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Abstract

Segmental bone defects (SBDs) secondary to trauma invariably result in a prolonged recovery with 

an extended period of limited weight bearing on the affected limb. Soldiers sustaining blast 

injuries and civilians sustaining high energy trauma typify such a clinical scenario. These patients 

frequently sustain composite injuries with SBDs in concert with extensive soft tissue damage. For 

soft tissue injury resolution and skeletal reconstruction a patient may experience limited weight 

bearing for upwards of 6 months.

Many small animal investigations have evaluated interventions for SBDs. While providing 

foundational information regarding the treatment of bone defects, these models do not simulate 
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limited weight bearing conditions after injury. For example, mice ambulate immediately following 

anesthetic recovery, and in most cases are normally ambulating within 1–3 days post-surgery. 

Thus, investigations that combine disuse with bone healing may better test novel bone healing 

strategies. To remove weight bearing, we have designed a SBD rodent healing study in 

microgravity (μG) on the International Space Station (ISS) for the Rodent Research-4 (RR-4) 

Mission, which launched February 19, 2017 on SpaceX CRS-10 (Commercial Resupply Services). 

In preparation for this mission, we conducted an end-to-end mission simulation consisting of 

surgical infliction of SBD followed by launch simulation and hindlimb unloading (HLU) studies. 

In brief, a 2 mm defect was created in the femur of 10 week-old C57BL/6J male mice (n=9–10/

group). Three days after surgery, 6 groups of mice were treated as follows: 1) Vivarium Control 

(maintained continuously in standard cages); 2) Launch Negative Control (placed in the same 

spaceflight-like hardware as the Launch Positive Control group but were not subjected to launch 

simulation conditions); 3) Launch Positive Control (placed in spaceflight-like hardware and also 

subjected to vibration followed by centrifugation); 4) Launch Positive Experimental (identical to 

Launch Positive Control group, but placed in qualified spaceflight hardware); 5) Hindlimb 

Unloaded (HLU, were subjected to HLU immediately after launch simulation tests to simulate 

unloading in spaceflight); and 6) HLU Control (single housed in identical HLU cages but not 

suspended). Mice were euthanized 28 days after launch simulation and bone healing was 

examined via micro-Computed Tomography (μCT). These studies demonstrated that the mice 

post-surgery can tolerate launch conditions. Additionally, forces and vibrations associated with 

launch did not impact bone healing (p=0.3). However, HLU resulted in a 52.5% reduction in total 

callus volume compared to HLU Controls (p=0.0003). Taken together, these findings suggest that 

mice having a femoral SBD surgery tolerated the vibration and hypergravity associated with 

launch, and that launch simulation itself did not impact bone healing, but that the prolonged lack 

of weight bearing associated with HLU did impair bone healing. Based on these findings, we 

proceeded with testing the efficacy of FDA approved and novel SBD therapies using the unique 

spaceflight environment as a novel unloading model on SpaceX CRS-10.
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1. Introduction

Orthopaedic injuries may result from high energy trauma such as car accidents or battlefield 

explosions, and are a focus in orthopaedic research. Current surgical techniques, however, 

are not always effective for repairing damaged bone. In many cases, to allow for successful 

healing the injuries will require a secondary bone healing intervention. An example is 

traumatic blast injuries, which often require significant skeletal reconstructions to allow the 

patient to regain an acceptable level of function. An effective treatment could improve the 

outcome of military casualties, as 60–70% of modern war injuries involve the 

musculoskeletal system, predominantly caused by explosive devices (Covey, 2002). 

Unhealed fractures lead to pain, loss of function, and potential amputation. These surgeries 

have long recovery times with limited weight bearing on the limb. Soldiers and civilians 

alike undergo this type of recovery process. Additionally, patients with SBDs usually have 
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extensive soft tissue damage and weight bearing limitations for up to 6 months (Robert 

Rozbruch et al., 2006). Even with these interventions, patients may not heal completely.

For many years, small animal investigations have evaluated SBD interventions. While these 

studies have provided the basis of much of our knowledge of SBD healing, they do not 

simulate the limited weight bearing clinical patients experience following high impact 

trauma injuries. In particular, popular human analogs (mice, rats, and pigs) ambulate 

immediately post anesthesia and are fully ambulatory approximately 1–3 days post operation 

(personal observation, MAK and (Moran et al., 2016)). In contrast, a human patient with a 

Gustilo-Anderson type 3 tibial injury (large SBD in the tibia of humans) will not walk for up 

to 6 months; therefore, animal models do not mimic human injury in terms of weight 

bearing.

It is well established that weight bearing has profound implications for skeletal homeostasis 

and healing (Kershaw et al., 1993). For this reason, there is a need to test better bone healing 

models in combination with non-ambulatory methods. Microgravity (μG), like that 

experienced aboard the ISS, may prove to be a useful model to test limited weight bearing in 

laboratory animals. When preparing for spaceflight operations aboard the ISS, the National 

Aeronautics and Space Administration (NASA) performs mission or procedure simulations 

as needed to improve the chances of mission success. The RR-4 (Rodent Research 4) 

Mission has a number of firsts, and a full mission simulation was deemed of value. 

Specifically, the mission simulation was designed to test the hypotheses that after a SBD 

surgery i) mice can tolerate the forces associated with launch, ii) male mice can be 

successfully housed in NASA Rodent Research hardware, and iii) our SBD model would be 

negatively impacted by disuse. To answer these questions we used micro-Computed 

Tomography or μCT to characterize the healing region, and measured animal organ and 

body weight, as well as food and water intake to understand the impact of experimental and 

housing conditions on animal health. Finding no significant differences between healing and 

animal health, between our groups, would validate our model.

