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Weightlessness during spaceflight leads to functional
changes in resistance arteries and loss of cancellous bone, INTRODUCTION

which may be potentiated by radiation exposure. The . .
purpose of this study was to assess the effects of hindlimb More than 500 humans have flown into space since 1961,

unloading (HU) and total-body irradiation (TBI) on the  When Yuri Gagarin became the first man to orbit the Earth.
vasomotor responses of skeletal muscle arteries. Male  Through their journeys, it has become apparent that space
C57BL/6 mice were assigned to control, HU (13-16 days), exploration comes with health risks, including cardiovas-
TBI (1 Gy *Fe, 600 MeV, 10 ¢Gy/min) and HU-TBI groups.  cylar deconditioning (/—4) and persistent bone loss (5, 6).

Gastrocnemius muscle feed arteries were isolated for in vitro Following long-duration spaceflight more than 80% of
study. Endothelium-dependent (acetylcholine) and -indepen- . .
astronauts experience orthostatic intolerance (3) due to an

dent (Dea-NONOate) vasodilator and vasoconstrictor (KCIl, . . . . .
phenylephrine and myogenic) responses were evaluated. inability to adequately raise total peripheral resistance (/, 4),

Arterial endothelial nitric oxide synthase (eNOS), superoxide  thus implicating the resistance vasculature as a site of
dismutase-1 (SOD-1) and xanthine oxidase (XO) protein  dysfunction. Because skeletal muscle is a major contributor
content and tibial cancellous bone microarchitecture were  to elevations in peripheral vascular resistance during
quantified. Endothelium-dependent and -independent vaso- standing (7), the skeletal muscle resistance vasculature is

dilator responses were impaired in all groups relative to ;)0 for understanding microgravity-induced cardio-
control, and acetylcholine-induced vasodilation was lower in e .
vascular deconditioning.

the HU-TBI group relative to that in the HU and TBI groups. S ;
Reductions in endothelium-dependent vasodilation correlated Hindlimb unloading (HU) of rodents (8, 9) has proven to
with a lower cancellous bone volume fraction. Nitric oxide  be an effective model for simulating microgravity, inducing
synthase inhibition abolished all group differences in  alterations similar to those occurring in astronauts, includ-

endothelium-dependent vasodilation. HU and HU-TBI re- ing orthostatic hypotension (10, 1), reduced aerobic
sulted in decreases in eNOS protein levels, while TBI and HU- capacity (9, 12, 13), a cephalic fluid shift (14—17), a

TBI produced lower SOD-1 and higher XO protein content. i . . .
Vasoconstrictor responses were not altered. Reductions in NO diminished capacity to elevate peripheral resistance (18, 19)

bioavailability (eNOS), lower anti-oxidant capacity (SOD-1) and l?one loss (2 0’.2 1 )'.P revious assegsm@nt of vasomotor
and higher pro-oxidant capacity (XO) may contribute to the function revealed impaired vasoconstriction of gastrocne-
deficits in NOS signaling in skeletal muscle resistance  mius muscle resistance arteries from hindlimb-unloaded rats

(22) and space-flown mice (23). Further, resistance arteries

I Address for correspondence: Florida State University, 120 IS(?lated from the SOleu.S muscle of HU .rats fmd gaStrOCH?'

Convocation Way, Tallahassee, FL 32306; email: mdelp@fsu.edu. mius muscle of HU mice demonstrate impaired endotheli-
257
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um-dependent vasodilation (27, 24-27) concomitant with
decreased expression of endothelial nitric oxide synthase
(eNOS) (21, 24-26) and superoxide dismutase-1 (SOD-1)
(24).

The risks of space travel are not limited to those induced
by microgravity alone. During interplanetary space travel,
astronauts will be exposed to ionizing radiation from
multiple sources: galactic cosmic rays, solar particle events
and trapped radiation belts. Space radiation predominantly
consists of high-energy, charged particles such as protons, o
particles and heavier ions referred to as high (H) atomic
number (Z) and energy (HZE) ions, among which protons
are the most abundant and HZE *°Fe ions are the most
damaging (28). In spite of shielding, during spaceflight a
typical cell in the body will be hit by an electron daily, a
proton once every three days and a HZE ion once every few
months (29, 30).

