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Abstract

Astronauts on exploratory missions will experience a complex environment, including
microgravity and radiation. While the deleterious effects of unloading on bone are well
established, fewer studies have focused on the effects of radiation. We previously demonstrated
that 2 Gy of ionizing radiation has deleterious effects on trabecular bone in mice 4 months after
exposure. The present study investigated the skeletal response after total doses of proton radiation
that astronauts may be exposed to during a solar particle event. We exposed mice to 0.5, 1 or 2 Gy
of whole-body proton radiation and killed them humanely 117 days later. Tibiae and femora were
analyzed using microcomputed tomography, mechanical testing, mineral composition and
quantitative histomorphometry. Relative to control mice, mice exposed to 2 Gy had significant
differences in trabecular bone volume fraction (—20%), trabecular separation (+11%), and
trabecular volumetric bone mineral density (—-19%). Exposure to 1 Gy radiation induced a
nonsignificant trend in trabecular bone volume fraction (-13%), while exposure to 0.5 Gy resulted
in no differences. No response was detected in cortical bone. Further analysis of the 1-Gy mice
using synchrotron microCT revealed a significantly lower trabecular bone volume fraction (—13%)
than in control mice. Trabecular bone loss 4 months after exposure to 1 Gy highlights the
importance of further examination of how space radiation affects bone.

INTRODUCTION

Bone loss as a result of microgravity exposure has been the subject of investigation for
several years (1). Recently, volumetric quantitative computed tomography has been applied
to allow for the resolution of differences in cortical and trabecular bone in astronauts (2, 3).
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Astronauts on the International Space Station (I1SS) for 4.3—-6.5-month missions had
significant losses of cortical and trabecular bone in the vertebrae and proximal femur (3).
Follow-up examinations of astronauts 1 and 5 years after space flight have revealed
incomplete recovery of these deficits, including trabecular and cortical volumetric bone
mineral density, estimated strength indices (4), and bone mineral (5). Markers of bone
resorption in astronauts increased beginning early in flight, while markers for bone
formation were unchanged during flight (6).

Exposure to ionizing radiation from solar and cosmic sources presents another challenge that
astronauts will face during planned long-duration missions to the Moon or Mars (7).
Previously, we demonstrated that a single 2-Gy exposure to several types of radiation
(photons, protons and heavy ions) relevant to space flight has a profound negative effect on
trabecular bone in mice (8). Exposure to high-LET and low-LET radiation had similar
effects on the trabecular volume fraction (—29% to —39%) and connectivity density (—46%
to —64%), with proton radiation resulting in reductions of —35% and —64%, respectively. A
limited number of other studies have investigated bone loss using doses and types of
radiation relevant to space flight (9—13). These studies have focused primarily on the effect
of relatively high doses of carbon-ion radiation, with varied results. The response of bone
and bone cells to proton radiation has not been studied adequately.

Gravitational and radiation environments will differ for lunar and Martian missions
compared to current flights within low-Earth orbit. Astronauts traveling outside of the
Earth’s magnetic field will be exposed to higher doses of radiation. The primary sources of
radiation beyond low-Earth orbit are galactic cosmic rays and solar particle events (SPES).
Galactic cosmic rays consist primarily of protons (~85%) (14). However, the remaining
proportion (heavy ions) is particularly dangerous, because astronauts cannot be shielded
from these highly energetic particles, which generally result in greater biological damage.
While galactic cosmic rays are always present in space, the low particle fluence will result in
a relatively small cumulative dose over a 6-month mission.

While cosmic rays result in a comparatively continuous low-dose-rate exposure, SPES occur
randomly and can deliver a higher dose, up to 2 Gy, in a short time (14-16). Although
spacecraft shielding can effectively reduce radiation exposure, the warning provided by
surveillance mechanisms may not allow for complete protection during extravehicular
activities on the lunar surface (17). Even when protected by a mass of 5 g/cm? (e.g., 1.9 cm
of aluminum or 5 cm of water), rare solar events such as those observed during August 1972
and October 1989 could deliver whole-body radiation doses approaching 2 Gy (18). Given
the planned 6-8-month duration of lunar outpost missions, a dose of approximately 1 Gy
proton radiation is a realistic possibility and should be considered in planning (19-21).