2. Materials and Methods

Ethics Statement: All animal experiments were approved by the Institutional Animal Care 

and Use Committee (IACUC) at the Indiana University School of Medicine, IN and NASA 

AMES Research Center, CA and were performed in facilities accredited by AAALAC.

The effects of launch simulation and HLU on bone healing were tested by inducing a 2 mm 

mid-diaphyseal segmental defect in the femurs of ninety, 10-week-old, male C57BL/6 mice. 

“Allo-reared” (cage-mated from weaning) mice were purchased from Jackson Laboratories 

(Bar Harbor, ME) two weeks prior to surgery and maintained in their initial cohorts of 15 

mice (caged together) in large mouse cages (Ancare N40, polycarbonate, 19″ × 10.5″ × 

6.125″) through surgery and until they were placed into their final hardware/group (see 

below). One week prior to surgery, raised wire floors (Ancare, 19″ × 10.5″ × .90″) were 

placed into the N40 cages, and mice began acclimation to water bottles outfitted with Lixits 

and NASA Nutrient-upgraded Rodent Food Bar (NuRFB) (Sun et al., 2012, Sun et al., 
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2010). Mice then underwent a SBD surgery as detailed below. At 2 days post-surgery, mice 

were selected for different groups based on evaluations of gait and activity level (see below).

As detailed in Table 1, all mice were subjected to surgery and separated into the following 

groups (n=10): Vivarium Control, Launch Negative Control, Launch Positive Control, 

Launch Positive Experimental, HLU, and HLU Control. For each group, all mice were group 

housed except the HLU and HLU Control mice which were housed individually. Each of the 

6 groups of mice were obtained from cages originally containing 15 allo-reared males. 

Based on previous surgical experience, approximately 0–2 mice per cohort may experience a 

surgical complication (personal observation MAK). Therefore, we anticipated that cohorts of 

15 mice would yield at least 10 “healthy, post-surgery” mice. Four of the experimental 

groups were selected from the cohorts of 15 cagemates (Launch Negative Control, Launch 

Positive Control, Launch Positive Experimental, and HLU). Two groups (Vivarium Control 

and HLU Control) were derived by combining mice from separate cohorts; this was 

necessitated by an unanticipated anesthetic-analgesic complication in the course of surgery, 

likely caused by providing the mice a pre-operative dose of buprenorphine SR (slow 

release).

All mice were provided NuRFB and autoclaved deionized water ad libitum for nourishment. 

Water bottles for HLU cages had standard ball sipper tubes, whereas all other cage types 

used modified Lixits for water delivery. Custom video recording systems captured video 

from all groups except HLU and HLU control mice for four hours per day, 2 hours at each 

changeover from dark to light cycle.

2.1 Groups

All mice were maintained on a 12 hour light/dark cycle. The ambient temperature for all 

animals was maintained at 76–78°F. Table 1 summarizes the 6 experimental groups, 

including hardware/caging, launch simulation, HLU, and whether the mice were housed 

singly or in groups. Figure 1 summarizes the experimental timeline.

2.1.1 Vivarium Control—Vivarium Control mice received surgery, but remained in 

standard polycarbonate small mouse cages (Ancare N10, 11.5″ × 7.5″ × 5″) with raised 

wire grid floors throughout and were not subjected to launch simulation. Vivarium Controls 

remained in the animal facility for the entire experimental period and were obtained from 

two surgical cohorts (5 mice/cohort/cage) as detailed above. Vivarium cages were changed 

twice weekly.

2.1.2 Launch Negative Control—Launch Negative Control mice were placed in the 

NASA Rodent Transporter (“Transporter”), which houses mice (n=10/side of Transporter, 2 

sides/unit) during launch and ascent to the ISS (see Figure 2A); the Transporter was then 

transported to the facilities where the launch vibration and hypergravity (centrifugation) 

testing were performed. The hardware unit containing mice was placed on the relevant 

equipment for the appropriate amount of time, but not subjected to any launch stressors. 

After launch timeframe simulation, the Transporter housing the mice was returned to the 

animal facility, where it remained for the remainder of the study. After 1 week in the 

Transporter to mimic post-launch ascent to, and docking with, the ISS, mice were moved 
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into a Rodent Habitat cage (”Habitat Equivalent”) where 5 mice were loaded on either side 

of the habitat hardware. The Habitat Equivalent hardware presents a similar animal interface 

as the Habitats that house mice on the ISS (food, water, cage dimensions), but with the 

exceptions of forced air flow and lighting conditions; the Habitat Equivalents rely on room 

ambient temperature and lighting conditions whereas Habitats use active air flow and 

lighting provided within the cage. A filter beneath the wire grid flooring collects animal 

waste and debris and was not changed during the course of the experiment to mimic 

spaceflight conditions. As with the other groups, Launch Negative mice received procedures 

such as replenishment of food and water following the protocols and timeline proposed for 

our spaceflight investigations.

2.1.3 Launch Positive Control—The Launch Positive Control group was treated 

identical to the Launch Negative group, but was subjected to vibration and hypergravity to 

simulate launch stressors.

