlled (22 � 2°C) room with a
12:12-h light-dark cycle. Water and rat chow were provided ad
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libitum and monitored daily. Standard chow pellets (LabDiet 5008i;
LabDiet, St. Louis, MO) were weighed every morning and placed in
a food chute to measure daily food intake. This process was repeated
daily with fresh pellets. Rats were monitored every morning and at
least two other times during the day. Parameters assessed were sign of
pain or discomfort (porphyria staining, poor grooming, hair loss),
harness and jacket fitting, ability to walk and move across the cage,
food and water intake, removal of feces and cleaning of the cage, and
fully-loaded and partially loaded mass measurements. Rats were
placed in four different groups: normal loading (PWB100; n � 11),
70% of normal loading (PWB70; n � 7), 40% of normal loading
(PWB40; n � 10), and 20% of normal loading (PWB20; n � 10).
Groups were determined to assure equal distribution of the body
weights.

For all experiments requiring anesthesia, inhaled isoflurane (1.5–
3.5%) � oxygen was used. During the entire procedure, body tem-
perature was maintained constantly using a water-controlled therapy
pad bath (Gaymar, Orchard Park, NY) set at 37°C (Fisher Scientific,
Hampton, NH). At the end of the experiment, rats were euthanized by
CO2 inhalation and hindlimb muscles harvested and weighed on a
precision analytical balance (Fisher Scientific, Pittsburgh, PA).

Cage and Hardware Design

The adaptation of the mouse quadrupedal unloading model (5, 30)
to the rat, an animal 20 times greater in mass, required several major
modifications. First, we supported the front limbs via custom-made
jackets that were composed of a commercially available rodent tether
jacket (Braintree Scientific, Braintree, MA) combined with a back bra
extender to provide a snug fit and adjustability for all animals in the
study (Fig. 1A). In the past, standard hindlimb unloading had been
achieved by tail suspension (16). Although effective, this approach
presents a variety of challenges, including impaired blood flow, tail
necrosis, and lordosis. To avoid these issues and to help keep the rats
horizontal and presumably more comfortable, we incorporated a
pelvic harness (Fig. 1B) similar to that developed by Chowdhury et al.
(2). We inserted a 10-G insulated solid copper wire (Grainger, Lake
Forest, IL) into a medical silicone sheath (Versilon, Saint-Gobain
Ceramics & Plastics, Northboro, MA) and bent the coated wire into a
double-L shape (Fig. 1B). To prevent abrasion within the inguinal

region due to excessive grooming, we wrapped the pelvic harness with
medical gauze, which was replaced as needed. The center of the
harness, located above the spine, was held by an S-shaped stainless-
steel hook connected to the suspension device.

The final component of the suspension apparatus (Fig. 1C) con-
sisted of stainless-steel chains connected with swivel clasps and
arranged in a triangular shape. A 10-cm back rod made of PVC was
used to prevent excessive bending of the chain and to provide stability
to the overall device. The entire suspension device was secured with
a key ring and a swivel clasp at the center of an aluminum rod located
at the top of the cage, allowing free movement of the animals in the
cage without any risk of tangling.

The final cage consisted of five panels of polycarbonate (Altec
Plastics, South Boston, MA) (Fig. 1D). The floor panel was a 12 �
12-in. square, and the walls were 12 in. wide � 16 in. high. Food and
water were provided by a water bottle and a metal food chute (Instech
Laboratories, Plymouth Meeting, PA) affixed on the exterior side of
the cage wall to limit the accumulation of food and waste on the cage
floor. Absorbent paper (Techboard, ScottPharma Solutions, Marlbor-
ough, MA) and a perforated polypropylene sheet were used to line the
cage floor to permit the easy removal of urine and feces daily
(McMaster Carr Supply, Robbinsville, NJ).

Animals were allowed to acclimate to their new environment for 24
h before being unloaded, as seen in Fig. 1D. Animals were assessed
in person daily and also recorded every night with a webcam (Deecam
D200; Shenzhen Tianlaimei Trading). Night recordings were used to
monitor the animals during their active phase (dark phase), and
several clips were analyzed to assess behavior (proper grooming,
feeding, resting, and easy access to food and water). Video was also
an important tool in the initial design of this model, as it allowed for
iterative refinement of the suspension device to ensure optimal un-
loading without injury to the animal or apparatus.

