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ABSTRACT

THE ROLE OF NITRIC OXIDE IN SKELETAL SIMULATED MICROGRAVITY
RESPONSE

by Luan H. Tran

Prolonged exposure to the space environment leads to bone loss. Using a ground-
based model for microgravity (hind-limb unloading), it has been shown in rodents that
proliferation and differentiation activity of osteoprogenitors are decreased with exposure
to simulated microgravity (Kostenuik et al., 1997). Osteoblast mineralization activity has
been shown to increase with nitric oxide supplementation (Afzal et al., 2004; Koyama et
al., 2000). I hypothesized that the degenerative effects of microgravity exposure result
from chronic changes in nitric oxide regulation in osteoprogenitors, and that
supplementation with exogenous nitric oxide following exposure would ameliorate these
changes. In 20 C57Bl/6 mice, hind-limb unloading for up to 16 days resulted in
degeneration of cancellous tissue in hind-limb bones and a decrease in inducible nitric
oxide synthase (iNOS) gene expression in both bone tissue and bone marrow cells. Ex
vivo analyses of osteoprogenitor cells, however, showed no changes in differentiation
potential or cell count, and supplementation with sodium nitroprusside (SNP) was not
able to increase mineralization activity in hind-limb unloaded mice. It is concluded that
exogenous nitric oxide supplementation is ineffective as a countermeasure to the effects

of simulated microgravity exposure on bone cells.
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Introduction

Long-duration space travel and exposure to the space environment poses many
risks to human health (Dunbar et al., 2013). Disuse osteoporosis is a condition of bone
loss resulting from decreased mechanical loading and it is suspected that the free fall
experienced in low earth orbit, termed microgravity, causes the observed degeneration of
bone tissue—on average a loss of up to two percent per month while in low earth orbit
(Erikson, 2011). Because of the rate of bone loss observed in the space environment,

understanding bone responses to disuse is at the forefront of spaceflight health research.

There are two major challenges when addressing disuse osteoporosis in the space
environment: 1) an incomplete understanding of molecular response mechanisms and 2)
lack of simple, effective countermeasures. This study seeks to address these challenges

by answering the following research question:

What role do nitric oxide generation and metabolism play in osteoprogenitor
response to microgravity exposure? More specifically, is the degeneration of bone during
microgravity exposure a result of impaired bone formation mediated by persistent but

reversible changes in nitric oxide generation in osteoblast progenitors?

I hypothesize that microgravity exposure inhibits osteoblast differentiation by
decreasing intracellular nitric oxide synthase expression in osteoblast progenitors. More
specifically, simulated microgravity for up to 14 days will be sufficient to cause
persistent decreases in nitric oxide synthase expression levels which will translate into

impaired osteoblast progenitor differentiation ex vivo, and these changes can be mitigated



by the introduction of a nitric oxide donor drug.

Bone Structure and Tissue

Bone is a dynamic tissue composed of many cell types which are relevant to
health and normal body function. For example, bone marrow is a crucial source not only
for mesenchymal stem cells (Jones et al., 2002), but also for signaling cells which have
been reported to secrete bioregulators that interact during inflammatory responses (Grano
et al., 2002). In addition to its physiological contribution, bone also provides structural
support for the various organ systems. Bone tissue is made up of three main cell types,
osteoblasts, osteoclasts, and osteocytes, each which have its own roles in bone health and
kinetics. Osteoblasts are responsible for building bone, osteoclasts for resorbing, and
osteocytes are critical for intercellular signaling and communication. Together these cell
types resorb and rebuild bone, modeling it to meet the structural needs of its environment.
Because the balance between osteoblasts and osteoclasts is so critical to bone health, any
changes to vitality or function of a cell type may lead to a pathological phenotype of
reduced bone mass if osteoblast activity is decreased relative to osteoclast activity, or
abnormally increased bone density if osteoblast activity is increased relative to osteoclast
activity. Since this study will focus mainly on structural changes and osteoblast responses

as a metric for bone health, a brief summary of the two follows.

