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Abstract

Rodent ground-based models are widely used to understand the physiological consequences of space flight on the physiological system and
have been routinely employed since 1979 and the development of hind limb unloading (HLU). However, the next steps in space exploration
now include to travel to Mars where the gravity is 38% of Earth’s gravity. Since no human being has experienced this level of partial gravity, a
sustainable ground-based model is necessary to investigate how the body, already impaired by the time spent in microgravity, would react to
this partial load. Here, we used our innovative partial weight-bearing (PWB) model to mimic a short mission and stay on Mars to assess the
physiological impairments in the hind limb muscles induced by two different levels of reduced gravity applied in sequential fashion. This could
provide a safe, ground-based model to study the musculoskeletal adaptations to gravitational change and to establish effective countermeasures
to preserve astronauts’ health and function.

Video Link

The video component of this article can be found at https://www.jove.com/video/59327/

Introduction

Extraterrestrial targets, including the Moon and Mars, represent the future of human space exploration, but both have considerably weaker
gravity than Earth. While the consequences of weightlessness on the musculoskeletal system have been extensively studied in astronauts1,2,3,4,5

and in rodents6,7,8,9, the latter thanks to the well-established hindlimb unloading (HLU) model10, very little is known about the effects of partial
gravity. Martian gravity is 38% of Earth’s and this planet has become the focus of long-term exploration11; hence, it is crucial to understand the
muscular alterations that may occur in this setting. To do so, we developed a partial weight bearing (PWB) system in rats12, based on previous
work done in mice6,13, which was validated using both muscle and bone outcomes. However, the exploration of Mars will be preceded by a
prolonged period of microgravity, which was not addressed in our previously described model12. Therefore, in this study, we altered our model to
mimic a trip to Mars, comprised of a first phase of total hindlimb unloading and immediately followed by a second phase of partial weight bearing
at 40% of normal loading.

Unlike most HLU models, we chose to use a pelvic harness (based on the one described by Chowdhury et al.9) rather than a tail suspension to
improve animals’ comfort and to be able to move seamlessly and effortlessly from HLU to PWB in a matter of minutes. In conjunction, we used
the cages and suspension devices that we previously developed and described extensively12. In addition to providing reliable/consistent data, we
also previously demonstrated that the fixed attachment point of the suspension system at the center of the rod did not prevent the animals from
moving, grooming, feeding, or drinking. In this article, we will describe how to unload the animals’ hind limbs (both totally and partially), verify
their achieved gravity levels, as well as how to functionally assess the resulting muscular alterations using grip force and wet muscle mass. This
model would be extremely useful for researchers seeking to investigate the consequences of partial gravity (either artificial or extra-terrestrial)
on an already compromised musculoskeletal system, thus allowing them to investigate how organisms adapt to partial reloading, and for the
development of countermeasures that could be developed to maintain health during and after human spaceflight.

Protocol

All methods described here were approved by the Institutional Animal Care and Use Committee (IACUC) of Beth Israel Deaconess Medical
Center under protocol number 067-2016.

NOTE: Male Wistar rats aged of 14 weeks at baseline (day 0) are used. Rats are housed individually in custom cages 24 h prior baseline to allow
for acclimation.
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1. Hindlimb unloading

NOTE: The pelvic harness can be put on either anesthetized or awake animals. Here, the description of the protocol is given on anesthetized
animals. Wear proper personal protective equipment (PPE) to handle animals.