Vascular endothelial cells are especially sensitive to the
effects of radiation, undergoing apoptosis (29, 31),
reductions in the production and release of nitric oxide
(NO) (32-34) and morphological changes (33). One
consequence of radiation-induced endothelial dysfunction
is impaired endothelium-dependent vasodilation, associated
with diminished NO bioavailability in large conduit arteries
(33-39) and resistance arteries (2/, 32), enhanced superox-
ide (O,") production (32, 34), particularly from xanthine
oxidase (XO) (34, 40) and a down-regulation of eNOS (33,
35).

HZE ions are particularly relevant because they contribute
to a large percentage of the absorbed dose of radiation in
space (41, 42) and double-strand, complex DNA damage
that is difficult for DNA-repair machinery to resolve (29,
43). Vascular endothelial cells are especially sensitive to
HZE ions (44) and are more susceptible to apoptosis than
cells exposed to an equal dose of proton radiation (45).
Although the singular effects of HU and radiation on
endothelium-dependent vasodilation have previously been
reported, only one study has examined the combined effects
of hindlimb unloading and low-linear energy transfer (LET)
gamma radiation on arterial vasodilator function (27), but
this study did not examine the space-relevant HZE ions.
Therefore, the primary purpose of the current study was to
examine the combined effects of hindlimb unloading and
high-LET radiation on the vasodilator and vasoconstrictor
properties of skeletal muscle resistance arteries. We
hypothesized that hindlimb unloading and high-LET
radiation would independently impair the vasomotor
properties of resistance arteries, and that the combined
effects of hindlimb unloading and HZE ions would
potentiate this dysfunction. In addition, since impaired
endothelium-dependent vasodilation has been previously
shown to be related to bone loss in HU rats (46), a
secondary purpose was to the determine the effects of
hindlimb unloading and high-LET radiation on cancellous
bone volume fraction, and to determine whether there is a
relationship between endothelium-dependent vasodilation

and bone microarchitectural changes. We hypothesized that
the magnitude of the impairment of endothelium-dependent
vasodilation elicited through hindlimb unloading and HZE
ions alone and in combination would be directly related to
the magnitude of the loss of trabecular bone volume
fraction.

MATERIALS AND METHODS

All experimental procedures were approved by the Institutional
Animal Care and Use Committee at the National Aeronautics and
Space Administration (NASA) and Brookhaven National Laboratory
(BNL), conforming to the U.S. National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals (Eighth edition,
2011).

Animals

Eighty-three male C57BL/6 mice (Jackson Laboratory, Bar Harbor,
ME), 16 weeks of age, were individually housed at the Brookhaven
National Laboratory animal facility. Animals were maintained in a
controlled environment (12:12 h light-dark cycle, 24 *= 2°C) and
provided food and water ad libitum. Mice were randomized by body
mass to one of four groups: control (n =23), HU (n =19), TBI (n =
21) and combined HU-TBI (n = 20).

Hindlimb Unloading

Mice were hindlimb unloaded via tail traction for 13—16 days until
the time of sacrifice according to the methods of Morey-Holton et al.
as previously described (8, 20, 27). Control mice were individually
housed in their normal cage environment.

Whole-Body Irradiation

Mice were exposed to a single dose of radiation consisting of 1 Gy
of **Fe ions (600 MeV/nucleon, LET 150 keV/um in water) at a dose
rate of 10 cGy/min at the NASA Space Radiation Laboratory beamline
at Brookhaven National Laboratory, NY. Irradiation of HU-TBI mice
took place 3 days after the initiation of hindlimb unloading. The
control group of mice were handled in an identical fashion but were
not irradiated (0 Gy).

Isolated Microvessel Studies

Mice were anesthetized with isoflurane (5%/0O,) and euthanized by
excision of the heart. Gastrocnemius muscle feed arteries were
isolated, cannulated and prepared for in vitro experimentation as
previously described (217).

Evaluation of Vasomotor Properties

In the first set of studies, vasodilator responses of feed arteries to
the endothelium-dependent vasodilator acetylcholine (ACh, 107° —
10* M) and endothelium-independent vasodilator Dea-NONOate
(107 — 10™* M) were assessed as previously described (21). ACh-
induced vasodilation was also evaluated after incubation with nitric
oxide synthase (NOS) inhibitor N°-nitro-l-arginine methyl ester (L-
NAME, 10~ M) and following incubation with the combination of
L-NAME with cyclooxygenase (COX) inhibitor indomethacin (10>
M) as previously reported (2/). Maximal diameter and medial wall
thickness were determined after a 1-hr incubation period in calcium-
free physiological saline buffer solution (PSS) with 10~ M sodium
nitroprusside (SNP) to allow complete smooth muscle cell
relaxation.