While our previous work demonstrated the negative effects of 2 Gy of radiation on mouse
trabecular bone (8), lower doses have not been investigated. Although a 2-Gy dose is
possible during a severe SPE, lower doses are more probable. The purpose of the present
study was to examine the functional response of mouse bone 4 months after exposure to
radiation relevant to space flight to determine a potential dose response. The results also
provide a more thorough examination of cortical bone after irradiation. An understanding of
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the doses that lead to changes in cortical and trabecular bone will allow for appropriate
countermeasures to be developed and will facilitate a well-informed examination of
radiation exposure combined with disuse.

MATERIALS AND METHODS

Animals

To mimic the study design used previously (8), 48 female C57BL/6J mice (Jackson
Laboratory, Bar Harbor, ME) were shipped to Loma Linda University and acclimatized for 2
weeks under standard conditions. All protocols were approved by the appropriate
Institutional Animal Care and Use Committees (Loma Linda University, Kennedy Space
Center and Clemson University). Animals were grouped by weight to receive 0, 0.5, 1 or 2
Gy of proton radiation (n = 12/group) when 58 days old.

Irradiation

Immediately prior to irradiation, each mouse (irradiated and sham-irradiated) was placed
individually in a rectangular plastic box (30 x 30 x 85 mm) with air holes as described
previously (22). A maximum of six mice were irradiated simultaneously within a 20 x 20-
cm field. Whole-body irradiation was performed using 250 MeV protons from the
synchrotron accelerator housed at the Loma Linda University Medical Center as described
previously (22, 23). Mice were irradiated at the entrance region of the Bragg curve with a
dose rate of ~0.7 Gy/min. Protons were delivered in 0.3-s pulses every 2.2 s. Mice were
irradiated behind a 400 x 400-mm? polystyrene phantom. Dose calibration was performed
using a Markus parallel-plate ionization chamber (NIST traceable). The calibration method
in ICRU Report 59 (24) was used to convert the ionization signal to dose in water. After the
mice were irradiated, they were observed until they resumed normal posture and behavior.
Three days after exposure, the mice were shipped to NASA Kennedy Space Center, where
they were housed at the Space Life Sciences Animal Care Facility for the duration of the
experiment.

Study End Point

As a fluorescent marker for bone mineralization, animals were given twice daily injections
of calcein (10 mg/kg each injection, four total subcutaneous injections) at 34 and 33 days
before they were killed humanely 117 days after irradiation. Multiple injections were used
because of the age (and thus the low bone turnover) of the mice. Mice were anesthetized
with isoflurance and exsanguinated by cardiac puncture, and then cervical dislocation was
performed to ensure death. Left femora and tibiae were collected, cleaned of all non-osseous
tissue, and measured for length. Left femora were allowed to air dry for 24 h and tibiae were
stored in 70% ethanol. Right femora were collected and fixed in 10% neutral buffered
formalin. Tissues were shipped to Clemson University for analysis.

Serum Analyses

At Killing, samples of whole blood were collected by cardiac puncture and serum was
separated. Markers of bone turnover present in the serum were measured using ELISA kits
for osteocalcin (BT-470, Biomedical Technologies, Inc., Stoughton, MA) and TRAP5b (SB-
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TR103, Immunodiagnostic Systems Inc., Fountain Hills, AZ). All procedures were
performed according to the manufacturers’ protocols.

Analysis of Bone Microarchitecture

Cortical and trabecular bone architecture was analyzed using microcomputed tomography
(LCT20, Scanco Medical, Basserdorf, Switzerland) with an isotropic voxel size of 9 pm.
Trabecular bone microarchitecture was scanned immediately distal to the growth plate in the
proximal tibiae. Analysis of trabecular bone was performed on 100 slices (0.9 mm total),
producing images for visual inspection and bone parameters. Bone morphometric
parameters were quantified using Scanco software. Trabecular parameters included
trabecular bone volume fraction (BV/TV), connectivity density (Conn.D), trabecular
thickness (Th.Th), trabecular number (Th.N), trabecular separation (Th.Sp), and trabecular
volumetric bone mineral density (vBMD). Cortical bone analysis was performed at three
sites: the femur third trochanter, the femur mid-diaphysis, and the tibial-fibular junction,
with 30 slices (approximately 0.3 mm) selected at each site. Bone volume (BV), cortical
porosity (Ct.Po), and polar moment of inertia (pMOI) were calculated from these sections.