Assessment of the Partial Weight Bearing

Animals were weighed daily to confirm that their level of unload-
ing remained constant within a 5% margin of error. Rats were
positioned over a digital animal scale (Zieis, Lakeville, MN) and their
mass at PWB100, including the mass of the suspension device, was
recorded. Then, by suspending the rats between two polycarbonate

Fig. 1. Development of the quadrupedal sus-
pension device and the housing environment
for the rat model of partial weight bearing.
Photographs of the rodent jacket composed
of a tether jacket and a back bra extender
(A), the pelvic harness (B), the entire qua-
drupedal suspension device (C), and the rat
undergoing partial weight bearing (PWB) in
this novel environment (D).
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walls (12 �19 in.) at the same height as that used in the PWB cage,
the “unloaded” mass was obtained. The recorded level of PWB was
calculated every morning by using the ratio of these two measure-
ments, and adjustments were made by modulating the chain length if
the unloading level was more than � 5% from the desired target.

Grip Force Measurements

Rats were placed with their rear paws on a 50 Newton capacity
digital grip force meter (Chatillon, Largo, FL) and gently pulled
backward until they released their grip. The bar was attached to a
force transducer, which measured the peak force generated (expressed
in Newtons). Three tests were performed with a short latency period
of 30 s between each trial to account for muscle fatigue. Results were
expressed as the percentage of each animal’s grip force measured at
baseline (i.e., presuspension).

Limb Girth Estimation

Under isoflurane anesthesia, as previously described, animals were
placed in a prone position, with the left hindlimb positioned at a 45°
angle to the spine. Fur overlaying the left leg was shaved using a hair
clipper (Braintree Scientific), and the calf circumference was mea-
sured three times at the tibial midshaft using a suture thread. The
length of each thread was then measured with a micrometer (Fisher
Scientific), and the average was recorded.

Longitudinal Assessment of Trabecular Bone Mineral Density
Using Peripheral Quantitative Computed Tomography

Weekly, including the baseline, peripheral quantitative computed
tomography (pQCT) (Stratec; XCT Research SA�, Pforzheim, Ger-
many) scans were performed in vivo at the right metaphyseal and
diaphyseal tibiae of rats. Scans were performed using a voxel size of
100 	m and a scanning beam thickness of 500 	m. Daily calibration
was performed using a manufacturer-supplied hydroxyapatite phan-
tom. Transverse images of right tibia were acquired 5.0, 5.5, and 6.0
mm from the proximal tibial plateau.

Weekly in vivo scanned images were visually inspected to deter-
mine the appropriate images to assess longitudinal changes in bone
due to partial weight bearing. Longitudinal images were manually
matched based on the distance from the proximal tibial plateau and
shape of the proximal tibial metaphysis and fibula to ensure anatom-
ically consistent location for analysis. Scanned slices were analyzed
with Stratec software (Stratec XCT Analysis System, version 6.0;
Norland, Fort Atkinson, WI), using a standardized analysis, and
trabecular volumetric bone mineral density was obtained.

Statistical Analysis

All data sets were assessed for normality using the Shapiro-Wilk
test. As requirements were met, two-way repeated-measures ANOVA,
followed by Tukey’s post hoc test or one-way ANOVA, was per-
formed for multivariate analysis. For the correlation studies, we used
linear regression and computed Pearson’s correlation coefficient. All
results are presented as means � SE, and results were considered
significant when P 
 0.05.

RESULTS

Overall Tolerability and Reliability

Food intake and body mass. For all experiments, PWB100
controls were randomized into three different categories: full
harness, jacket only, and no jacket (naked). We did not find
evidence of statistical differences between those three control
groups during the study (Table 1); therefore, the PWB100
control group in this study includes animals in any of the
above-cited conditions.