Bone tissue can generally be categorized into two types: 1) dense, rigid cortical
bone, or 2) porous, high turnover cancellous bone. Cortical bone is the dense tissue found

in outer regions of bone and is made up of subunits known as osteons. An osteon is a



cylindrical structure composed of osteocyte cells, enclosed in mineralized extracellular
matrix, concentrically arranged around a central canal which houses a nourishing blood
vessel, lymphatics, and nerves. Osteons typically run parallel to the long axis of bone. In
contrast, cancellous bone is found in the inner regions of bone and is structurally very
porous. Cancellous tissue is made up of trabeculae, rod shaped subunits which act as
structural support (Sherwood, 2015). In both cases, changes to physical properties such as
density, mass, count, or spacing can lead to significant structural compromise. Since

trabecular bone has higher turnover rates, it is analyzed in greater detail in this study.

Osteoblast cells and their progenitors are derived from mesenchymal stem cells,
and are considered to be specialized fibroblasts which are able to form bone through a
process of calcium deposition in their extracellular matrices, referred to as mineralization
(Kini et al., 2012; Noda, 2014). Osteoblast activity is dependent on a number of cell
processes. However, it is well established that osteoblastogenesis, and subsequent bone
formation, is strongly dependent on proliferation and differentiation. Osteoblast
proliferation is a strong mediator of differentiation, since osteoblastogenesis is preceded
and regulated by proliferation (Stein et al., 1989). This suggests that changes in
proliferation behavior of osteoblast progenitors can propagate into changes in
mineralization and bone formation, since the mineralization of bone is mediated mainly

by differentiated osteoblast cells.

Effects of Microgravity on Bone Structure

As with most tissues in the body, bone tissue health and integrity are a result of



both internal signals and external influences. Beginning with early development, bone
health is observed to be highly dependent on external mechanical input (Carter et al.,
1996). Like other tissues in the body, bone health and integrity remain dependent on
mechanical input for the duration of an organism’s life. This ongoing relationship is at

the heart of the microgravity response in bone.

In bone, microgravity exposure manifests itself as a loss of mineral mass which
leads to diminished structural integrity. These changes are observed in both cortical and
cancellous regions of bones that are subjected to weight bearing forces at 1G, (Keyak et
al., 2009; Lang et al., 2004). A majority of what is understood about bone response to
microgravity, however, has been elucidated from experiments utilizing the hind-limb
unloading model for microgravity (E. Morey-Holton et al., 2005). It has been shown that
tibiae from hind-limb unloaded mice undergo degeneration similar to that seen with
spaceflight while additional analyses demonstrated that these changes originate at the
microscopic level. For example, tibiae from mice which have been hind-limb unloaded
for up to 15 days show significant decreases in weight and volume with subsequent
research identifying decreases in trabecular thickness and mineral apposition rate as

potential contributing factors (Egrise et al., 2003; Globus et al., 1986).

Examining this effect further, it has been shown that microgravity exposure
changes bone remodeling at the cellular level. In simulated microgravity, osteoblasts cells
show diminished ability to proliferate, differentiate, or form mineralized matrices—all
vital functions for proper bone remodeling (Basso et al., 2005; Kostenuik et al., 1997). It

is suspected that a microgravity environment deprives osteoblast cells and their



progenitors of necessary mechanical input and thus inhibits signals which regulate bone
formation. This idea is substantiated by studies which have observed osteoblast response
to mechanical input or long duration bedrest, which has been likened to microgravity
exposure, and demonstrated that changes in the mechanical environment are able to
regulate bone cell signaling and gene expression (Kim et al., 2003; Liedert et al., 2006;

Papachroni et al., 2009).

Nitric Oxide and Bone

Nitric oxide is a free radical gas which exists naturally in all vertebrates (Knowles
et al., 1994). In animals, nitric oxide acts predominantly as a signaling molecule
(bioregulator) with a variety of functions ranging from vessel homeostasis to paracrine
and autocrine signaling. Nitric oxide is generated in the body via an enzyme, nitric oxide
synthase (NOS), which has three isoforms, designated as induced (iNOS), endothelial
(eNOS), and neuronal (nNOS). These isoforms are activated in different conditions:
iNOS is typically activated in response to external stimulus while eNOS and nNOS are
constitutively expressed in certain cell types. The process of nitric oxide generation in the
cell begins with an L-arginine molecule that is oxidized via successive monooxygenation
reactions, and ultimately generates a single L-citrulline molecule, and a molecule of nitric

oxide (Knowles et al., 1994).