To further clarify data obtained near an apparent dose threshold beyond which exposure
results in impaired bone volume and architecture, synchrotron microCT analysis was
performed to improve resolution and reduce variability. A subset of the control and 1-Gy
groups were scanned using station 2-BM of APS (Advanced Photon Source, Argonne
National Laboratory, Argonne, IL). A monochromatic beam (photon energy of 17 keV) and
a 2Kx2K element CCD camera coupled (by a Zeiss AXIO-PLAN 2.5x neofluar lens) to a
single-crystal CdWOQy, scintillator were used. Views were recorded every 0.125° from 0° to
180° and were normalized for detector and beam nonuniformities; the samples were
reconstructed on a 2048 x 2048-grid of isotropic 2.66-um voxels. Additional details are
presented elsewhere (24). Scans were performed to include the portion of the proximal tibia
analyzed previously using the laboratory scanner. Files were converted to binary format and
imported into the Scanco-supported server for analysis. The images were compared to the
previous scans from the Scanco PCT20 to ensure that analysis of the trabecular bone was
performed at a similar location in both cases. The Scanco software was used to determine
trabecular volume fraction.

Mechanical Testing

Left (air-dried) femora were rehydrated in PBS for 90 min prior to evaluation to simulate in
vivo properties (25). Three-point bending tests were performed using an Instron 5582
(BlueHill 2 software, Instron Corp., Norwood, MA). Femora were tested to failure with a 9-
mm span length and a deflection rate of 5 mm/min. All bones were tested in the same
orientation; the single-point load was applied mid-diaphysis on the posterior surface. The
maximal force (N) and deflection (mm) were measured for all mechanically tested bones.
These two properties were also determined at the elastic limit (Pe, 8¢) and the failure point.
Stiffness (N/mm) was calculated from Pg/3,.
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Mineral Composition

Analysis of mineral content was performed on fractured femora. Prior to analysis, the
enlarged ends of the femora were separated where distal and proximal metaphyses join the
diaphysis. Mineral content data were obtained separately from bone ends and diaphysis. A
properly calibrated microbalance (Mettler Toledo UMT2; Columbus, OH) was used for all
measurements. Dry mass was measured after the bones were heated to 105°C for 24 h.
Mineral mass was measured after the bones had been ashed by baking at 800°C for another
24 h. The percent mineralization was calculated as mineral mass/dry mass x 100.

Quantitative Histomorphometry

Statistics

RESULTS

Right (fixed) femora were allowed to air-dry and then were embedded with non-infiltrating
Epo-Kwick epoxy (Buehler Ltd., Lake Bluff, IL). The formed disks were sectioned with a
low-speed saw (Buehler, 12.7 x 0.5-mm diamond blade) at the mid-diaphysis of the femur.
These sections were wheel-polished to a flat, smooth surface using 600-, 800- and 1200-grit
carbide paper followed by polishing with a cloth impregnated with 6 pm diamond paste.
This allowed micrographs to be taken of the bone cross sections at 50x magnification under
UV light (400 nm) with an FS filter. Quantitative histomorphometric analysis was
performed using these photographs and SigmaScan Pro software (SPSS, San Rafael, CA).

Analysis of the photographs was used to calculate bone formation rate (BFR) for both the
periosteal (Ps.BFR) and endocortical (Ec.BFR) surfaces (26). Bone formation rate was
calculated as the product of mineralized surface (MS) and mineral apposition rate (MAR).
Mineralized surface was measured as the length of the calcein label. Mineral apposition rate
was measured as the distance between the calcein label and the cortical perimeter divided by
the time between label administration and tissue harvesting (34 days).

Statistical analysis of results was completed using SigmaStat software v3.5 (Systat Software
Inc., San Jose, CA). Comparisons were made using a one-way analysis of variance
(ANOVA) with a Student-Newman-Keuls post hoc test to reveal significance between
groups. The only exception was the synchrotron microCT data, which was compared using a
t test. Statistical significance was set at P < 0.05. Because our goal was to establish a dose
threshold for bone response to proton radiation, differences representing nonsignificant
trends (P < 0.1) in bone microarchitectural parameters are presented as data of interest. All
data are presented as means + SD.