The overall tolerability of the unloading system was asses-
sed by closely monitoring body mass and food intake throughout
the experiment (Fig. 2). After the animals were acclimated to the
cage and the jackets for 24 h, we observed no differences in
the baseline body mass across the four groups that completed
the study (average mass of 390.7 � 2.02 g, n � 38; Fig. 2A).
All data from one animal were excluded from the analysis after
several escapes from the harness/cage over the course of 1 wk
(PWB70). Once the experiment started, both the normally
loaded controls (n � 11) and the rats unloaded at PWB70 (n �
7) maintained a stable body mass. The groups exposed to
PWB40 (n � 10) and PWB20 (n � 10) both lost weight during
the 1st week of suspension (�24.2 g, P � 0.0003, and –19.3 g,
P � 0.0049, respectively), but their body mass remained stable
during the 2nd week of the experiment. Compared with the
control group, the PWB40 group had a significantly lower
body mass both on day 7 (P � 0.0192) and on day 14 (P �
0.0003); the PWB20 had a significantly lower body mass only
on day 14 (P � 0.0008).

Food intake during the 2-wk experiment was similar in the
PWB70 and PWB20 groups compared with the PWB100
controls (Fig. 2B). Only the PWB40 animals showed a signif-
icantly lower cumulative food intake after the 1st week com-
pared with the control group. Detailed data on food intake (Fig.
2C) show that the animals in the PWB20 group ate signifi-
cantly less than the controls during the first 2 days (P � 0.0004
and P � 0.0466 respectively). We hypothesize that this is the
result of an immediate behavioral change due to the extreme
unloading level. Indeed, animals exposed to PWB20 spent
more time adjusting their behavior (e.g., walking, finding a
resting position, and finding their balance) during the first night
after suspension than the animals in the other groups. More-
over, we cannot exclude the possibility that the stress level was
significantly different in animals subjected to different unload-
ing levels despite their adaptation to both the full-weight
suspension device and the cage.

Stability of unloading. Because the success of the model is
dependent upon the stability of the achieved unloading, ani-
mals were weighed daily, wearing their harnesses to measure
the achieved partial weight bearing (Fig. 2D). In the mouse

Table 1. Longitudinal measurements

Parameter Naked (n � 3) Jacket (n � 4) Harness (n � 4) Total (n � 11)

Body weight, g 423 � 21 395 � 8.8 393 � 11 402 � 8.0
Cumulative food intake, g 356 � 21.8 327 � 3.14 326 � 20.5 335 � 9.5
Muscle girth change, % 8.7 � 10 �0.13 � 2.5 �1.6 � 2.1 3.87 � 2.05

Results presented are means � SE; results for the different groups used as controls (jacket, harness, and naked; n � 11). None of the statistical tests presented
a significant result.

177A NOVEL PARTIAL GRAVITY ANALOG FOR RATS

J Appl Physiol • doi:10.1152/japplphysiol.01083.2017 • www.jappl.org
Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (206.253.207.235) on August 14, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.



quadrupedal unloading model (5, 30), the unloading level was
maintained within a 5% margin of error for 77% of the time.
As shown in Fig. 2D, the unloading achieved in our rat
quadrupedal suspension model was remarkably steady since
the average variation in partial weight bearing over the 2 wk
was only 1.23% for PWB70 (0.6993 � 0.002 g), 1.20% for
PWB40 (0.3972 � 0.001 g), and 1.83% for PWB20 (0.1984 �
0.0009 g). During the 14 days of the experiment, no animal
experienced a variation in loading requiring any adjustments to
either the harness or the suspension chain over the course of the
study. Unfortunately, the force plate was not accessible at this
time, but this parameter will be further assessed in our study.

Musculoskeletal Alterations Induced By Our PWB Model

Grip force. The normally loaded controls showed an in-
crease in rear paw grip force throughout the experiment [day 0
(d0) vs. day 14 (d14), P � 0.004; Fig. 3A]. Animals subjected
to PWB70 did not display any statistical differences in grip
force during the 2 wk of unloading compared with either their
baseline or the control group. However, both the PWB40 and
the PWB20 groups displayed significant reductions in grip
force compared with their baseline after 7 days of unloading
(P � 0.004 and P � 0.006, respectively), which continued in
the PWB20 group (P � 0.03), but not in the PWB40 (P �
0.13). However, at all times, both the PWB20 and PWB40
groups displayed a grip force significantly lower than the
PWB100 controls (data summarized in Table 2).