1. Place the rat in an anesthesia box with 3.5% isoflurane and an oxygen flow of 2 L/min.
 

NOTE: Proper anesthetization is confirmed when a firm pinch of the rear paw does not elicit a reaction.
2. Once the animal is fully anesthetized, place the rat on the bench with anesthetic gas coming from a nosecone with 2% isoflurane and an

oxygen flow of 1.5 L/min.
3. Place the rat in a prone position and put the pelvic harness on in a rostro-caudal movement.
4. Gently bend the pelvic harness to provide a snug fit while being careful not squeeze the hindlimbs to prevent abrasions and discomfort.
5. Attach the stainless steel chain with the swivel clasp to the top of the pelvic harness, where a hook is attached at the base of the tail.
6. Remove the rat from anesthesia and place the animal in a custom cage with the chain extended at its maximum.
7. Once the rat is fully awake and mobile, shorten the chain using the top swivel clasp until the hind limbs can no longer reach the floor.
8. Observe the animal for a few minutes to assess its comfort and make sure that at all times, both hind limbs remain completely unloaded.

2. Partial weight bearing

NOTE: This step can be realized in both awake and anesthetized animals.

1. Convert the HLU suspension device into a PWB suspension by adding the triangle-shaped part composed of stainless steel chains and a
back rod.

2. Anesthetize the animal following the same procedures as detailed for the HLU (steps 1.1 and 1.2).
3. Place a tether jacket of the appropriate size on the forelimbs of the rat (M for rats of 400 g or lower, L for rats weighing above 400 g) and

close it using the back bra extender.
4. Attach one clasp of the triangle-shaped part to the hook located on the back bra extender and the opposite clasp on the hook located on the

pelvic harness at the base of the tail.
5. Allow the animal to recover from anesthesia in the cage. Once awake, verify that the suspension is equal on both the forelimbs and the

hindlimbs by shortening the chain and modifying the location of the bottom swivel clasp if needed.
 

NOTE: This step can also be realized using a force plate to confirm the equal loading on all limbs.
6. Place the rat on top of the scale to record the “loaded” body weight, i.e., the weight of the animal and the entire apparatus, without shortening

the chain.
7. Shorten the chain until the scale displays 40% of the “loaded” body weight and record the achieved gravity level (expressed as the ratio

between unloaded weight and loaded weight).
8. Observe the animal to make sure that the unloaded weight is stable and that the rat is equally loaded on all limbs.
9. Remove the entire apparatus from the scale using the rod and place the rat back in its cage.

3. Assessment of hindlimb grip force

1. Hold the rat with a traditional restraint by placing one hand underneath the forelimbs. Gently hold the tail with the second hand.
2. Approach the grip bar with the rear paws and make sure that both paws are fully resting on the bar.

 

NOTE: If the rat does not fully grip the bar or does not display any evidence of voluntary gripping, slightly release the restraint. If this is
unsuccessful, return the rat to its cage and retry after a few minutes.

3. Gently pull the rat straight back until it releases its grip. Record the maximal force displayed on the transducer.
4. Wait approximately 30 s between measurements and repeat the test 3 times.
5. Calculate the average of the three measurements for scoring, to account for fatigue.

4. Recording of muscle wet mass

1. Place the rat in a CO2 euthanasia chamber. After waiting the appropriate time according to IACUC and AVMA guidelines, confirm euthanasia
by a visual observation of a lack of breathing.

2. Place the rat on the dissection table in a prone position and remove the fur and skin by incising near the ankle using small dissection
scissors. Use hands to pull the skin layer off.

3. Using small dissection scissors, gently break the muscle fascia and isolate the calcaneus tendon.
 

NOTE: The calcaneus tendon is the attachment point of both the soleus and the gastrocnemius muscles.
4. While holding the calcaneus tendon with a small pair of tweezers, use the dissection scissors to isolate the gastrocnemius and soleus

muscles from the biceps femoris, located above.
5. Once isolated, cut the attachment point of the gastrocnemius and soleus muscles in the popliteal area.
6. Gently pull the soleus away from the gastrocnemius and detach them by cutting the calcaneus tendon.
7. Place the rat in a supine position. Carefully remove the fascia and peel the tibialis anterior from the ankle in an upward movement.
8. Cut the tibialis anterior at its superior attachment point.
9. Record the exact wet mass of each excised muscle using a tared precision scale and a weighing boat.
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Representative Results