2.1.4 Launch Positive Experimental—Launch Positive Experimental mice were mice 

treated as detailed for the Launch Positive Control group, but were placed into a flight-

certified Rodent Habitat after launch and ascent simulation. Flight-certified Rodent Habitats 

are powered units that provide temperature, relative humidity, and power consumption data 

logs (1 measurement per second), forced air flow, four video angles, and filtered inlet and 

exhaust air (Habitat, see Figure 2B), and are built and validated to spaceflight specifications. 

Mice are housed in flight-certified Habitats on the ISS. This housing presents the same 

geometry and water/food as the Habitat Equivalent, but is noisier with higher air flow, and 

provides some heat. The temperatures of the rooms containing the Habitat and Habitat 

Equivalents were adjusted so that the temperatures experienced by the groups were within 

3°F of each other.

2.1.5 HLU—HLU mice were placed into a Transporter, underwent launch simulation, and 

then were hindlimb unloaded and singly housed in HLU cages (Figures 2C&D). HLU was 

accomplished as previously described (Morey-Holton and Globus, 2002). In brief, custom 

built cages were equipped at the top with a bar that spanned the length of the cage. To give 

the animals full mobility across the bar and the cage area, a roller with a 360° swivel was 

placed over each rod. The animals hindlimb were then elevated using a chain and binder 

clip, via a custom harness which was attached to the tail. The chain length was adjusted 

daily to ensure the animals were not weight bearing on hindlimbs and to achieve a 30° angle 

of the mouse body to the floor (Morey-Holton and Globus, 2002) (Figure 2C&D). Animals 

were able to ambulate using only their front appendages to reach food and water (Swift et 

al., 2010). Unlike groups with spaceflight hardware where large food bars were attached to 

the walls, small pieces of food were placed across the floor in HLU cages to ensure the 

animals do not use the food as a resting spot. Health checks were performed twice daily and 

the food was changed out twice daily to provide animals with fresh food. Waste and debris 

fell through the grid flooring, which was cleaned and changed every other day. Of note, all 

mice were successfully suspended for the entire 28 day duration with no escapes.
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2.1.6 HLU Control—Finally, HLU Controls were singly housed mice in similar custom 

built HLU cages, but were not suspended. The purpose of this group was two-fold. The first 

purpose was to control for the impacts of single housing vs. group housing, as mice are 

social animals. The second purpose was to control for differences between custom built 

cages with perforated flooring and standard shoebox cages. The same husbandry 

measurements were in place for the HLU Control animals as detailed for HLU mice. Mice in 

this group were obtained from various surgery cohorts as described above and did not 

undergo launch simulation nor housing in Transporters.

All mice were examined twice daily as well as through video recording, and body weight 

was measured weekly until euthanasia to ensure animal welfare. Thirty one days post-

surgery (28 days after launch simulation), all mice were euthanized (150–45 mg/kg of 

Ketamine-Xylazine) and bones/tissue collected. Surgical femurs were analyzed via μCT as 

described below.

2.2 Surgical Procedure

Mice were anesthetized with Ketamine-Xylazine (125–20 mg/kg), then their right hindlimbs 

were shaved and scrubbed with ethanol and betadine. After ensuring the limb was sterile, a 1 

cm lateral incision was made over the right hindlimb approximately at the level of the femur 

midshaft. After the initial incision, blunt dissection was carried out to expose the femur, 

where the muscle was bluntly stripped to the diaphyseal region. The knee was then flexed 

and a 27-gauge needle was manually inserted between the condyles of the femur and 

threaded retrograde into the intramedullary canal. The needle was then partially removed 

(anterograde, so that the tip cleared the site of the intended defect), then a sterile dremel 

rotary cutting tool was used to remove a 2 mm intercalary segment from the femoral 

diaphysis. Next, we placed a synthetic graft composed of poly(propylene fumarate)/

tricalcium phosphate (2 mm in height and having an internal diameter of 1 mm, external 

diameter of 2 mm, and a 0.7 mm side port to allow for fluid flow) to maintain the defect 

size. The synthetic scaffold used is identical to that previously described except reduced in 

size for mice compared to that used in rats (Chu et al., 2007). The needle was advanced once 

again retrograde, this time through the center hole in the scaffold to the proximal end of the 

femur. The needle tip was used with a twisting motion to bore through the proximal femur. 

The exposed needle tip was bent back on itself and the needle was pulled anterograde to 

stabilize the femur and defect. The opposite end of the needle was cut as close to the distal 

femur as possible. Next, a saline-soaked collagen sponge (RCM6 Resorbable Collagen 

Membrane, ACE) was wrapped around the synthetic scaffold and sutured into place using 

3-0 vicryl suture (Ethicon, J215H). The muscle was then closed using 2 interrupted sutures 

(3-0 vicryl suture). The skin was then closed using 7 mm wound clips (Braintree Scientific, 

RF7CS). Mice were then taken to a recovery area where they were placed on heating pads 

and monitored until they recovered from anesthetic. After recovery, mice were returned to 

their original cages and resting boards (Bio-Serve, K3392 Rest Stops) were added for the 

first 2 days of recovery before mice were transferred to their groups as detailed above. 

Resting boards are flat, plastic boards that provide a flat surface as opposed to a wire bottom 

cage upon which the animals could walk and rest. These boards were used to ease the 

transition to ambulating after surgery.
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2.3 Launch Simulation Procedures

One day after loading animals into Transporters, the Transporters were driven to the launch 

simulation facility. The Vivarium and HLU Controls remained at the Animal Care Facility. 