With regards to bone homeostasis, nitric oxide signaling and response has been
linked to mechanotransduction in bone, with decreases up to 66 percent in bone-forming

surface, mineral apposition rate, and bone forming rate in mechanically loaded tibiae



treated with a nitric oxide synthase inhibitor (Turner et al., 1996). Furthermore, nitric
oxide has been shown to be active in osteoblast signaling and response; osteoblasts both
produce and are receptive to nitric oxide-related signals (Hukkanen et al., 1995; Ralston
et al., 1994; Riancho et al., 2009). A number of osteoblast functions have been shown to
be dependent on eNOS expression—eNOS knockout mice show inhibition of bone
formation gene expression, proliferation, and nodule formation as well as diminished

bone mineral density (Afzal et al., 2004).

This study investigated the relationship between nitric oxide regulation in bone
tissue and its responses to microgravity exposure. Additionally, the potential of a nitric
oxide-based countermeasure to microgravity-induced bone loss was explored using
sodium nitroprusside (SNP), a compound commonly used in research as an intracellular
nitric oxide donor. This supplementation was provided to cell cultures from hind-limb

unloaded mice in an attempt to nullify the inhibitory effects of microgravity.

Methodology

Sample Acquisition and IACUC Approval

All samples used in this study were acquired and processed according to protocol
# 2014-E, approved by the San Jose State University Institutional Animal Care and Use
Committee. Although the following methods describe, for completeness, sample
acquisition from live animals, all tissues and samples used for this study were
independently generated and previously archived at the NASA Ames Research Center,

and obtained subsequently as non-living tissue, either as preserved bone or as cell lysates.



In Vivo Response to Simulated Microgravity

A total of 20 male C57BI1/6 mice (Jackson West, Sacramento, CA) at 15 weeks of
age were normally loaded or hind-limb unloaded for two weeks, according to a protocol
developed by Morey-Holton et al. (2005), with minor adjustments made for adaptation to
a mouse model (n = 10/group) (E. Morey-Holton et al., 2005; E. R. Morey-Holton &
Globus, 2002). At the end of the hind-limb unloading period, mice were euthanized and
hind-limb bones were extracted, preserved in 4% formaldehyde, and archived at the

NASA Ames Research Center. Subsequent pLICT analyses were performed using a

Skyscan 1174 high resolution microCT scanner (Bruker, Kontich, Belgium). Femora and
tibiae were scanned, separately, at 6.7 um resolution for cancellous tissue analyses. For
both femora and tibiae, analyses of tissue were targeted to proximal regions measured
from the growth plate.

For gene expression analyses, an additional 20 male C57Bl/6 mice (Jackson West,
Sacramento, CA) were either normally loaded or hind-limb unloaded for durations up to
16 days (n = 10/group). After the unloading period, mice were euthanized via
asphyxiation in a CO; chamber with subsequent cervical dislocation, and femora were
extracted and flushed with minimum essential medium alpha (Gibco, Gaithersburg, MD)
to clear the medullary canal of marrow fluid which was subsequently centrifuged to
isolate bone marrow cells (BMC). BMC were archived as cell lysates at the NASA Ames
Research Center, and subsequently acquired for this study. Gene expression analyses was

performed via qRT-PCR (one-step RT-qPCR reaction kits, Promega, Madison, WI) with



targeted markers for nitric oxide generation, inducible nitric oxide synthase and

endothelial nitric oxide synthase (iNOS and eNOS).

EXx Vivo Osteoprogenitor Response to Simulated Microgravity

There were a total of 8 male C57B1/6 mice (Jackson West, Sacramento, CA) with
half (n=4) hind-limb unloaded for up to ten days and the remaining half (n = 4) subject to
normal loading conditions for the same duration. After the unloading period, mice were
euthanized via asphyxiation in a CO, chamber with subsequent cervical dislocation, and
BMC collected for primary culture in a total of eight plates. After 7 days of culture,
adherent cells were preserved and analyzed for alkaline phosphatase enzymatic activity
via Alkaline Phosphatase Activity Colorimetric Assay Kit (BioVision, Mountain View,
CA). After 3, 7, and 10 days of culture, cells were preserved and analyzed for total DNA
content via CyQUANT cell proliferation assay (Molecular Probes, Eugene, OR). Cell
lysates were independently generated at the NASA Ames Research Center, archived, and

subsequently acquired for this study.