In a second set of studies, vasoconstrictor responses were assessed
through nonreceptor (KCI, 10-100 mM), myogenic (increasing
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TABLE 1
Tissue and Vessel Characteristics

Tissue Control HU TBI HU-TBI
Body mass (BM) (g) 27 = 1 27 = 1 28 * 1 27 = 1
Gastrocnemius mass (mg) 219 £ 5 184 £ 9* 204 = 8% 158 £ 7*f
Gastrocnemius-to-BM ratio (mg/g) 74 = 0.3 6.8 = 0.3* 74 £ 0.2% 5.9 £ 0.3*%F
Bone volume fraction (%) 22.8 = 0.7 214 = 1.0 19.5 = 1.0* 17.2 = 1.4%%
Trabecular thickness (pm) 62.8 = 0.6 59.6 = 0.9* 63.3 = 0.9 56.9 = 0.9%1t
Trabecular separation (pm) 155+ 4 155 = 4 173 = 5% 173 = 7*%
Trabecular number (1/mm) 3.6 = 0.1 3.6 = 0.1 3.1 = 0.1*%% 3.0 = 0.2%1
Spontaneous tone (%) 28 =2 27 =3 283 253
Maximal diameter (um) 182 =3 168 *+ 4* 186 = 31 175 + 3%f
Media wall thickness (pum) 18 £ 1 17 £ 1 18 £ 1 18 £ 1

Notes. Values are mean *= SE. *Significantly different from control group, P < 0.05.

1 Significantly different from HU group, P < 0.05.
T Significantly different from TBI group, P < 0.05.

intraluminal pressure from 0 cm H,O up to 140 cm H,0, in 20 cm H,O
increments) and receptor [o,-adrenoreceptor agonist phenylephrine
(PE, 107 — 10~* M)] mechanisms as previously described (23). Passive
pressure-diameter responses were recorded in a similar fashion to that
of the active myogenic response after vessels were incubated in
calcium-free PSS with 10~ M SNP for 1 h.

Immunoblot Analysis

eNOS, SOD-1, XO and Rho-associated kinase (ROCK) protein
content in gastrocnemius feed arteries were assessed via immunoblot
analysis. Arteries were isolated, individually snap frozen and
processed as previously described (47). Primary antibody dilutions
were as follows: eNOS (1:150, BD Transduction, cat. no. 610296),
Cu/Zn SOD-1 (1:8000, Enzo Life Sciences ADI-SOD-100-F), XO
(1:1,000, Abcam, cat no. 109235), ROCK (1:2,000, Millipore, cat
no. 07-1458) and B-actin (1:500 or 1:4,000, Cell Signaling, cat no.
4967). Differences in loading were normalized by expressing all data
as relative densitometry units of the protein of interest versus f-
actin.

Cancellous Microarchitecture of the Proximal Tibia Metaphysis

Tibiae were collected for 3D structural analyses by microcomputed
tomography (SkyScan 1174, Bruker-MicroCT, Kontich, Belgium; 6.7
um pixel size) and imaged in saline with a 3,500 ms integration time
using X-rays generated by a 50 kV- and 800 pA-powered source.
Images were binarized with a global threshold and the bone volume
fraction (%), trabecular thickness (um), separation (im) and number
(1/mm) were measured in the region 0.2—1.2 mm distal to the proximal
metaphysis using semi-autonomous selection of the cancellous tissue
(20, 21).

Statistical Analysis

One-way ANOVA and Fisher LSD post-hoc tests were used to
detect differences in body and tissue masses, gastrocnemius muscle
feed artery spontaneous tone, maximal diameter, medial wall
thickness, protein content, maximal vasodilator responses and
trabecular properties across conditions. Vasomotor responses were
evaluated using repeated-measures ANOVAs to detect differences
among experimental groups and drug doses or pressure changes. To
examine the relationship among peak endothelium-dependent vasodi-
lation or gastrocnemius muscle mass and trabecular bone volume,
linear regression analyses were performed. All values are presented as
means = SE. A value of P < 0.05 was considered statistically
significant.