Taking advantage of the new cages that we previously designed and described in detail12, we used a stainless steel chain-based suspension
device that is suitable for both hindlimb unloading (HLU, Figure 1) and partial weight-bearing (PWB, Figure 2). The critical advantage of our
design is the ability to go from one type of unloading to the other in a matter of minutes while maintaining an identical environment for the
animals. We used a custom-made pelvic harness (Figure 2A) that is attached to a single custom-made stainless steel chain with a swivel
clasp on each side for HLU. In order to modify this suspension device and achieve PWB, the addition of one triangle-shaped piece of stainless
steel chain that incorporated an inflexible back rod, designed to sit just above the spine (Figure 3) is the only requirement. These steps can be
performed in awake or anesthetized animals.

With the versatile environment provided in this experiment, we could successfully unload the hindlimb of all of our animals for 7 days without any
complications and quickly expose them to a partial gravity at 40% of their normal loading (PWB40, average achieved gravity level of 0.4076 g
± 0.0036 g). During the first week of total HLU, animals displayed a significant body weight loss (Figure 4A: -7.19% ± 0.87%, n = 9, p < 0.001),
which has been witnessed in other models14, and does not differ significantly from what we observed in rats exposed at PWB40 for the same
duration (-5.53% ± 1.44%, n = 10, p = 0.37). However, animals continued losing weight over time while subsequently being exposed to PWB40
(-9.06% ± 1.35% from baseline, p < 0.0001).

Hindlimb grip force is a standard measurement of muscle function that can be used longitudinally (Figure 4B). We noticed that one week of total
unloading led to an average decrease in grip force of 50.16% ± 4.10% compared to baseline (p < 0.0001). After one subsequent week of partial
weight bearing at 40% of normal loading, we did not notice any further change regarding grip force (-44.29% ± 4.67% compared to baseline, p
< 0.0001). At all time-points, the percent change in rear paw grip force was significantly different from the age-matched controls (p < 0.0001 for
both day 7 and day 14, n = 11). Additionally, we observed that after completion of the study, animals that underwent total unloading followed by
partial weight bearing (HLU-PWB40) displayed a significantly greater grip force loss compared to the PWB40 group (p = 0.03).

Muscle wet mass was recorded at the end of the experiment and compared to data obtained after either two weeks of normal loading or
two weeks of PWB40 (Figure 4C) and data previously published by our group12. We found that the PWB40 and HLU-PWB40 groups have
significantly lower wet mass of soleus (S), gastrocnemius (G), and tibialis anterior (TA) muscles than age-matched controls (PWB100). Indeed,
we recorded an average soleus mass of 0.1681 g ± 0.007 g for our animals which was significantly lower than the rats exposed to PWB100 for
2 weeks in our previous experiments (-24.60% ± 3.18%, p < 0.0001). For the gastrocnemius, we recorded an average wet mass of 2.192 g ±
0.096 g (-10.55% ± 3.93%, p = 0.038 vs PWB100) and a wet mass of 0.759 g ± 0.029 g for the tibialis anterior (-14.40% ± 3.27%, p = 0.009 vs
PWB100). While our data set highlighted that the animals exposed to a Mars-mission analogue (HLU-PWB100) had a decreased wet mass of
the soleus and gastrocnemius muscles compared to the animals exposed to PWB40 for 2 continuous weeks (-8.75% ± 3.84% and -5.85% ±
4.14%, respectively), we did not observe a significant difference between these two groups.