The launch simulation entails application of 2 main mechanical factors: random vibration 

and hypergravity from centrifugal acceleration. The equipment at NASA Ames cannot 

provide vibration and acceleration simultaneously, which would be a higher fidelity 

simulation. Therefore, vibration is followed by acceleration. The vibration and acceleration 

profiles were provided by the SpaceX recommended testing envelope requirements 

document. To simulate launch, the mice were first subjected to approximately ten minutes of 

vibration by mounting each Transporter on a Ling Electronics A300-B (5000 lb–f) 

electrodynamic shaker vibration table (Figures 2E&F). Following vibration, the Transporter 

was then mounted in a Genisco 1230-2 200 g centrifuge (Figures 2G&H). The 

centrifugation profile also lasted approximately 10 minutes. NASA is not allowed to provide 

specific launch simulation conditions because they are considered defense secrets.

A custom video capture system was used throughout the launch simulation and transport to 

and from the animal care facility, which allowed live viewing and recording. The NASA 

Attending Veterinarian observed the mice via video throughout the launch simulations to 

ensure animal welfare and to help evaluate whether the SBD mice could withstand the rigors 

of launch factors. To better mimic our spaceflight mission, mice were not handled once 

placed into the Transporters until transfer into the Habitat or Habitat Equivalent hardware 

units seven days after launch simulation.

2.4 Bone Healing Analyses and Stress Assessment

At euthanasia weights for thymus, adrenal gland, spleen, and whole body were obtained to 

evaluate changes corresponding to stress. For bone healing, the femora were analyzed by 

μCT (Skyscan 1172) (Feher et al., 2010, Warden et al., 2009, Weatherholt et al., 2013). The 

fracture callus region of interest (ROI) was defined as a 6 mm region of the femoral midshaft 

(the 2mm segmental defect region + 2 mm of bone on either end). Based on our historical 

studies, a 2mm distance on either end of the segmental defect ensures that the entire fracture 

callus would be evaluated. The bones were scanned at 60kv with a 6μm pixel size and a 0.7 

degree rotation step. Two images were averaged per frame (Bouxsein et al., 2010). 

Following scanning, the binarized images were used to calculate several three-dimensional 

bone healing parameters as detailed previously (Burgers et al., 2016, Komatsu et al., 2010). 

In brief, tissue volume (TV) generated by NRecon delineates tissue from non-tissue, which 

we defined as the callus volume. Mineralized tissue volume (BV) was defined as tissue 

within the callus volume with a pixel intensity with a threshold of 60 or more. This threshold 

was determined by its ability to distinguish mineralized tissue in the cortical shaft from 

background. These values were used to determine the percent of mineralized callus (BV/TV, 

%). Additionally, fracture healing was assessed using a modified Radiographic Union Score 

for Tibial Fractures method (RUST) (Kooistra et al., 2010, Whelan et al., 2010), adapted and 

applied to the mouse femora, as a semi-quantitative method for analysis. Here the medial, 

lateral, anterior, and posterior cortices visible on anteroposterior and lateral μCT images 

were scored. Specifically, each cortex was given a score of 1 (no bridging), 2 (partial 

bridging), or 3 (complete bridging) and the scores for all 4 cortices were added up to provide 
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a final score ranging from 4 (not healed) to 12 (maximally healed). Images were scored by 3 

blinded readers and the average score was used for each specimen.

2.5 Statistics

Unless otherwise indicated, all data were presented as the Mean ± SEM. One-way factorial 

analyses of variances with LSD were used to make multiple group comparisons. For analysis 

of animal body weights over time, a repeated measures ANOVA with a Bonferroni post-hoc 

test (α=0.05) was performed. All analyses were performed with the Statistical Package for 

Social Sciences software (IBM SPSS 24; SPSS Inc., Armonk, NY) and were two tailed with 

a level of significance set at 0.05.

3. Results

3.1 Adaptation to Caging

Food and water consumption and body weight were monitored for each cage as an indication 

of adaption of the mice to the different caging systems. Figure 3A shows the apparent food 

consumption (measured as food depletion, because wastage cannot be reliably quantified) by 

the mice in the different groups, while Figure 3B shows the apparent water consumption by 

the same mice. HLU and HLU Control food consumption data was not recorded because the 

pieces of food crumbled and dried out so much any weights would not be accurate. For the 

other groups, no differences in apparent food or water consumption were observed during 

the Transporter phase of this study. For the Habitat phase, the mice in the Launch Positive 

Experimental group had a higher apparent water consumption rate (4.10±0.83 mL/

mouse/day consumed) than the other groups with Lixits (1.93±0.34 mL/mouse/day or 69.3% 

lower for the Vivarium Controls, 2.82±0.70 mL/mouse/day or 55.2% lower for the Launch 

Negative Controls, and 3.17±0.45 mL/mouse/day or 64.3% lower for the Launch Positive 

group), but more comparable to the HLU caged animals (5.17±2.39 mL/mouse/day or 

26.1% lower for HLU mice and 4.78±1.63 mL/mouse/day or 16.6% lower for HLU 

Controls), which had sipper tubes (Figure 3B). Lixits usually provide less water per 

activation than sipper tubes, which may explain the difference between HLU and Habitat 

cages/vivarium, but does not explain why the Launch Positive Experimental group in the 

spaceflight-qualified Habitat had a higher water depletion rate. It may be that the increased 

air flow and temperature inside the Habitat dries the animals more, inducing them to drink 

more. Of note, only one water consumption measurement at the termination of the test is 

possible for the spaceflight-qualified Habitat, because the unit must be disassembled to take 

the measurement.