RESULTS
Animal and Vessel Characteristics

Total-body mass was not different among groups.
However, HU alone and the combined HU-TBI groups
resulted in an 18-28% lower gastrocnemius muscle mass
compared to control and TBI groups (Table 1). Similarly,
the gastrocnemius-to-body mass ratio was lower by 8-20%
in the HU and HU-TBI groups compared to control and TBI
groups.

Media wall thickness and spontaneous tone development
in gastrocnemius feed arteries were not different among
groups (Table 1). Maximal intraluminal diameter, however,
was lower in HU and HU-TBI groups relative to that in
control and TBI mice (Table 1).

Vasodilator Responses

ACh-mediated endothelium-dependent vasodilation of
gastrocnemius feed arteries was impaired in all treatment
groups relative to the control group (Fig. 1). There was a
significant ACh dose by group interaction between the
control and HU groups, resulting in lower vasodilator
responses at 10® — 10~* M ACh in arteries from HU mice.
In the control and HU-TBI groups there was also a
significant ACh dose by group interaction, resulting in
lower vasodilator responses between 1072 — 10* M ACh in
arteries from HU-TBI animals. There was not a significant
dose by group interaction between the control and TBI
groups, but the maximal vasodilator response to ACh was
lower in the animals whose arteries received total-body
irradiation relative to that in the control animal’s arteries.
There was also a significant ACh dose by group interaction
between the HU and HU-TBI groups (significantly different
at 107® M and 10°° - 10~* M ACh) and the TBI and HU-TBI
groups (significantly different at 10° — 10~* M ACh). L-
NAME reduced ACh-mediated vasodilation in all groups
and abolished treatment-associated differences among
groups (Fig. 2A). The combined NOS and COX inhibition
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FIG. 1. Effects of hindlimb unloading (HU) and total-body
irradiation (TBI), individually and combined (HU-TBI) on ACh-
mediated vasodilator responses in the gastrocnemius muscle feed
arteries. Values are mean = SE. n = the number of animals studied.
*Denotes significant dose by group interaction between groups, P <
0.05; HU and HU-TBI responses are different from that of control
(Con), and HU and TBI responses are different from that of HU-TBI
group. TDenotes significant difference in the maximal vasodilator
response between control and TBI groups, P < 0.05.

further decreased vasodilator responses with no differences
among groups (Fig. 2B).

There was a significant dose by group interaction for
endothelium-independent vasodilation for all treatment
groups relative to control (Fig. 3). Differences were
significant between control and HU arteries at 1077 — 1073
M Dea-NONOate, at 1077 — 10~* M Dea-NONOate between
control and TBI arteries, and at 1077 — 105 M Dea-
NONOate between control and HU-TBI arteries. There was
also a significant Dea-NONOate dose by group interaction
between the HU and TBI groups (significantly different at
1077 — 10* M Dea-NONOate) and the HU and HU-TBI
groups (significantly different at 1077 — 10> M Dea-
NONOate).

Vasoconstrictor and Pressure Responses

KCl (Fig. 4A) and PE (Fig. 4B) produced dose-dependent
increases in arterial vasoconstriction in all groups; there
were no differences in vasoconstriction among groups. Both
active myogenic vasoconstriction (Fig. 5SA) and passive
pressure-diameter responses (Fig. 5SB) were not different
among groups.

Protein Expression

There were no differences in ROCK protein content
among groups (Fig. 4C). However, eNOS protein levels
were lower in gastrocnemius feed arteries from the HU and
HU-TBI groups compared to controls (Fig. 6). Radiation
exposure alone did not alter eNOS protein levels. SOD-1
protein content was lower in TBI and HU-TBI vessels when
compared to those from both control and HU mice, but
unaltered by HU alone (Fig. 7A). TBI and HU-TBI vessels
expressed higher XO levels than those in control (Fig. 7B).

A L-NAME
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FIG. 2. Effects of HU, TBI and HU-TBI on ACh-mediated
vasodilator responses in the presence of (panel A) the NOS inhibitor
L-NAME, and (panel B) L-NAME and the COX inhibitor
indomethacin (Indo), in gastrocnemius muscle feed arteries. Values
are mean * SE. n = the number of animals studied.