Nitric Oxide Supplementation as a Countermeasure

A total of 10 male C57BI1/6 mice (Jackson West, Sacramento, CA) were hind-limb
unloaded for 14 days, after which hind-limb BMC were extracted for primary culture, in
a total of 10 plates, either with or without sodium nitroprusside supplementation (Sigma,
St. Louis, MO) at a final concentration of 0.5 uM and using water as a vehicle. After 10
and 14 days of culture, adherent cells were lysed and analyzed for alkaline phosphatase

enzymatic activity via Alkaline Phosphatase Activity Colorimetric Assay Kit (BioVision,



Mountain View, CA). At 28 days of culture, cells were lysed using RLT buffer (Qiagen,
Venlo, Netherlands) supplemented with B-mecaptoethanol to a final concentration of 1%,

and the mineralized matrix was stained for mineral using silver nitrate (Fisher, Fremont,

CA).

For gene expression analyses via qRT-PCR (one-step RT-qPCR reaction Kkits,
Promega, Madison, WI), 10 male C57B1/6 mice were either normally loaded (n = 5) or
hind-limb unloaded (n = 5) for four days. After the unloading period, hind-limb BMC
were collected for primary culture either with or without sodium nitroprusside
supplementation at a final concentration of 0.5 uM in a total of 20 plates. After nine days
in culture, adherent cells were lysed and assayed for expression levels of genes related to
differentiation (ALP, BGLAP) and proliferation (p21). All cell lysates and cleared matrix
were independently generated at the NASA Ames Research Center, archived, and

subsequently acquired for this study.
Micro Computed Tomography of Bone

Hind-limb bones were dissected and cut either at the epiphyses, in femora, or at
the tibia-fibula junction, in tibiae, to allow for the perfusion of 5% paraformaldehyde
(Sigma, St. Louis, MO) for 24 hours at 4°C and subsequent storage in 70% ethanol
(Sigma, St. Louis, MO). Bones were scanned, in phosphate buffered saline (Gibco,
Gaithersburg, MD), using a Skyscan 1174 high resolution microCT scanner (Bruker,
Kontich, Belgium) at 6um?® voxel resolution. In femur, the volume of interest was defined

as a 1.2mm thick region located 0.06mm proximal to the distal growth plate. In tibia, the
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volume of interest was defined as a 1mm thick region located 0.24mm distal to the
proximal growth plate. Cortical and cancellous bone tissues were differentiated semi-
autonomously, using the endocortical surface as a guide. Structural analyses were
performed for the bone volume to total volume fraction (BV/TV, %), trabecular thickness
(Tb.Th, pm), trabecular number (Tb.N, 1/mm), and trabecular separation (Tb.Sp, pm)

according to conventional guidelines (Bouxsein et al., 2010).
Primary Culture of Bone Marrow Cells

Marrow cells were flushed from bone using minimum essential media alpha
(Gibco, Gaithersburg, MD) and purified of red blood cells via five-minute incubation in
lysis buffer (Sigma-Aldrich, St. Louis, MO), centrifugation for ten minutes at 1000 x g,
and decanting of supernatant. Cells were then re-suspended and plated at 3.0 x 10° cells/
cm? in either 6-well plates, for ALP, DNA, and qPCR assays, or in T-12.5 flasks for
mineralization analyses. Growth media was composed of minimum essential media alpha
(Gibco, Gaithersburg, MD) supplemented with 15% fetal calf serum (Gibco,
Gaithersburg, MD) , ascorbate (50 pg/mL, Sigma-Aldrich, St. Louis, MO), and B-
glycerophosphate (10 mM, Sigma-Aldrich, St. Louis, MO). Media was replenished every
three days until termination of the experiment. Subsequent quantification of either ALP
enzymatic activity or DNA content were performed using Alkaline Phosphatase Activity
Colorimetric Assay (Biovision, Mountain View, CA) or CyQuant Cell Proliferation
Assay Kit (Molecular Probes, Eugene, OR), respectively. For mineralization
quantification, cells were allowed to grow in culture for 28 days, with media replenished