MicroCT Analysis of Trabecular and Cortical Bone

MicroCT analysis of trabecular bone within the proximal tibia using the laboratory scanner
revealed significant differences in animals exposed to 2 Gy of proton radiation (compared to
control animals), which included a 20% smaller trabecular volume fraction (P = 0.011; Fig.
1), an 11% greater trabecular separation (P = 0.046; Fig. 1), a 19% smaller volumetric bone
mineral density (P = 0.025; Fig. 1), and a nonsignificant trend in trabecular number (+9%; P
=0.093; Table 1). Mice exposed to 1 Gy had no significant differences in microarchitecture,
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including volumetric bone mineral density and trabecular number (P > 0.1; Fig. 1, Table 1).
However, these mice did exhibit non-significant trends relative to control in trabecular
volume fraction (-13%; P = 0.062; Fig. 1) and trabecular separation (+9%; P = 0.094; Fig.
1). Mice exposed to 0.5 Gy had no significant differences in trabecular bone parameters
compared with control mice, including trabecular volume fraction, trabecular separation,
trabecular number, and volumetric bone mineral density (P > 0.1; Fig. 1, Table 1). Radiation
treatment did not result in different values for polar moment of inertia, cortical volume or
cortical porosity between groups (Table 2).

Subsequent synchrotron microCT analysis of the trabecular bone in the proximal tibia of the
control and 1-Gy groups revealed a significant 13% smaller trabecular volume fraction in
irradiated animals (P = 0.041; Fig. 1).

Growth Parameters

Animal weight in all groups was similar at the initiation of the study (P > 0.05; Table 3). At
tissue collection, no between-group differences were observed in animal weight, tibial
length or femoral length (P > 0.05; Table 3).

Additional Bone Assays

No differences in mechanical strength (force or deflection) were observed in the irradiated
animals compared to controls or other treatment groups (P > 0.05; Table 4). Likewise, no
between-group differences in serum osteocalcin or TRAP5b concentration (Table 5), bone
formation rate, and mineral composition were observed (Table 6) (P > 0.05).

DISCUSSION

The results of this study confirm that trabecular bone loss occurs after exposure to 2 Gy of
proton radiation (8). In addition, we found that a 1-Gy dose of proton radiation has
detectable negative effects on trabecular volume fraction 4 months after exposure. This is an
important finding with respect to future lunar outpost missions, which are planned to last 6—
8 months. While exposure to 2 Gy radiation is possible on these missions, exposure to 1 Gy
is much more likely and should be considered in mission planning (19-21).

In the bones harvested 4 months after proton irradiation, the dose threshold resulting in
trabecular deterioration appeared to be between 0.5 and 1 Gy. It is possible that bone loss
did occur at the lower dose (0.5 Gy) but that the loss was recovered by the end of the 4-
month experiment. The lack of an observed difference in bone turnover markers between
groups, combined with similar bone formation rates, suggests that bone turnover has
stabilized 4 months after irradiation. Lower trabecular volume fraction was observed in the
mice exposed to 1 and 2 Gy of protons, supporting the contention that bone loss occurred
earlier than 4 months and did not recover. This lower bone volume suggests that the degree
of loss may be permanent, although examination at later times will be necessary to draw any
definitive conclusion.

Our data do not indicate whether decreased bone formation or increased bone resorption
caused the reduction in trabecular bone after irradiation. Reduced formation could contribute
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to the reduced bone volume we found. While most of the studies investigating radiation
effects on osteoblasts use much higher doses than we used, it has been demonstrated that 2
Gy of X rays results in reduced numbers of pre-osteoblasts and inhibits their differentiation
invitro (27). Relatively few studies have examined osteoclasts (and changes in bone
resorption) after irradiation (13, 28, 29). None of these studies have documented significant
increases in osteoclast numbers after irradiation, nor has a change in the expression of some
important regulators of osteoclast activity [namely receptor activator of NF-«xB ligand
(RANKL) and osteoprotegerin (OPG)] been documented relative to nonirradiated controls
from mouse bone marrow cultured with 2 Gy carbon-ion- and y-irradiated pre-osteoblasts
(12). A time-course examination focusing on earlier points is required to define the
contribution of formation and resorption to the change in bone.

