
 

       

Spring 2018  |  Insider Imprint  |  28 

RESEARCH	AT	LIVERPOOL	

1Third Year Anatomy Student, School of Life Sciences, 
University of Liverpool, Liverpool, UK, L69 7ZB 

Abstract 
Osteocytes (Ocy), the most abundant cell type in osseous ssue, are essen al in bone turnover, yet their 
molecular regulators are largely unknown. Nitric oxide (NO), a small diatomic molecule, serves a range of 
important physiological func ons and is synthesized by three nitric oxide synthase (NOS) isoforms. Inducible 
NOS (iNOS) is involved in regula ng proinflammatory cytokines, endothelial NOS (eNOS) plays an important 
role in cardiovascular homeostasis, and neuronal NOS (nNOS) is involved synap c transmission. Further-
more, nNOS has been shown to decrease bone turnover by media ng oestradiol. This inves ga on set out 
to inves gate an nNOS regulatory mechanism on Ocy ac vity, by analysing Ocy lacunae from ex vivo bone 
samples from mice with the nNOS gene inac vated. Tibiae were dissected out from twenty-three mice and 
scanned at 1.2 microns, using micro computed tomography (µCT). Analysis of the scans showed that Ocy 
lacunae number, Ocy lacunae volume and total bone volume were greater in the nNOS-/- knockout (KO) mice 
compared with the wild-type (WT) controls, but were not significant (P = 0.058, P = 0.092 & P = 0.164 re-
spec vely). Ocy thickness was similar in both nNOS-/- KO and WT mice. This study indicates, that although 
not sta s cally significant, Ocy lacunae number and volume was increased within the nNOS-/- KO mice, sug-
ges ng that nNOS derived NO does influence Ocy ac vity and poten ally bone turnover, either directly or 
indirectly via an unknown mediator/pathway. Further inves ga on analysing nNOS expression, cell death, in 
vivo imaging, with a larger sample size, may provide a more defined picture into a nNOS-Ocy regulatory 
mechanism, that 1) regulates bone turnover, and 2) mediates oestradiol func on. 

Inves ga ng the role of neuronal nitric oxide and its effects on os-
teocytes in bone 

Bone is an adaptable, strong ssue that provides vital organs with protec on, supports movement, and, in 
part, regulates calcium and phosphate levels within the body. Bone is monitored by three primary cell 
types: osteoblasts, involved in deposi on of new bone; osteoclasts, involved in breaking down bone; and 
osteocytes, involved in responding to stresses and strains on the bone, and regula ng the ac vity of the 
two former cell types. In recent years, osteocytes have been at the forefront of bone research due their 
role in bone maintenance and poten ally, their role in diseases such as osteoporosis. Nitric oxide (NO), a 
small molecule well known for its role in allevia ng angina pectoris (chest pain), is produced by a group of 
proteins called the nitric oxide synthases (NOS). One form of NOS, neuronal NOS (nNOS), is thought to in-
fluence osteocyte ac vity.  
This inves ga on a empted to define a new mechanism involved in osteocyte regula on, by examining 
the effects of nNOS derived NO on osteocytes, using mouse as a test organism. Female mice were bred so 
that nNOS was not expressed, meaning the mice did not produce NO from nNOS. Using an imaging tech-
nique called micro computed tomography (µCT), scans of the mice shin bones were produced and ana-
lysed. The results revealed an increased amount of osteocyte lacunae (hollow space were osteocytes are 
located) in the mice without nNOS, compared to the normal mice that had nNOS. However, there was not 
a significant difference. Further inves ga on using techniques that analyse protein ac vity and in vivo 
(animal s ll living) imaging, may provide a greater insight into a nNOS-osteocyte rela onship. 

Drew Guidon1 

O steocytes (Ocy) comprise 90-95% of bone cells (1, 
2). Long thought to only serve as mechanosensors, 

it has been suggested that Ocy are ac vely involved in 
regula ng bone remodelling (3), and calcium and phos-

phate homeostasis (1). Ocy are terminally differen ated 
osteoblasts that have become embedded within their 
own extracellular matrix (osteoid). Once encased within 
the matrix (known as lacuna post-mineralisa on), osteo-
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blasts undergo dis nct morphological and anatomical 
changes, that sees the cells lose organelles and subse-
quently lose their ability to synthesize osteoid (4). 
 
The role of Ocy in mechanosensing is well understood 
(5), but Ocy can also sense and respond to condi ons and 
stresses, such as those created from microdamage. The 
la er can result in apoptosis of the Ocy around the site 
of damage (e.g. microcrack), which results in a subse-
quent increase of localized bone resorp on by osteo-
clasts (4). This was demonstrated in a study by Cardoso 
et al. (6) study, in which rats were treated with an apop-
tosis inhibitor (pan-caspase inhibitor Q-VD-OPh) and 
their ulnae underwent in vivo fa gue loading. There was 
considerable reduc on in Ocy apoptosis and osteoclast 
ac vity, sugges ng that Ocy apoptosis is an important 
localized mechanism in bone regula on. This infers that 
important signalling mediators are released from the 
apopto c Ocy, which can influence osteoclast ac vity, or 
Ocy are cons tu vely producing regulators that control 
osteoclast matura on. However, what is known, Ocy that 
are close enough to the site of microdamage, express Bax 
(1), a pro-apopto c protein able to mediate apoptosis. 
Whereas Ocy further from the site of microdamage, ac-

vely express Bcl-2 (7), an an -apopto c protein. Both 
mechanisms suggest there is an external signal(s) influ-
encing Ocy apoptosis.  
 