every three days. Mineralized nodules were washed with phosphate buffered saline
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(Gibco, Gaithersburg, MD) and then with deionized water. Plates were then incubated in
20% bleach for five minutes and then stained with silver nitrate (Fisher, Fremont, CA) for
30 minutes and rinsed with deionized water. Scanning of plates was achieved using a
Perfection 1640SU desktop scanner (Epson, Lo Beach, CA) set to 12000dpi resolution
and resulting images were digitized and analyzed using ImageJ (National Institutes of

Health, Public Domain).

RNA Analyses of Bone and Bone Cells

RNA was extracted from bone tissue or cell lysates via RNeasy Mini Kit (Qiagen,
Venlo, Netherlands). In the case of bone tissue, a preceding TRIzol (Invitrogen, Carlsbad,
CA) protocol was performed according to manufacturer direction to pre-isolate samples
for improved yield and quality. After being evaluated for quality via Nanodrop
(ThermoFisher, Waltham, MA) and Bioanalyser (Agilent Technologies, Santa Clara,
CA), samples were individually processed for qRT-PCR analyses using one-step RT-
qPCR reaction kits (Promega, Madison, WI). Gene expression was evaluated using the
delta-delta CT method (Schmittgen et al., 2008) with genes of interest being normalized
to a house-keeping gene, GAPDH.

Statistical Analyses

Statistical analyses were performed using JMP 10 (SAS Institute Inc, Cary, NC).
For comparisons made only between normally loaded and hind-limb unloaded conditions,
an unpaired t-test was used. For sodium nitroprusside supplementation experiments

where NO supplementation was evaluated in conjunction with loading state, two-way
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ANOVA was performed. In all cases, figures report mean + standard deviation (SD) and
p < 0.05 was considered the threshold for significance.

Research Results

In Vivo Response to Simulated Microgravity

Bone structure. Hind-limb unloading for two weeks was sufficient to induce
significant changes in bone structure, as measured by pPCT. In cancellous tissue of tibiae,
composed of trabeculae, both percent bone volume and trabecular thickness decreased
significantly, by 17.9% and by 6.7% respectively, as compared to control mice (Table 1).
In femora, hind-limb unloading for two weeks caused a 4.8% decrease in trabecular

thickness, as compared to normally loaded controls.

Table 1
Effects of hind-limb unloading on bone structure of Male C57Bl/6 mice

Normally Loaded  Hind-limb Unloaded

(2wks) (2wks)

Femora

Percent Bone Volume (%) 18.6 +2.8 16.6 + 2.6

Trabecular Thickness (um) 0.061 +0.001 0.058 + 0.001*

Trabecular Number (1/mm) 3.07+0.42 2.88 +0.43

Trabecular Separation (pm) 0.18 +0.015 0.19+0.013
Tibiae

Percent Bone Volume (%) 21.2+3.3 17.4 +3.3*

Trabecular Thickness (pum) 0.059 + 0.003 0.055 + 0.003*

Trabecular Number (1/mm) 3.58 +0.47 3.10 +0.53

t-test, Data are mean + SD, n = 10/group, * p-value < 0.05
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Gene expression. In femoral bone tissue without marrow, up to 16 days of hind-
limb unloading resulted in a 53% decrease in iNOS expression levels with no significant
changes to eNOS expression (Fig. 1). Similarly, in femoral bone marrow cells, up to 16
days of hind-limb unloading resulted in undetectable levels of iNOS expression with no

changes in eNOS expression (Fig. 2)
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Figure 1. Inducible nitric oxide synthase (iNOS) and endothelial nitric oxide synthase
(eNOS) gene expression levels in femora of normally loaded (NL) and hind-limb
unloaded (HU) C57BI/6 mice after 16 days of unloading. Expression levels normalized to
housekeeping genes (GAPDH). Data are mean + SD, n = 10/group. * p <0.05. There
were no significant differences in eNOS expression between NL and HU groups.
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Figure 2. Inducible nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS)gene
expression levels in hind-limb bone marrow cells (BMC) of normally loaded (NL) and hind-limb
unloaded (HU) C57Bl/6 mice after 16 days of unloading. Expression levels normalized to a
housekeeping gene (GAPDH). Data are mean + SD, n = 10/group. No significant differences were
detected between NL and HU groups. There was no iNOS gene expression in HU derived cells.