Cancellous Bone Microarchitecture

In the proximal tibial metaphysis, hindlimb unloading
reduced trabecular thickness (Tb.Th) relative to that in
control mice (Table 1), though bone volume fraction (BV/
TV) and trabecular separation (Tb.Sp) and number (Tb.N)
were not different from control animals. Radiation exposure
reduced BV/TV and Tb.N and increased Tb.Sp, but did not
alter Tb.Th (Table 1). The combination of HU-TBI
diminished BV/TV, Tb.Th and Tb.N and increased Tb.Sp
relative to that in control and HU mice (Table 1). Tb.Th was
also lower in HU-TBI compared to that in the TBI group.
There was a significant correlation between BV/TV and
peak endothelium-dependent vasodilation (Fig. 8A) and
between BV/TV and gastrocnemius muscle mass (Fig. 8B).

DISCUSSION

The purpose of this study was to determine whether
space-relevant radiation and musculoskeletal unloading,
alone and in combination, alter vasomotor responses of
gastrocnemius feed arteries in mice. The results demonstrate
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FIG. 3. Effects of HU, TBI and HU-TBI on Dea-NONOate-induced vasodilator responses in gastrocnemius
muscle feed arteries. Values are mean * SE. n = the number of animals studied. *Denotes significant dose by
group interaction among groups, P < 0.05; HU, TBI and HU-TBI responses are different from that of control,
and TBI and HU-TBI responses are different from that of HU group.

that HZE ion radiation exposure and hindlimb unloading
primarily impair skeletal muscle artery vasodilation. Each
treatment alone impaired endothelium-dependent vasodila-
tion, with a potentiated effect from the combination of
treatments (Fig. 1). Endothelial dysfunction occurred
primarily through the NOS signaling pathway (Fig. 2A),
the apparent consequence of reduced eNOS protein content
with hindlimb unloading (Fig. 6), and diminished anti-
oxidant capacity (Fig. 7A) and greater pro-oxidant capacity
(Fig. 7B) with exposure to radiation. Vascular smooth
muscle vasodilator responsiveness to exogenous NO also
was diminished in all treatment groups (Fig. 3) with greater
decrements evident in the two irradiated groups. Vasocon-
striction mediated through voltage-gated Ca?' channels
(Fig. 4A), o,-adrenergic receptors (Fig. 4B), and myogenic
responses (Fig. SA) were unaltered by HU, TBI and HU-
TBI. Hindlimb unloading and HZE ion irradiation also did
not alter the passive mechanical behavior of the feed arteries
(Fig. 5B), although maximal intraluminal diameter was
smaller in the two groups involving musculoskeletal
unloading (Table 1).

Previous work has shown that small arteries and
capillaries are especially radio-sensitive (44, 48) due
largely to the vulnerability of vascular endothelial cells to
ionizing radiation (37, 44). Endothelial cells show signs
of dysfunction within days of low-LET irradiation (38,
48). In the current study, impairment of endothelium-
dependent vasodilation 10-13 days after exposure to HZE
ions was due to alterations in the NOS signaling
pathway, as demonstrated by the elimination of group

differences following NOS inhibition (Fig. 2A). NO
bioavailability could be reduced through several mecha-
nisms, including (1.) lower NO output through reduced
production and/or release and (2.) greater NO scavenging.
Data from the current study point more towards this latter
effect in regard to radiation. Radiation exposure increased
XO and reduced SOD-1 protein levels, thus signifying
greater vascular O,  production with a diminished
capacity to neutralize O,™. Previous work has shown that
both gamma and HZE ion irradiation decreases NO and
increases ROS production in rat aortas (34) and
submucosal resistance arterioles (32). Additionally, incu-
bation of vessels with a SOD-mimetic restored NO and
significantly reduced ROS production (32). A similar
effect was observed in large conduit arteries incubated
with an XO inhibitor (34), further implicating excess O,~
production from XO as a contributor to reduced vascular
NO bioavailability after irradiation.

Vasodilator responses to Dea-NONOate, a direct NO
donor, were also depressed postirradiation (Fig. 3). The
impaired radiation-induced endothelium-independent vaso-
dilation may likewise be a consequence of increased ROS
production due to the densely ionizing quality of HZE ions,
which induce higher levels of ROS than do gamma or X
rays (32, 49, 50). For instance, thoracic aortas isolated from
atherosclerotic rabbits display poor SNP-induced vasodila-
tion and high levels of O, (57). In the current study, greater
XO and lower SOD-1 protein content after irradiation
provide evidence of potentially greater ROS levels within
the smooth muscle layer of gastrocnemius arteries.
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FIG. 4. Effects of HU, TBI and HU-TBI on vasoconstrictor
responses to (panel A) KCI and (panel B) phenylephrine and (panel C)
Rho-associated kinase (ROCK) protein content in gastrocnemius
muscle feed arteries. Values are mean * SE. n = the number of
animals studied. Vasoconstrictor responses and ROCK protein levels
were not different among groups.