Bone loss after irradiation is important in the context of the known atrophy of bone that
occurs as a result of exposure to microgravity (3). Radiation thus represents another
potential skeletal challenge astronauts must face in the space-flight environment. It is
unclear and unstudied how the combination of these challenges can affect the quantity and
architecture of bone; thus one can only speculate as to the resulting effects and association.
The threshold of radiation-induced bone loss may change when combined with unloading.
Also, the combined effect of unloading and radiation may not be additive, given the
substantial effect of unloading on bone status. If the effects are synergistic, the possibility of
both mission-critical and post-flight fractures could represent a risk to astronauts.

The absence of an effect of proton radiation on cortical bone parameters in the present study
is in agreement with previous findings by our group [(8); N. D. Travis et al., unpublished
observations]. We investigated various parameters of strength, composition and formation in
cortical bone; the results confirmed that bone loss after proton irradiation is specific to
trabecular bone at moderate doses. Other studies investigating cortical bone after irradiation
have found changes in cortical bone strength and porosity after very high doses (30, 31).
However, fractionation of high doses mitigated changes in fracture strength (31), suggesting
that lower or fractionated doses of radiation may not affect cortical bone.

An important consideration in the present study is that, to match the design of the previous
study, the mice were 2 months old at irradiation. At this age, the mice were still growing and
the skeletal system was not mature (32, 33). However, the similarities in animal weight and
both femoral and tibial lengths in all test groups indicate that overall growth rates after
irradiation were not grossly affected. Additionally, while animal weight, long-bone length,
and cortical bone volume continue to increase through 4—-6 months of age, trabecular bone
volume fraction in C57BL/6J mice decreases after 2 months of age (32, 33). Therefore, the
mice in this study were irradiated after the maximal trabecular volume fraction was
achieved. Radiation-induced changes in bone growth might not translate into a reduced
trabecular volume fraction. While these considerations indicate that overall changes in
growth did not lead to the lesser trabecular volume fraction in irradiated mice, it is possible
that some of the present bone loss could be attributed to altered conversion of growth
cartilage to bony trabeculae. In addition, the higher bone formation and resorption rates in
growing animals may affect how these animals respond to radiation. Thus, since astronauts
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will be fully mature, it follows that older, skeletally mature animals should be studied in the
future.

Although the age at exposure, strain and sex of mice, and duration of the experiment were
identical to the conditions of our previous experiment with 2 Gy protons, the mice in the
previous study had a greater degree of bone loss than those in the current study (35%
compared to 20%) (8). Another notable difference between the studies was the significantly
lower endogenous trabecular volume fraction in the nonirradiated mice (4% compared to
12%). The mice in this study clearly had less trabecular bone, possibly because the mice
were obtained from different vendors (Jackson Laboratory and Charles River). This lower
trabecular volume in the nonirradiated control mice is a characteristic that may provide
insight into this difference in the amount of trabecular bone lost in the irradiated animals.
For example, in osteoporosis models such as ovariectomy, it has been demonstrated that
strains of mice with higher bone density lose proportionally greater amounts of trabecular
bone (34). Though the genotype of the different strains likely contributed to the observed
differences, the phenotype itself could influence the response. It is possible that the different
responses in the studies is due to the greater endogenous bone mass of the mice in the
previous study. Future studies should use various strains of mice to explore this potential
phenotypic effect. In addition, animals such as rats that have more trabecular bone may
prove to be good models for understanding the effects of radiation on bone.

Few studies have been performed examining the effects of increased spatial resolution and
decreased voxel size available using synchrotron radiation microCT compared to
conventional microCT. In the present study, trabecular volume fraction values obtained
using synchrotron microCT were slightly lower than those for conventional microCT.
However, the corresponding standard deviations were proportionally smaller, accounting for
the significance even with the same percentage difference in trabecular volume fraction
relative to control. Previous results have shown minimal effects of measured trabecular
volume fraction with synchrotron radiation compared to conventional microCT (35, 36).
These investigations have been performed on human samples with a trabecular bone
thickness of the order of 100 um, while the mice in the present study had values of
approximately 50 um. It is possible that the decrease in trabecular bone thickness would
make the decreased voxel size have more influence on observed trabecular volume fraction.
Previous examinations comparing synchrotron radiation and conventional microCT in
animals have not presented quantitative results and thus do not allow for comparison (37).