With respect to body weight (Figure 3C), all groups lost weight immediately following 

surgery, but increased their body weight between Transfer Day (2 days post-surgery) and 29 

days later at the time of euthanasia. It should be noted that the HLU mice did not experience 

a net change in body weight over the course of the experiment. However, the Vivarium 

Controls gained 3.1 grams (23.0g to 26.1g), Launch Negative Controls gained 2.0 g (22.2g 

to 24.2g), Launch Positive Controls gained 0.8g (22.0g to 22.8g), Launch Positive 

Experimental mice gained 3.1g (22.7g to 25.8g), and HLU Controls gained 2.2g (22.5g to 

24.7g). Next, we analyzed the change in body weight over time for all groups with a 
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repeated measures ANOVA followed by a Bonferroni post-hoc test. Difference between the 

Vivarium Control and HLU groups approached significance (p=0.063). Of note, all other 

group comparisons were not different (p>0.1), including the HLU vs. HLU Control groups. 

Interestingly, a significant difference was detected when using a paired Student’s t-test to 

examine final body weights between HLU and HLU Control group (22.5±0.9g vs. 24.7±2.3g 

respectively, p<0.05). That two different statistical approaches gave different results, may 

explain the fact that in previous HLU studies some differences in body weight were 

detected, while in other studies differences were not detected (Morey-Holton and Globus, 

2002).

Next, we examined whether launch simulation and/or unloading impacted adrenal gland, 

thymus, or spleen weights. The weights of the dissected organs were normalized to final 

body weight, and are shown in Figure 4. These weights are known to change as a 

physiological response to stress (Everds et al., 2013). Statistical analyses demonstrated that 

the HLU and HLU Control mice (i.e. singly housed mice) were not significantly different 

from each other, but were both significantly lower than Vivarium Controls, Launch Negative 

Controls, and Launch Positive Experimental mice. However, no significant differences were 

observed between the Launch Positive and HLU or HLU Control mice. These data suggest 

that housing mice individually might introduce an element of stress which is consistent with 

thymus involution (Gamallo et al., 1986, Abou-Ismail and Mahboub, 2011). Of note, no 

significant differences were found between groups for adrenal gland or spleen weight.

Just prior to euthanasia, the research team examined the gait of each mouse for overt 

abnormalities such as lack of weight bearing, limps, and the inability to flex or extend the 

leg or foot. Aside from HLU mice, which were excluded from visual gait observations (as 

they remained suspended until they were euthanized), all mice were noted to have a similar 

gait. Additionally, at this time the Ames Attending Veterinarian performed an individual 

assessment of health and well-being and indicated that all mice were of suitable condition 

for scientific study. This health assessment by the veterinarian was done prior to loading of 

the mice into the spaceflight hardware, via video as the mice underwent launch simulation 

testing, at the time of transfer from Transporters to Habitat or Habitat Equivalents, and prior 

to euthanasia.

An important qualitative observation is that the mice were ambulating similarly in the 

vivarium, HLU control, Transporter, and Habitat cages. The standard polycarbonate 

vivarium cages contained 1/3″ grid raised wire flooring, the HLU control cages contain a 

polycarbonate 1/2″ grid floor, and the Transporter and Habitat/Habitat Equivalent both 

contain stainless steel 1/3″ grid floors on four surfaces of the cage (one surface is the 

smooth Lexan door and the other surface contains the food), so that the mice can utilize the 

entire volume. Thus, it appeared that irrespective of the flooring, the surgery did not impede 

the ability of the mice to move throughout their cages, nor did the wound clips snag on the 

cage grids. Non-surgery mice usually display a period of adaptation for 2–4 days where they 

stretch up from the ground to eat the food, which is placed about 10 cm above the cage 

floor; as they get acclimated to the cage, they generally switch to a typical pattern of sitting 

on top of the food and eating downwards. By contrast, the mice in this study climbed the 
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cage walls to sit on top of the food bar, rather than stand up on their hindlimbs to reach the 

food, within hours of transfer into the different cages (personal observation, CSG).

3.2 Launch Simulation Tolerance

A critically important aspect of this study was to demonstrate that our surgical model could 

withstand the random vibration and hypergravity associated with launch. Thirty mice in this 

study were subjected to launch simulation conditions three days after surgery (Launch 

Positive Control, Launch Positive Experimental, and HLU groups, n=10/group). No surgical 

hardware failures were observed during, immediately after, or 28 days after launch testing 

was completed. A surgical failure was defined as failure to recover from anesthetic, an open 

wound (e.g. wound clip loss), inability of an animal to walk, appearing excessively 

moribund, lack of activity or normal behaviors (e.g. grooming), excessive bleeding, 

swelling, visible infection, obvious fracture or malalignment of the leg (including inability to 

flex or extend the leg or foot), or other untoward observations upon visual inspection by the 

research team and/or attending veterinarian. One mouse in the launch positive group died 4 

days after launch simulation while in the Transporter. While not conclusive, the attending 

veterinarian speculated this could be due to stress resulting from a combination of the 

analgesic-anesthetic dose reaction and the hypergravity stress.