EXx Vivo Osteoprogenitor Response to Simulated Microgravity

Cellular responses. After 7 days in culture, BMC from mice which were hind-
limb unloaded for ten days did not differ from controls with regards to alkaline
phosphatase activity in osteoprogenitor cells (Fig. 3). Additional data show that hind-
limb unloading for up to ten days was not able to change total DNA content, measured at

three, seven, and ten days into culture (Fig.4).
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Figure 3. p-nitrophenyl phosphate (pNPP) digestion by alkaline phosohatase from cell
cultures of normally loaded (NL) and hind-limb unloaded (HU) C57Bl/6 mice after 10 days of
unloading and 7 days into culture (n = 4/group). Values normalized to growth area. Data are
mean + SD. No significant differences were detected between NL and HU groups.
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Figure 4. DNA content of cell cultures from normally loaded (NL) and hind-limb unloaded (HU)
C57B1/6 mice after up to 10 days of unloading and 3, 7, and 10 days of ex vivo cell culture. Data are
mean + SD, n = 4/group. No significant differences were detected between NL and HU groups.
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Nitric Oxide Supplementation as a Countermeasure

Cellular response. Results show that after two weeks of in vivo hind-limb

unloading, ex vivo treatment of cultured marrow cells with sodium nitroprusside

supplementation did not significantly alter ALP enzymatic activity either after 10 or 14

days of culture, compared to unsupplemented controls (Fig. 5). Additionally, no

differences in total mineralization area were observed 28 days into culture between cells

grown in standard growth media and cells grown in media supplemented with sodium

nitroprusside to a final concentration of 0.5 uM (Fig. 6).
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Figure 5. p-nitrophenyl phosphate (pNPP)
digestion by alkaline phosohatase from cell
cultures of hind-limb unloaded C57Bl/6 mice
after 14 days of unloading. Cells were cultured
either in standard growth media (Control) or
growth media supplemented with sodium nitro-
prusside (0.5 uM). Values normalized to growth
area. Data are mean + SD, n = 5/group. No
significant differences were detected.
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Figure 6. Growth area mineralized (%) in cell
cultures from hind-limb unloaded C57BI1/6 mice
after 14 days of unloading and 28 days of
culture. Cells were cultured either in standard
growth media (Control) or growth media
supplemented with sodium nitro-prusside to a
final concentration of 0.5 uM (SNP Treated).
Data are mean + SD, n = 5/group. No
significant differences were detected.
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Gene expression. Sodium nitroprusside supplementation was able to inhibit
expression of differentiation gene BGLAP while simulated microgravity inhibited gene
expression of p21. After nine days of growth, neither cultures from hind-limb unloaded
animals nor cultures supplemented sodium nitroprusside showed any changes in ALP
gene expression compared to normally loaded controls (Fig. 7A). In contrast, BGLAP
expression was shown to be significantly decreased in cultures supplemented with
sodium nitroprusside, regardless of loading status (Fig. 7B). With p21, expression was
shown to be significantly increased in cultures from hind-limb unloaded mice, regardless

of whether or not sodium nitroprusside was supplemented (Fig. 7C).
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Figure 7. Gene expression levels in cells from normally loaded (NL) and hind-limb unloaded (HU) C57Bl/6 mice
after 14 days of unloading and 9 days of ex vivo cell culure. Genes for differentiation (a,b) and proliferation (c)
were assayed. Cells were cultured either in standard growth media (Control) or growth media supplemented with
sodium nitro-prusside (0.5 uM). Expression levels normalized to housekeeping genes (GAPDH). Data are mean +
SD, n = 5/group, * p-value < 0.05. No significant differences were detected in ALP gene expression.
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Discussion

In Vitro Effects

For this study, measures of bone structure and integrity were chosen based on
parameters well-established in published literature. These included measures of overall
bone volume, as well as structural characteristics of cancellous bone. Due to its
importance in maintaining structural integrity, and because of its higher turnover rate,
cancellous bone tissue is ideal for evaluation of structural responses.