 

Figure 1: Description of the suspension devices and how to convert from HLU to PWB. (A) Based on our previous design, we used an
aluminum rod sitting on top of the cage to hold a steady suspension device composed of a key ring secured at the center of the rod (arrow 1),
a stainless steel chain (arrow 2), and two swivel clasps (arrows 3). (B) To convert the suspension device to achieve PWB, a triangle-shape
structure is attached using the bottom swivel clasp. This piece is composed of stainless steel chains and a polyvinyl chloride (PVC) back rod that
sits above the rat’s spine (arrow 1). On each side of the back rod is located a clasp to attach to the harness and the jacket, respectively (arrow
2). Please click here to view a larger version of this figure.
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Figure 2: Hind limb unloading using a pelvic harness. (A) Front and side view drawings of the harness structure used to support the hind
limbs of the animals. (B) The pelvic harness was positioned as described to fit snuggly around the hind limbs of the rat. The stainless steel link
is positioned over the base of the tail and attached to the swivel clasp. The exact location and shape of the harness can vary between animals
but rats should be comfortable and it is necessary that their hind limbs never touch the ground. Please click here to view a larger version of this
figure.
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Figure 3: Partial weight bearing. The partial unloading requires the addition of a jacket to the animal in order to support the front limbs. The
jacket is then closed with a back bra extender and a hook is attached to the extender, lying between the scapulae. Both the jacket and the pelvic
harness are attached to clasps located on each end of the back rod. Please click here to view a larger version of this figure.

 

Figure 4: Examples of longitudinal follow-up in animals exposed to different unloading levels. (A) Body weight (BW) change. Animals
were weighed weekly without the harness or jackets and body weight was recorded. PWB100 = Partial weight bearing at normal loading; PWB40
= Partial weight bearing at 40% of normal loading; HLU-PWB40 = One week of hindlimb unloading followed by one week of PWB40. The results
of Tukey’s post hoc test following a 2-way stacked ANOVA are presented as *: p < 0.05, **: p < 0.01, ***: p < 0.001, and ****: p < 0.0001 vs
PWB100. (B) Change in rear paw grip force. Weekly, rear paw grip force was measured and results were expressed in percent change from
baseline for each animal. The results of Tukey’s post hoc test following a 2-way stacked ANOVA are presented as ***: p < 0.001 and ****: p <
0.0001 vs PWB100, α: p < 0.05 vs PWB40. (C) Muscle wet mass after 14 days. Muscle wet mass was recorded on a precision scale immediately
after sacrifice at 14 days. Results are presented as percent of the wet mass obtained in the age-matched control group (PWB100). S= Soleus;
G= Gastrocnemius; TA = Tibialis anterior. The results of Tukey’s post hoc test following a one-way ANOVA are presented as *: p < 0.05, **: p <
0.01, and ****: p < 0.0001 vs PWB100. Please click here to view a larger version of this figure.
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Discussion

This model presents the first ground-based analogue developed to investigate successive mechanical unloading levels and aims to mimic a trip
to and stay on Mars.

Many steps of this protocol are critical to ensure its success and need to be closely examined. First, it is crucial to monitor the wellbeing of
the animals and ensure that they are maintaining a normal behavior (i.e., performing tasks such as eating, resting, and exploring), particularly
during the PWB state where they maintain a relatively normal physiological posture. Second, despite the level of PWB being extremely steady
over time and requiring minimal human intervention12,14, it is essential to record the achieved partial gravity to minimize variations amongst
animals. Additionally, when animals are transitioned from total mechanical unloading to partial gravity (PWB40), they already display substantial
muscle atrophy and loss of function6,9,15, which may cause transient difficulties in resuming quadrupedal weight-bearing behavior and lead to a
momentary awkward gait.

Due to the variable environment, several problems can arise and should be closely recorded and addressed. For example, a fluid shift occurs
during the HLU period due to the slanted position of the animal, while it is not present during PWB16. In some cases, fluid redistribution
can cause subtle edema most noticeable in the face or the rear paws, and usually disappears in the hours following reloading. We advise
investigators to score the severity of the edema and assess it daily. If severe edema persists for greater than 48 h, animals should be excluded
from the experiment.