Limb girth. Limb girth increased during the 1st week for the
PWB100 control group and remained stable until the end of the
experiment (d0 vs. d7, P � 0.04, d0 vs, d14, P � 0.013; Fig.
3B). The control group had a significantly larger limb girth
than all of the unloaded groups after 1 wk and at the end of the
study at 2 wk (Table 2).

Trabecular bone mineral density. Trabecular bone mineral
density (BMD) was assessed in vivo at the proximal tibia using
pQCT (Fig. 3C and Table 2).

After 7 days of unloading, trabecular BMD decreased in all
groups. However, the greatest loss was observed in the animals
subjected to PWB20, which was significant when compared
with both the control group (P � 0.008) and the other unloaded
groups (P � 0.02 vs. PWB40 and P � 0.001 vs. PWB70). By
the end of the study, the PWB20 had the largest decline in
trabecular BMD (�27.9%, P 
 0.0001 vs. baseline); however,
it was not significantly different compared with the PWB40
group (�19.9%, P � 0.055 vs. PWB20 on day 14). Rats
subjected to PWB70 did not have a significant decrease in
trabecular BMD compared with the PWB100 controls at the
end of the study (P � 0.99). These results are summarized in
Table 2.

Muscle mass. Muscle mass of gastrocnemius, soleus, and
quadriceps at the time of euthanasia on day 14 is shown in Fig.
3, D–F, and Table 3. All three PWB groups showed a signif-
icantly lower muscle mass compared with the controls for the
soleus and the quadriceps, but no statistical differences were
observed between the PWB groups. In contrast, the gastrocne-
mius mass did not change significantly in any group (Table 3).
When normalized to the body weight at the time of euthanasia
(Table 3), all PWB groups presented a quadriceps mass sig-
nificantly lower than the controls. Additionally, animals sub-
jected to PWB20 displayed a significantly lower mass of the
hindlimb muscles (presented here as the sum of gastrocnemius,
soleus, and quadriceps) compared with the controls.

Level of PWB is Linearly Correlated to the Extent of
Musculoskeletal Alterations After 2 wk

After 2 wk of unloading, the mass of the quadriceps was
linearly correlated to the PWB level (r � 0.76, P 
 0.0001;
Fig. 4A). We also observed a positive correlation between
PWB level and a 2-wk change in rear paw grip force (r � 0.55,
P � 0.0004; Fig. 4B) and in trabecular BMD (r � 0.65, P 

0.0001; Fig. 4C).
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DISCUSSION

In this study, we present results from a novel quadrupedal
unloading model in adult rats capable of sustained partial
weight bearing to simulate reduced gravity environments. We
examined unloading such that rats experienced 20, 40, and
70% of their normal loading.

The potential value of this model is demonstrated by its
effectiveness, stability, and tolerability. The animals adjusted
well to the overall suspension and environment (Fig. 2), pre-
senting only slight variations in food intake (Fig. 2, B and C)
and body mass (Fig. 2A) mainly during the first few days of

suspension. After 7 days, rats exposed to 20 or 40% partial
weight bearing had an approximately 5% decline in body mass,
but no further reduction in body mass occurred after this time.
This finding is comparable with what has been previously re-
ported in the mouse partial weight-bearing model (5, 30), where
animals submitted to PWB40 lost 6.5% of their baseline body
mass after 1 wk of suspension and remained stable afterward.