Results indicate that two weeks of hind-limb unloading is sufficient to induce
significant degeneration of bone tissue in femora and tibiae and is evident in key
structural subunits of cancellous tissue, the trabeculae. This finding suggests a
relationship between hind-limb unloading exposure and bone loss, but does not specify
cellular or molecular mechanisms involved in this response.

Quantitative PCR was used to measure RNA expression levels of genes for nitric
oxide generation in flushed bone tissue and in bone marrow cells, individually. Both
inducible nitric oxide synthase (iNOS or NOS2) and endothelial nitric oxide synthase
(eNOS or NOS3) gene expression were quantified for nitric oxide generation. Nitric
oxide synthase is an integral enzyme in nitric oxide generation from L-arginine. Its
product, nitric oxide (NO), is an important signaling molecule involved in a plethora of
physiological functions, with osteoblast differentiation among them (Koyama et al.,
2000; Ralston et al., 1994; Van'T Hof et al., 2001). iNOS, the inducible form of the
enzyme, is known to generate high levels of NO in response to stimulus while eNOS, the

endothelial form of the enzyme, provides a more consistent source of NO in the cell,
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constitutively expressed in normal tissues. Quantitative PCR was chosen to investigate
the cellular responses in vivo because of its resolution and possible parallels to protein
expression.

It was important to distinguish between bone tissue cells and bone marrow cells in
order to distinguish the stromal and adherent cells of bone tissue, which contain
osteoblast lineage cells, from the mostly haematopoietic cell populations of the marrow.
Separation of bone marrow cells from bone tissue results in more specificity of the gene
expression results. It was found that hind-limb unloading for up to 16 days was able to
down-regulate expression of iNOS in both bone and marrow cells, but had no effect on
eNOS expression in either bone or marrow. It should be noted that eNOS expression
typically does not respond to external, environmental stimulation (Van'T Hof et al.,
2001). Therefore, the inability of hind-limb unloading to induce changes in eNOS
expression is not surprising. The hind-limb unloading induced inhibition of iNOS
expression, however, suggests a correlation between hind-limb unloading and the nitric
oxide metabolism potential of bone, and suggests that the changing levels of nitric oxide
synthase expression are in response to an external stimulus.

Although gene expression is a highly reliable and informative method of analysis,
it is not without its limitations. Changes in gene expression do not always result in
changes to phenotype or molecular mechanisms or protein levels. Gene expression is
only a single step in the regulation of cellular responses and may be encouraged or
inhibited by other regulatory processes. Although mineralized bone tissue and bone

marrow contain certain cell types, they are heterogeneous populations. As with any
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analysis performed on a heterogeneous population, single subpopulation effects may be
masked by the whole, and may be unquantifiable using the methods employed in these

experiments.

Ex Vivo Effects

To build upon the conclusions drawn from in vivo results, it was necessary to
corroborate the findings with data from osteoprogenitors, specifically. During
osteoblastogenesis, progenitor cells undergo a series of changes which lead to unique
expression of genes and proteins. These changes coincide predictably with different
stages of osteoblastogenesis and therefore can be used as indicators of differentiation
state. Additionally, because osteoblastogenic activity is regulated by cell contact,
proliferation (a prerequisite for establishing cell density) can be used to evaluate
osteoblastogenic potential.

Measures of alkaline phosphatase activity were used to determine differentiation
state of ex vivo osteoprogenitors, while DNA quantification was used as an estimate of
cell number which eventually affects differentiation potential. Alkaline phosphatase
removes phosphate groups from biological molecules and is commonly used as an
indicator of early differentiation in osteoprogenitors, since its expression and activity
increase at the onset of differentiation (Pittenger et al., 1999). DNA quantification is used
as an indirect measure of cell count and, by evaluating changes in cell count over time,
proliferation.