While the use of a pelvic harness provides comfort to the animals and increased convenience to the investigator, some animals may,
occasionally, either totally or partially escape from their harness during HLU or PWB. We followed the exclusion protocol based on the previous
work in mice6 in which any animal that escapes three times is removed from the study. As a side note, escapes are extremely rare; in our work
less than 1% of animals had to be excluded over a 1-year period (1 animal out of 148 animals studied). The daily titration of the PWB level is a
crucial moment where the experimenter can ensure the snug fit of both the jacket and the pelvic harness, therefore minimizing the risk of escape.
While assessing animals’ weight and wellbeing daily, special consideration should be put in the maintenance of the pelvic harness. While site-
specific hair-loss is the most common consequence, abrasion can appear if the pelvic harness is damaged (i.e., chewed). We advise researchers
to check daily the harness condition and replace components when damaged or the entire harness when needed to prevent the appearance
of skin abrasion. Wellbeing should at least include the following steps: monitoring of body weight, porphyria, food intake, presence of urine and
feces, hair loss, skin abrasion, edema.

The animals’ claws can also occasionally become entrapped in the hook-and-loop fastener or cloth, therefore compromising their balance. A
simple and efficient way to prevent this from happening is to gently trim the claws under anesthesia before placing the jacket. This step can be
repeated when needed during the course of study.

Special attention needs to be paid during the transition from HLU to PWB. While we observed that all animals are able to walk with little difficulty
immediately after being placed in PWB, the amount of time required to put the same amount of weight on both the front and the hind limbs varied
among rats. If a rat does not demonstrate relatively normal gait using all limbs in 24 h, we recommend it should be excluded from the study.

This novel model designed to mimic sequential gravitational environments is reliable and sustainable over time. However, some limitations
exist and are yet to be addressed. First, this combination of models is only designed to assess the alterations occurring in the hind limbs of the
animals as the HLU model only creates artificial microgravity on the rear limbs. Therefore, this ground-based sequential HLU-PWB analogue is
not suitable to investigate fore limbs alterations. Secondly, over the 14-day period, our animals displayed a continuous but non-life-threatening
loss of whole-body mass highlighting the complex readjustment of the rats to partial unloading (Figure 4A). In our previous PWB rat model
study, the animals exposed at PWB40 and PWB20 for two weeks presented a significant loss over only the first 7 days and regained weight
subsequently12. This was likely due to the fact that the rats were able to adjust to the quadrupedal unloading after an initial period of adaptation.
However, in this study, the rats never fully adapted to the two different unloading/partial-reloading periods of one week each, likely explaining
the sustained weight loss. It would be important to further extend these periods of full and partial-unloading to confirm that animals can fully
adapt and settle into each environment. Stress levels have not been evaluated in this model yet and could easily be monitored in the future using
regular blood sampling using the tail that remains entirely accessible.

Our longitudinal assessments of muscle function and muscle mass showed that one week of hindlimb unloading caused a tremendous decrease
in rear paw grip force (Figure 4B) with one of our rats exhibiting a 70% reduction in grip force. Unsurprisingly, after 14 days, animals displayed
a significantly lower grip force than animals that had been exposed to 14 days of PWB40 in our previous study12 Whereas the average wet
mass of the hindlimb muscles did not differ significantly between the PWB40 and HLU-PWB40 groups, we were able to establish a strong linear
correlation among our 3 groups (PWB100, PWB40, and HLU+PWB40) regarding the average soleus mass (R2 = 0.92, p < 0.0001).

These results confirm that partial loading following a total mechanical unloading compromises muscle health more than what would be observed
during a continuous but stable period of partial unloading. Until now, this gap in knowledge has not been investigated. Further assessment of this
phenomenon should be pursued in order to develop effective countermeasures preventing muscle deconditioning in the context of a mission to
the Moon or Mars. The strength of our model also resides in its versatility as it allows for a variety of different experiments with several degrees
of unloading and for varying lengths of time.
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