Additionally, our findings show that the partial weight-
bearing level provided by the new suspension device composed
of chains, as opposed to springs, remained constant throughout
the entire experiment and did not require any significant
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Table 2. Summary of the changes observed in grip force, muscle girth, and trabecular bone mineral density over 14 days
of PWB

Days of Suspension PWB100 PWB70 PWB40 PWB20

Muscle girth
7 3.301 � 1.69# �2.511 � 0.77* �3.817 � 0.814***# �4.732 � 1.408****##
14 3.867 � 2.06# �1.501 � 1.59* �3.987 � 0.952****## �4.960 � 1.826****##

Grip force
7 11.072 � 11.48 1.409 � 9.06a �30.162 � 6.90***## �28.678 � 9.28*##
14 21.797 � 10.28 �7.352 � 9.72 �17.589 � 9.01**## �23.83 � 7.19***#

BMD
7 �9.267 � 2.60## �6.428 � 3.74bb �10.414 � 2.13###b �19.642 � 2.44**####
14 �8.482 � 3.06## �7.507 � 2.68#aa,bbb �19.921 � 3.08**#### �27.912 � 2.93****####

Results presented as the percentage from baseline (means � SE); n � 7–11/group for muscle girth and grip force, n � 7–10/group for trabecular bone mineral
density (BMD). PWB, partial weight bearing. *P 
 0.05, **P 
 0.01, ***P 
 0.001, and ****P 
 0.0001 vs. PWB100; #P 
 0.05, ##P 
 0.01, ###P 
 0.001,
and ####P 
 0.0001 vs. baseline; aP 
 0.05 and aaP 
 0.01 vs. PWB40; bP 
 0.05 bbP 
 0.01, and bbbP 
 0.0001 vs. PWB20.
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adjustments (Fig. 2D). The previous partial weight-bearing
model developed with mice used a spring to give animals
access to the entire floor area of the cage, but the unloading
decreased over time as the animals moved (30). Therefore, the
PWB level needed to be set daily by adjusting the mouse
suspension device directly on the spring. In contrast, during our
study, in which we used a chain-based suspension device rather
than a spring, none of the 38 animals needed any human
intervention to maintain their unloading level.

This new partial gravity model allowed us to monitor rats
daily and to perform weekly assessments of their grip force,
limb girth, and trabecular bone density (Table 2). Similarly to
what has been observed in the literature (7), most of the
morphometric and functional changes occur during the 1st
week of partial unloading. These changes could occur as a
result of altered muscle function or decreased muscle mass.
Future studies will examine muscle histology following un-
loading to allow us to determine myofiber cross-sectional area

and whether there is a shift in myofiber type. The soleus is
known to be one of the first muscles to atrophy in microgravity
(6), and its fibers also rapidly switch from slow-twitch to
fast-twitch type, therefore decreasing muscle endurance (3,
15). It is likely that this well-characterized shift occurred in our
model. Future studies could also employ electric impedance
myography to assess muscle quality and atrophy, a technique
we have previously employed to study muscle pathology (13,
25). We are further refining this technology by developing an
intramuscular array to characterize how muscle quality is
evolving throughout the course of our study.

Surprisingly, our functional measurements failed to provide
evidence of any statistical differences between the PWB100
controls and the rats subjected to PWB70, except for limb girth
(Fig. 3B). However, after 2 wk of unloading, we found that all
animals subjected to partial weight bearing had a significant
decrease in hindlimb muscle mass (i.e., quadriceps and soleus)
compared with the controls (Fig. 3, D and F). Because not all

Table 3. Terminal measurements

PWB100 PWB70 PWB40 PWB20

Wet mass, g
Quadriceps 3.43 � 0.075 2.977 � 0.083** 2.789 � 0.073**** 2.778 � 0.058****
Gastrocnemius 2.45 � 0.053 2.317 � 0.148 2.328 � 0.062 2.245 � 0.053
Soleus 0.2229 � 0.005 0.1836 � 0.007** 0.1842 � 0.007*** 0.1793 � 0.007***

Normalized mass, mg/g body wt
Quadriceps 8.54 � 0.103 7.794 � 0.154** 7.58 � 0.169**** 7.516 � 0.159****
Gastrocnemius 6.106 � 0.114 6.061 � 0.356 6.325 � 0.132 6.068 � 0.109
Soleus 0.557 � 0.0186 0.48 � 0.011 0.501 � 0.019 0.486 � 0.023
Hindlimb muscles 15.2 � 0.198 14.34 � 0.451 14.41 � 0.299 14.07 � 0.252*

Results presented are means � SE; n � 7–11/group. Summary of the differences in muscle wet mass and in normalized muscle mass after 14 days of partial
weight bearing (PWB). *P 
 0.05, **P 
 0.01, ***P 
 0.001, and ****P 
 0.0001 vs. PWB100.