Since ALP activity was unchanged in differentiating osteoprgenitors, it is unlikely

that the mechanism of effect influences the early stages of osteoblastogenesis in
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osteoprogenitors. This does not necessarily exclude potential effects manifested in later
stages of osteoblast differentiation. With regards to cell number and proliferation, these
findings suggest that simulated microgravity does not affect cell number or proliferation

in osteoprogenitors.

Nitric Oxide Supplementation as a Countermeasure

Since nitric oxide has been shown to increase mineral deposition in osteoblasts
(Afzal et al., 2004), a mechanism inhibited by simulated microgravity, I hypothesized
that exogenous nitric oxide treatment of cells from hind-limb unloaded mice would
counteract the inhibitory effects of hind-limb unloading in osteoprogenitors. Sodium
nitroprusside is a compound commonly used in medicine as a vasodilator and in research
as an intracellular nitric oxide donor. As a donor, sodium nitroprusside is more stable
than its eventual breakdown product, nitric oxide. Because of this stability, it is able to be
taken in by the cell before it breaks down, effectively increasing nitric oxide
concentrations within the cell.

The efficacy of nitric oxide as a countermeasure to osteoprogenitor microgravity
response was evaluated by observing changes in early differentiation, proliferation, and
gene expression of osteoprogenitors as measured by ALP activity and gPCR following
SNP supplementation in growth media. For qPCR analyses, p21, a gene which codes for
a cyclin-dependent kinase inhibitor that down-regulates cell cycle progression was
chosen as a biomarker for inhibition of proliferation. ALP and BGLAP are proteins
expressed in early and late stages, respectively, of osteoblast differentiation and were

chosen as biomarkers for differentiation state. ALP was chosen because alkaline
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phosphatase expression is observed to increase predictably at the onset of
osteoblastogenesis while BGLAP, also known as osteocalcin, was chosen because of its
positive correlation to bone mineral density and its origins as a product of differentiated
osteoblasts.

Since SNP supplementation did not alter ALP activity in osteoprogenitors from
hind-limb unloaded animals, I conclude that nitric oxide treatment did not affect early
stages of osteoblast differentiation. This is not surprising considering that simulated
microgravity does not influence ALP activity in normal cells. This was corroborated by
gene expression data which indicated no differences in ALP gene expression between
SNP supplemented groups and their respective controls. Interestingly, gene expression
results suggest that both simulated microgravity and nitric oxide supplementation are able
to affect osteoprogenitor function, although each in separate cellular mechanisms. Up-
regulation of p21 gene expression in cultures from hind-limb unloaded animals indicates
that proliferation is inhibited with simulated microgravity exposure; a conclusion
supported by several studies (Blaber et al., 2013; Dai, Wang et al., 2007; Hughes-Fulford
et al., 1996). Alternatively, nitric oxide supplementation down-regulated BGLAP and not
ALP or p21 gene expression in culture, implying that nitric oxide regulates later stages of
differentiation and not earlier stages or proliferation. It is no surprise, then, that SNP
supplementation was not able to improve mineralization ability of cells from hind-limb

unloaded mice.
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Summary and Conclusions

This study shows that two weeks of simulated microgravity via hind-limb
unloading is sufficient to induce gene expression responses which regulate nitric oxide
metabolism iz vivo in bone tissue, and associated stromal cells. Furthermore, cell culture
analyses of bone stromal cells revealed that these changes remain persistent in
osteoprogenitors after nine days in culture. Introduction of exogenous nitric oxide via
sodium nitroprusside supplementation was not able to ameliorate the persistent effects of
simulated microgravity nor able to improve mineralization capacity of previously hind-
limb unloaded osteoprogenitors. The failure of exogenous nitroprusside to counteract the
effects of simulated microgravity in osteoprogenitors may lie in the fact that it
downregulates gene expression of differentiation marker BGLAP, whereas simulated
microgravity exposure, in vivo, was found to upregulate proliferation gene p21 in ex vivo
cell culture. This distinction signifies that the influences of microgravity and nitric oxide
metabolism manifest in separate mechanisms of osteoblast regulation. This suggests that
nitric oxide, despite its ability to regulate osteoblastogensis, is not a suitable

countermeasure to microgravity-induced responses in osteoprogenitors.
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