Consequently, scavenging of exogenous NO by ROS could
reduce NO levels and impair smooth muscle relaxation.
As with radiation exposure, hindlimb unloading also
diminished vasodilator responses elicited by ACh and Dea-
NONOate. However, in contrast to radiation exposure, low
eNOS protein levels suggest that reduced NO production

A
120 |
X 100
o
O] |
% 80
a —A— Control (n=13)
- 60 ] —@— HU (n=9)
o —A— TBI (n=10)
= —O— HU-TBI (n=9)
T 40
£
(e}
Z 20 ‘ : : : - : : |
0 20 40 60 80 100 120 140
B Pressure (cmH,0)
120
S
— 100 |
2
[}
E 80-
o —/— Control (n=13)
S —@— HU (n=9)
e 60 1 —A— TBI (n=10)
= —O— HU-TBI (n=9)
E 40
[e)
z
20

0 20 40 60 80 100 120 140
Pressure (cmH,0)

FIG. 5. Effects of HU, TBI and HU-TBI on (panel A) active
myogenic vasoconstrictor responses and (panel B) passive pressure-
diameter responses of gastrocnemius muscle feed arteries. Values are
mean *= SE. n = the number of animals studied. Responses were not
different among groups.

rather than NO scavenging primarily contributes to a lower
NO bioavailability and impairment of endothelium-depen-
dent dilation with unloading. Hindlimb unloading has been
previously reported to diminish endothelium-dependent
vasodilation and eNOS mRNA and protein expression in
rat soleus muscle resistance arteries (26, 27, 52), and this
effect has been attributed to chronic reductions in blood
flow and shear stress through the arteries of these unloaded
muscles (/8). Indeed, chronic decreases in blood flow result
in a distinctive structural remodeling of arteries to reduce
maximal diameter (26, 27, 52, 53). The smaller maximal
diameter of the gastrocnemius muscle feed arteries in the
HU and HU-TBI mice (Table 1) infer a chronic decrease in
blood flow through the unloaded gastrocnemius muscle as
the stimulus for the reductions in arterial eNOS protein
levels (Fig. 6).

Studies examining the combined effects of simulated
weightlessness and radiation exposure are exceedingly few
(20, 21, 54-58), perhaps because the health risk associated
with the potential interaction of microgravity and space
radiation exposure during interplanetary space missions has
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FIG. 6. Effects of HU, TBI and HU-TBI on endothelial nitric oxide
synthase (eNOS) protein content in gastrocnemius muscle feed
arteries. Values are mean = SE. *Denotes significant difference from
control group, P < 0.05.

been considered minimal (59). Results from our current
study demonstrate that unloading and a single dose of high-
LET radiation (I Gy of *°Fe ions) produce potentiated
effects on bone (i.e., reduced trabecular thickness, Table 1)
and endothelium-dependent vasodilation (Fig. 1). Previous
work examining the combined effects of unloading and a
single dose of low-LET radiation (2 Gy of '’Cs gamma
rays) demonstrated additive effects on bone loss, but not on
the impairment of endothelium-dependent vasodilation (27).
In addition, while hindlimb unloading and the low-LET
irradiation impaired the NOS signaling pathway in
gastrocnemius feed arteries, there was an apparent up-
regulation of the COX-PGI, vasodilator pathway that served
to partially compensate for the reduced NOS signaling (27).
Such a compensatory adaptation was not apparent in the
current study. Thus, the potentiated effect of HZE ion
exposure with hindlimb unloading to further exacerbate the
degree to which endothelium-dependent vasodilator dys-
function occurs, as well as the lack of any compensatory
adaptations, suggests that the potential interaction of
microgravity and space radiation to elevate astronaut health
risk for circulatory diseases may be higher than initially
estimated (60).