The radiation used in the present study was acute, mono-energetic, proton radiation.
However, radiation from an SPE will have a wide energy range and will be delivered over
hours to days, not over minutes (14). In addition, many other types of radiation will be
present in space from galactic cosmic rays. To fully understand the effects of radiation, more
complex models of space radiation must be studied and combined with ground-based,
modeled microgravity.

This study confirms a loss of trabecular bone in mice exposed to a 2-Gy dose of proton
radiation and further demonstrates volumetric loss of bone with a 1-Gy dose of radiation 4
months after exposure. Trabecular bone is an important contributor to bone strength (38,
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39). Because reduced bone strength indices have been estimated from the atrophied bones of
astronauts returning from microgravity (3, 4), the loss of trabecular bone in response to
radiation may further contribute to a decline in bone strength. The group of mice exposed to
0.5 Gy did not experience any differences in skeletal parameters; however, the absence of
differences in bone turnover markers in the affected groups suggests that 4 months is a late
time and that earlier periods need to be examined. It was confirmed that at this relatively late
period after exposure, cortical bone volume and quality were not different from those of
control mice, suggesting that the response may be trabecular-specific. As discussed, further
study is needed to characterize this phenomenon. Future investigations should aim to
increase understanding of the effects of moderate radiation doses on bone-forming and
bone-resorbing cells. In the context of the known negative effects of microgravity on the
skeletal system, additional bone loss from space radiation may result in mission-critical
amounts of bone loss on exploratory missions to the Moon and Mars.
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FIG. 1.
Microcomputed tomography parameters in the proximal tibiae including (panel A)

trabecular volume fraction (BV/TV), (panel B) trabecular spacing (Th.Sp), and (panel C)
trabecular volumetric bone mineral density (vBMD) determined using a Scanco pCT20 and
(panel D) trabecular volume fraction (BV/TV) as calculated from synchrotron microCT.
*Significant difference from control (P < 0.05). TTrend toward difference from control (P =
0.062). $Trend toward difference from control (P = 0.094).

Radiat Res. Author manuscript; available in PMC 2015 April 30.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Bandstra et al. Page 13

TABLE 1

Microcomputed Tomography Parameters for Trabecular Bone

Conn.D (I/mm3)  Th.N (/mm3)  Tb.Th (um)

Control 5.38 (1.69) 2.42 (0.16) 51.1 (5.4)
05 Gy 5.40 (2.99) 2.31(0.16) 526 (3.7)
16y 5.92 (3.13) 2.27(0.36) 48.4 (3.9)
2Gy 4.98 (1.97) 220 (0.16)2 52.3(2.3)

Notes. Conn.D, connectivity density; Th.N, trabecular number; Th.Th, trabecular thickness. Data reported as mean (SD).

aNonsignificant trend compared to control (P = 0.093).
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TABLE 3

Animal Masses, Tibia Lengths and Femur Lengths

Initial animal mass (g)  Final animal mass (g) Tibia (mm)  Femur (mm)

Control 18.1(0.9)
0.5 Gy 18.3 (0.7)
16y 18.3(0.7)
2Gy 18.4 (0.6)

228 (2.1) 17.6 (0.2) 15.3 (0.3)
236 (2.3) 17.5 (0.4) 15.3 (0.3)
235 (3.0) 17.5(0.2) 15.3 (0.3)
242 (2.9) 17.5(0.3) 153 (0.2)

Note. Data reported as means (SD).
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TABLE 5

Serum Markers of Bone Turnover 4 Months after Irradiation

TRAPS5b (U/liter)  Osteocalcin (ng/ml)

Control 2.69 (0.50) 15.3(4.3)
0.5 Gy 2.54 (0.47) 14.7 3.1)
16y 2.46 (0.57) 15.2 (4.3)
2Gy 2.75 (0.26) 12.9 (3.6)

Note. Data reported as mean (SD).
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