Fig. 4. Correlations between the musculosk-
eletal changes at 2 wk and the unloading
level of animals. Linear correlation between
the quadriceps weight and the partial weight
bearing (PWB; A), linear correlation between
the PWB and the change in rear paw grip
force (B), and linear correlation between the
PWB and the change in trabecular bone min-
eral density (BMD; C).
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of the lower limb muscles were harvested, we cannot yet
provide any information regarding the total hindlimb muscle
function. Our model successfully reproduces the finding of
disproportionate soleus atrophy in microgravity (compared
with gastrocnemius). Because the soleus is slow-twitch fiber
predominant, this result could be due to a selective suscepti-
bility of the soleus, of slow-twitch fibers, or of both. Further
histological analysis and more comprehensive analysis of other
hindlimb muscles in our model can confirm our hypothesis that
muscle location and fiber composition are likely both important
factors in determining atrophy patterns in microgravity.

When normalized to body weight, only the quadriceps mass
in PWB rats remained significantly lower compared with
controls (Table 3). This highlights the weight loss experienced
by the PWB groups during the study. It is possible that this
weight loss is due to a decrease in both lean and fat mass. The
muscle atrophy and bone loss demonstrated longitudinally by
pQCT examination suggest a preferential lean mass loss. Anal-
ysis of total body composition could be pursued in the future to
address this question.

The lack of any significant differences for rats exposed to
PWB70 in BMD and grip force may be explained in part by the
smaller sample size compared with the other groups (n � 7 vs.
n � 10–11 for the other 3 groups). Indeed, the P value for the
change in rear paw grip force compared with the controls is
P � 0.0601, which may likely become significant with an
increased number of subjects. Whereas muscle mass was
significantly lower in all partial weight-bearing groups com-
pared with the controls, there were no significant differences
between the various unloading levels. However, our correlation
analyses identified a significant association between the degree
of PWB and the mass of the quadriceps muscle, thus support-
ing the dose-dependent nature of the PWB exposure (Fig. 4), as
has been demonstrated in the mouse partial weight-bearing
model (5). Because musculoskeletal change occurs early fol-
lowing unloading, some PWB groups may have reached their
functional plateau before the day 14 time point. We are in the
process of characterizing earlier time points following unload-
ing to establish the kinetics of disuse in our novel model.

We have not yet examined the influence of partial weight
bearing on any other body systems. For example, we have not yet
investigated potential changes in biological markers associated
with stress (such as corticosterone levels) or with kidney function,
both of which could be impacted in the early stages of the
unloading. For example, in the mouse partial weight-bearing
model (5), corticosterone levels were found to be elevated in the
partially unloaded groups. We could investigate whether similar
alterations occur in our rat model of partial weight bearing.
Additionally, we could extend our study by having a pair-fed
control group to normalize the body mass fluctuations across
groups as well as using female rats to determine whether they
exhibit similar musculoskeletal changes.

We believe that this novel reduced-gravity analog will allow
us and other researchers to further investigate the physiological
effects of microgravity. Similarly to the tail suspension (18,
25), pelvic suspension (2), and mouse partial weight bearing
(5, 30) models of microgravity, our novel rat partial weight
bearing model displays the hallmarks of spaceflight-induced
musculoskeletal disuse characterized by hindlimb muscle at-
rophy and reduced bone mineral density. Our model addition-
ally demonstrates the effects of unloading over more extended

periods of time as well as the effects of reloading and is
particularly well suited to evaluate the physiological changes
occurring in a Mars-like environment (0.38 g), and therefore,
more extended studies at this gravitational level would also be
worthwhile. Moreover, this model could be used to assess the
effects of exercise and/or pharmacological countermeasures at
specific partial gravity levels, leading to the development of
effective new countermeasures to prevent physiological alter-
ations during spaceflight.
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