Emerging research indicates that the vascular system, and
in particular molecules derived from vascular endothelial
cells, can function to modulate bone remodeling activity.
Endothelial cells in the bone vasculature can release
molecules such as NO and PGI, that could serve to couple
the vascular system to bone cell remodeling activity, as well
as regulate skeletal blood flow and, correspondingly, bone
interstitial fluid flow and pressure (6/). Because unloading-
induced decrements in endothelium-dependent vasodilation
of the principal nutrient artery of the femur from HU rats
(46) are similar to those of the gastrocnemius muscle feed
artery from HU mice (27/), we used the gastrocnemius
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FIG. 7. Effects of HU, TBI and HU-TBI on (panel A) superoxide
dismutase (SOD-1) and (panel B) xanthine oxidase (XO) protein
levels in gastrocnemius muscle feed arteries. Values are mean = SE.
*Denotes significant difference from control group; idenotes
significant difference from HU group, P < 0.05.

muscle feed artery as a surrogate for the bone vasculature to
determine whether there is a relation between changes in
endothelium-dependent vasodilation and cancellous bone
microarchitecture in a simulated space environment.
Regression analysis indicates a significant relationship
between cancellous bone volume fraction and peak
endothelium-dependent vasodilation (Fig. 8 A). These data
indicate that the effects of musculoskeletal unloading and
irradiation alone and in combination may not only impact
vascular health, but may also contribute to the bone loss
associated with spaceflight. Other factors are also consid-
ered important determinants of cancellous bone micro-
architecture, including the level of muscle force exerted on
bone. The reduced gastrocnemius muscle mass and the
presumed lower muscle-associated mechanical loads to the
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tibia were significantly related to cancellous bone volume
fraction (Fig. 8B), although the strength of the relationship
was not as great as with endothelium-dependent vasodila-
tion.

Coinciding with previous studies (33, 35, 36), radiation
exposure did not altered gastrocnemius feed artery
vasoconstrictor properties (Figs. 4A and B and 5A),
suggesting that the functional responsiveness of smooth
muscle cells remains intact. Contractile responses were
also not affected by hindlimb unloading. In contrast,
previous studies report that vasoconstrictor responses of
gastrocnemius muscle resistance arteries (22) and abdom-
inal aorta (62) are impaired in HU rats. This contractile
deficit in HU rats has been attributed to a thinning of the
medial wall of the artery as a result of reductions in
transmural pressure concomitant with an unloading-
induced cephalad fluid shift (27), as well as reductions
in ROCK activity (62). The absence of contractile
dysfunction in the current study is consistent with the

notion that hindlimb unloading of mice fails to generate a
significant reduction in transmural pressure within the
hindlimb vasculature to evoke a remodeling of arterial
media wall thickness (Table 1) or alter ROCK protein
content in the artery (Fig. 4C).

In summary, the purpose of this study was to test the
hypothesis that space-relevant radiation and simulated
weightlessness impair vasodilator and vasoconstrictor
properties of skeletal muscle resistance arteries, with greater
dysfunction resulting from the combination of these
experimental conditions. Neither unloading nor high-LET
radiation individually or in combination had any effect on
arterial contractile responses or the passive pressure-
diameter relationship. However, hindlimb unloading and
HZE ion irradiation impaired endothelium-dependent vaso-
dilation through the NOS signaling pathway. Endothelium-
dependent vasodilator dysfunction associated with unload-
ing appears to be due to a lower production and release of
NO, as indicated by reduced eNOS protein levels. In
contrast, the radiation associated endothelial dysfunction
appears to be mediated primarily through greater NO
scavenging by ROS, as evidenced by higher XO protein
levels and lower SOD-1 protein content. The increased
presence of ROS may also account for the reduction in the
vasodilator response of smooth muscle cells to exogenous
NO. The combination of hindlimb unloading and radiation
exposure further impairs endothelium-dependent vasodila-
tion, negatively impacting eNOS, XO and SOD-1 protein
levels. The impact of HZE ions appears to have a more
profoundly adverse effect on endothelial function than that
mediated by low-LET radiation, given that the compensa-
tory upregulation of the COX vasodilator signaling pathway
that occurred after treatment with 2 Gy low-LET radiation
(21) did not occur in the current study with 1 Gy high-LET
irradiation. Impairment of endothelium-dependent vasodi-
lation mediated by unloading, radiation and their combined
effects was also strongly associated with changes in
cancellous bone microarchitecture. Finally, the findings of
a potentiated effect of unloading and radiation on vascular
function and bone microarchitecture suggests that the
interactions of these conditions may create greater risk for
adverse cardiovascular and skeletal health effects in
astronauts than previously estimated.
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