Mice subjected to vibration initially displayed low activity, mostly resting with some eating 

and grooming. As the vibration test began, they stopped eating and grooming and then began 

moving around the cage. Mice on top of the food moved to the floor. Immediately after 

vibration testing was completed the mice behaved and ambulated normally. Launch Negative 

Control mice also explored the cage while it was on the vibration table, but with more 

controlled movements than mice exposed to vibration.

After transfer into the centrifuge, the mice continued an average activity level including 

exploring/ambulating with some eating and grooming. At the beginning of centrifugation as 

acceleration was slowly rising, the mice continued to explore the cage, but their movements 

slowed. As the centrifugation continued, the movement of the mice essentially stopped. 

They formed a group on one side of the cage and they remained in the same position for the 

remainder of the centrifugation. Slight movement was seen in several individuals during this 

approximate 10 minute period. Upon termination of the centrifugation, mice remained in 

position before activity slowly began increasing as mice began moving by rolling, standing, 

and lifting their heads. Some mice began ambulating as early as 20–30 minutes after 

centrifugation ended; however, the majority displayed their first movements after 60 

minutes, with all mice moving 90 minutes post-centrifugation. By that time, ambulation 

matched that prior to launch simulation testing. This behavior is consistent with what has 

been observed in other launch simulation tests with female and male rodents that had not 

been subjected to surgeries prior to the simulation of launch (personal observation CSG and 

NASA Attending Veterinarian). Importantly, no overt surgical failures (as described above) 

were observed.
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3.3 Bone Healing

No gross differences were observed in the experimental hindlimbs. RUST scores 

demonstrated that all groups had virtually identical bone bridging or fracture healing scores 

(average of 8.1 ± 0.5, range 5–11, Figure 4A). Higher scores indicate more complete 

healing, with 12 as maximum. Of interest, other studies using a different model, without a 

scaffold, have shown that a 2mm segmental defect (same size as in this study) in a mouse 

femur does not reliably heal (5 of 8 animals healed) (Zwingenberger et al., 2013). Since the 

surgical bone defect in our model, with a scaffold, is a SBD, not a critical sized defect 

(which by definition require surgical and/or pharmacological intervention to heal), bones 

will heal with time even with saline treatment, and a score of ~8 is what we typically see for 

31 days post-surgery (personal observation, MAK). Based on our previous studies, we 

would anticipate healing to occur 8+ weeks post-surgery without further treatment (personal 

observation, MAK).

Total callus volume was calculated from the μCT images, and the results for each group of 

femurs is reported in Figure 4B. A higher total callus volume indicates greater tissue 

regeneration. As shown in Figure 4B, the callus volumes for all but the HLU were similar. 

The callus volume was significantly reduced (52.5%) in HLU compared to HLU Control 

mice (p=0.0003). The callus volume was also significantly reduced in the HLU group 

compared to all other groups (p<0.05).

Figure 4C reports the percentage of mineral contained within the callus from each group. No 

significant differences were detected among the different groups in terms of the percentage 

of mineralized callus.

4. Discussion

Microgravity is the ultimate disuse environment which can be exploited for biological 

testing. Because this environment mimics some aspects of the unloading observed in 

traumatic skeletal reconstruction patients, we can use it to better assess the efficacy of bone 

healing agents in the context of unloading (Milstead et al., 2004). Indeed, this type of 

approach has been suggested for development of novel drugs for bone loss diseases such as 

osteoporosis (Milstead et al., 2004). Unfortunately, in many cases promising animal data 

does not translate into the clinic. With regard to fracture healing, this may be due to the 

animal models bearing weight much sooner than human patients do, as weight bearing 

improves fracture healing.

The gold standard for surgical techniques to treat human SBDs is to use an autograft to assist 

with bone healing, which is not feasible in some cases because of insufficient availability 

(due to defect size) or quality of autograft tissue (due to patient health, e.g. smoking, 

diabetes etc.). One of the most widely utilized alternatives to autografts is the use of bone 

morphogenetic proteins (BMPs) to assist with bone healing. BMP treatment results in robust 

bone regeneration in laboratory animals, but human clinical data show mixed outcomes 

(Einhorn and Gerstenfeld, 2015, Gautschi et al., 2007). In recent years, BMP use has 

become limited due to side effects such as heterotopic bone formation and an association 

with cancer risk (Boraiah et al., 2009, Carragee et al., 2011, Comer et al., 2012, Heggeness, 

Childress et al. Page 11

Life Sci Space Res (Amst). Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2011, Helgeson et al., 2011, Mindea et al., 2009, Woo, 2012). Thus, there is a need for both 

novel bone healing treatment development and animal models that better mimic the clinical 

scenario. Our planned spaceflight investigation will provide the unique opportunity to test 

both FDA approved bone healing treatments along with a novel bone healing drug with the 

important disuse component, better mimicking the treatment course in human patients. 

However, before spaceflight investigations can be conducted, a number of important 

preflight ground control experiments were required to increase our chances for a successful 

mission.

As detailed above, we had three primary issues which were addressed by conducting our 

spaceflight simulation studies. First, we demonstrated that mice that have undergone our 

surgical procedure can withstand the forces associated with launch. This was determined 

qualitatively during and after launch simulation by observing the gait and apparent health of 

the mice. Just as has been observed with mice which have not undergone surgery, surgical 

mice remained immobile for 30–90 minutes immediately post-centrifugation but ambulated 

normally by about the 120 minute mark. Additionally, μCT imaging of the femurs 28 days 

after launch simulation revealed no surgical failures or alterations in the surgical hardware, 

and no difference between mice that had undergone launch simulation vs. mice that had not.

Our second goal was to demonstrate that the mice having undergone surgery could 

successfully ambulate on the wire flooring and successfully be housed in the spaceflight 

hardware, including being able to access food and water. Indeed, Figures 3A&B showed the 

average water and food consumption by the mice housed in the different hardware were very 

similar, indicating that as a group, the mice were able to access food. That said, individual 

consumption of food was not monitored; therefore, it is possible that some individual mice 

did experience problems. Our daily in person and video recording checks demonstrated that 

the mice had full access to the NASA spaceflight hardware and could successful walk on 

and climb the wire grid cage with no apparent problems in both the Transporter and the 

Habitat. Also, mice in the Habitat demonstrated robust activity such as chasing and allo-

grooming. The mice quickly learned to climb up to the top of the food bar to sit and eat 

downward, demonstrating this activity within the first day of placement into the hardware as 

contrasted with a typical 2 – 4 day period in similar tests where mice that have not 

undergone surgery stretch up to eat the foodbar from below before switching to the top down 

eating method (personal observation, CSG). Importantly, all mice housed in the spaceflight 

hardware gained weight over the 28 day post-launch simulation time frame (Figure 3C), 

confirming that they were able to access the food and water.

Our third objective was to understand the impact of launch conditions, HLU, and different 

housing/hardware options on bone healing. As shown in Figures 4A–C, the only difference 

observed in the bone healing parameters measured was a significant 52.5% reduction in total 

callus volume in HLU mice compared to HLU Controls. This suggests that while HLU does 

negatively impact the overall callus volume, the callus that is formed is mineralizing to a 

level consistent with the callus in all of the other mice examined. These observations are 

consistent with previous HLU studies which examined the impact of HLU on fracture 

healing, and showed reductions in callus volume and expressions of genes associated with 

bone healing (Kirchen et al., 1995, Midura et al., 2006, Androjna et al., 2012). While not 
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formally tested here, a smaller callus is expected to be weaker than a larger callus of 

equivalent BMD.

These HLU results are also consistent with two previous studies examining closed fracture 

healing in spaceflight (Morey-Holton et al., 2005, Zhao et al., 2014). Specifically, in a 

composite tissue (muscle, bone & soft tissue) crush injury approximating a closed fracture, 

rats showed defects in callus formation including impaired cartilage deposition over a 14 day 

period in space (Kaplansky et al., 1991). In a shorter experiment, rats with a tibial osteotomy 

injury experienced delayed callus formation in microgravity. Additionally, vascular supply to 

the callus tissue was diminished (Kirchen et al., 1995). Thus, we predict that our spaceflight 

bone healing studies will show reduced bone healing as detailed above, but how bone 

healing therapies behave remains to be determined.

Regarding housing, no differences were observed between HLU Controls and Vivarium 

Controls, suggesting that singly housing mice does not impact bone healing. That being said, 

it is known that single housing does impact bone loss observed with spaceflight. Indeed, 

Wronski et al (Wronski et al., 1998) showed that in spaceflight, group housed rats lost little 

bone, whereas Jee et al (Jee et al., 1983) showed significant bone loss when rats were singly 

housed in space. Thus, while single housing appears to impact spaceflight-induced bone 

loss, our data suggests that single housing does not impact the bone healing parameters 

evaluated here. However, as shown in Figure 4A we did observe a thymus stress response in 

singly housed animals, which further supports the importance of evaluating housing effects. 

Indeed, studies by Bartos and Brain (Bartos and Brain, 1993) showed that individually 

housing male mice resulted in decreased thymus weights, an indicator of stress. Of 

importance, although the HLU and HLU Controls both exhibited reduced thymus weights (a 

possible indication of stress), we still noted a marked difference in the callus volume 

between these groups.

Finally, comparison of the Launch Negative Control mice with the Launch Positive Control 

and Launch Positive Experimental mice demonstrated that launch conditions do not impact 

bone healing or cause any other gross damage to the surgical limb. This finding gave 

confidence to the RR-4 mission, where our mice underwent similar launch stressors prior to 

reaching the microgravity environment. Additionally, as this study demonstrated that launch 

does not impact bone healing parameters measured 28 days post launch simulation, 

differences observed between spaceflight mice and Earth-based control mice during RR-4 

will likely be due to the spaceflight environment and not due to launch effects.

Taken together, we demonstrated that mice with a SBD surgery can withstand the forces and 

vibrations associated with launch, can be successfully housed in spaceflight hardware, and 

exhibit effects of unloading on bone healing. These positive findings enabled us to take the 

next steps toward better modeling the clinical scenario by utilizing the novel microgravity 

laboratory to unload the mice during bone healing. While much valuable data can be gleaned 

from the HLU model and many aspects are similar to spaceflight (Kirchen et al., 1995, Sung 

et al., 2013), the spaceflight model may be a better option, as bone loss and muscle loss 

differ between spaceflight, HLU, and even nerve injury models (another method of 

unloading the hindlimb on Earth) (Aguirre et al., 2006, Blaber et al., 2013, Franquinho et al., 
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2010, Globus et al., 1986, Globus and Morey-Holton, 2016, Morey and Baylink, 1978, 

Ohara et al., 1994, Vico et al., 1991, Halloran et al., 1985). As an example, higher reductions 

in bone volume were observed in the tibial metaphysis of spaceflown mice as compared to 

that observed in HLU mice (Vico et al., 1991). Showing that our SBD model is able to 

withstand the launch stressors of vibration and hypergravity paved the way for our 

spaceflight study, and can serve to inform future investigators. We hope the RR-4 mission, 

which will test the efficacy of current and novel osteoinductive agents on bone healing in the 

disuse environment of spaceflight vs. on Earth, will lend critical insight into what therapies 

will truly aid healing for human patients.

5. Conclusions

In conclusion, it was found that neither launch simulation nor caging provided by the NASA 

Rodent Research Project impacted bone healing. Removal of weight bearing, as 

accomplished by hindlimb suspension, resulted in a significant reduction in total bone callus 

volume, whereas singly housing mice did not impact bone healing in our model. Therefore, 

since limited weight bearing is obligatory in microgravity (simulating injured patients with 

restricted weight bearing), the RR-4 mission should be a higher fidelity model for human 

bone healing, improving translation into the clinic.
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Figure 1. Experimental Timeline
Mice were purchased from Jackson Laboratories two weeks prior to surgery and placed in 

large N40 mouse cages. One week prior to surgery, raised wire floors were placed into N40 

cages and mice began acclimation to spaceflight water Lixit hardware and spaceflight food 

bars. Two weeks after arrival mice underwent a segmental bone defect surgery. Two days 

after surgery some mice were placed in a Transporter. One day later some mice in 

Transporters were subjected to launch simulation and/or were placed in HLU cages and 

were either HLU or served as singly housed controls. One week later mice in Transporters 

were moved to Habitat caging. Thirty one days post-surgery all mice were euthanized and 

bones/tissue collected.
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Figure 2. Hardware/Cages and Launch Simulation Testing Equipment
(A) Outside view of the Transporter, NASA developed cage for transport of mice from Earth 

to the ISS on the SpaceX Dragon. (B) Inside view of the Habitat, NASA developed cage 

used to house mice while on the ISS. (C) and (D) Hindlimb unloading (HLU) cages. Mice 

were suspended via tail by the clip with ambulation throughout the cage via a pulley system 

(Morey-Holton and Globus, 2002). (E) and (F) Vibration table for vibration testing (mimics 

SpaceX launch profile) and how the Transporter was secured to the vibration table. (G) and 

(H) 20G Centrifuge for g-force testing (mimics SpaceX launch profile) showing how the 
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Transporter was secured on the centrifuge. Photos provided by NASA Ames Research 

Center.
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Figure 3. Apparent Food and Water Depletion and Mouse Weight
(A) Apparent food and (B) water depletion were measured while the mice were housed in 

the different pieces of hardware. Mice were (C) weighed prior to surgery, 2 days after 

surgery (just before placement into Transporters), 1 week after launch simulation when mice 

were moved into Habitat cages, 2 weeks later when the Habitats were restocked with food 

and water, and at the time of euthanasia. Food and water consumption were expressed as 

values per mouse per day. Bars represent the mean ± SEM. There are no error bars 

associated with either food or water consumption during the Transporter phase because per 

Childress et al. Page 21

Life Sci Space Res (Amst). Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



standard protocol, the Transporter was only accessed after 7 days. Additionally, for the 

Habitat phase of the Launch Positive Experimental group, there were no water consumption 

error bars because the unit must be disassembled to take this measurement. No significant 

differences were detected between groups for food consumption during the Habitat phase. 

Significant differences were detected for water consumption between Vivarium and Launch 

Positive and Launch Positive Experimental groups (* indicates p<0.05) but not between 

Vivarium and Launch Negative groups (p>0.05). HLU and Vivarium/Habitat groups were 

not compared for water consumption due to different water delivery mechanisms (denoted 

by dotted line). However, HLU vs. HLU Controls were not significantly different from each 

other for water consumption. With regard to body weight, no significant differences were 

observed between the groups when using a repeated measures ANOVA followed by a 

Bonferroni post-hoc test (p<0.05).

Childress et al. Page 22

Life Sci Space Res (Amst). Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Thymus, Spleen, and Adrenal Gland Weight
Weights of the (A) thymus, (B) spleen, and (C) adrenal gland were measured and 

normalized to body weight. Bars represent the mean ± SEM. No differences were detected 

between groups for spleen or adrenal gland weight; however, the two singly housed mouse 

groups (HLU and HLU Control) both experienced significantly lower thymus weights 

compared to all of the other groups (* indicates significant difference from all group housed 

cohorts, p<0.05).
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Figure 5. Bone Healing. (A) Fracture Healing Score
Femurs were subjected to μCT imaging and then analyzed to assess bone healing. Fracture 

healing was assessed using the Radiographic Union Score for Tibial Fractures (RUST) 

method (but applied to femurs). This method assigns a numerical value ranging from 4 (not 

healed) to 12 (maximally healed) based on the assessment of union in the medial, lateral, 

anterior, and posterior cortices visible on anteroposterior and lateral μCT images. Bars 
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represent the mean ± SEM. No significant differences were observed between the groups. 

(B) Callus Volume. Femurs were imaged by μCT and analyzed to assess the total callus 

volume in the separate test groups. Bars represent the mean ± SEM. *HLU resulted in a 

significant reduction in callus volume (p<0.05, compared to all other groups). (C) 
Mineralized Callus. Femurs were evaluated by μCT and the percentage of mineralized 

callus was measured. Bars represent the mean ± SEM. No significant differences were 

observed between the groups.
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