Nitric oxide (NO) is a diatomic, highly reac ve free radical 
that is an important pharmacological product and is in-
volved in many physiological processes. Best known for 
its potent vasodilatory effects (8), NO acts a gastropro-
tec ve agent (9), is involved in neurotransmission, and 
inhibits platelet aggrega on and smooth muscle prolifer-
a on (10). A previous study by van‘t Hof et al. (11), sug-
gested that NO is an important regulator of bone turno-
ver, specifically, NO derived from nNOS. NO is synthe-
sized by a family of enzymes, the nitric oxide synthases 
(NOS) (12). These include three known isoforms: neu-
ronal NOS (nNOS or NOS1), inducible NOS (iNOS or 
NOS2) and endothelial NOS (eNOS or NOS3) (13). NO is 
produced from the conversion of L-arginine to L-
citrulline, in the presence of molecular oxygen, reduced 
nico namide adenine dinucleo de phosphate (NADPH) 
(8), and addi onal co-factors depending on the NOS iso-
form (13). NO can also be derived exogenously from die-
tary nitrate (9), and from pharmacological agents such as 
nitro-glycerine. Both nNOS and eNOS are calcium de-
pendent enzymes, that are cons tu vely expressed with-
in their ssues of origin (12), and are highly regulated 
with a low NO output (14). Whereas iNOS is calcium in-
dependent, and is upregulated by pro-inflammatory cy-
tokines (13), that results in a high localized NO output 
over the course of many hours (12).  All three NOS 
isoforms are expressed within osseous ssue (12). Tar-
geted dele on of each NOS isoform gene has revealed 
the role of each enzyme in bone metabolism. eNOS null 
mice show a mild osteoporo c phenotype. Klein-Nulend 

et al. (12) reported that female mice showed a blunted 
response to the presence of oestrogen. This suggests 
that the s mulatory effects of oestrogen on osteoblasts, 
is dependent on localized eNOS derived NO. iNOS de-
rived NO in bone has an an prolifera ve and pro-
apopto c effect on osteoblasts, and enhances bone re-
sorp on (14). iNOS derived NO has been iden fied as an 
important mediator of Interleukin-1 (IL-1) induced bone 
resorp on (15). Furthermore, Watanuki et al. (16) 
showed iNOS-/- knockout (KO) mice, following acute fa-

gue loading, had a blunted response to bone deposi on 
and resulted in persistent low bone mass. 
 
The role of nNOS within osseous ssue, is not fully under-
stood. A previous study by van‘t Hof et al. (11), reported 
that within nNOS KO mice, there was a notable increase 
in bone mineral density (BMD), specifically in trabeculae 
bone, and that there was a reduc on in bone turnover in 
vivo. Whereas in vitro analysis, saw normal or increased 
bone turnover, which the authors a ributed to an uni-
den fied endocrine or neurogenic pathway. van‘t Hof et 
al. (11) focused on nNOS within osteoblasts and osteo-
clasts, but the expression of nNOS within Ocy was not 
analysed.  Osteocyte derived eNOS, has been shown to 
be an important mediator in response to mechanical 
loading (17), but the role of Ocy derived nNOS is not as 
clear. Earlier studies had iden fied nNOS expression in 
Ocy (18), but as with van‘t Hof et al. (11), its role in bone 
health and disease had not been addressed. Interes ng-
ly, Thomas et al. (21), a follow-up study of van‘t Hof et al. 
(11) inves ga on, demonstrated that a nNOS bone phe-
notype is exclusive to females. The nNOS KO mice 
showed an accelerated bone loss following ovariectomy, 
and subsequent administra on of oestradiol showed a 
hyper-responsiveness, with a greater increase in bone 
volume, compared to the controls, sugges ng nNOS me-
diates oestradiol. 
 
There are s ll many unanswered ques ons regarding the 
func on of nNOS on Ocy ac vity in bone health and dis-
ease. Previous studies have demonstrated the func on 
of eNOS and iNOS within bone, and their expression 
within osteoblasts and osteoclasts, but the Ocy has large-
ly been overlooked. This study a empted to expand on 
previous research, by studying the effects that inac vat-
ed nNOS had on female mice biae, by analysing Ocy 
lacunae using µCT. 
 
Methods and Materials 
Animals 
Twenty-three hindlimbs, from twelve-week-old female 
mice (ten nNOS WT, ten nNOS homozygous KO and three 
nNOS heterozygous KO) on a c57/bl6 background, were 
taken at random from a pool of 1348 frozen samples. In 
batches of six or seven, they were le  to defrost for one 
hour on the day of scanning. Using a size twenty-one 
scalpel, the biae were dissected out, cu ng the patellar 
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ligament proximally and transec ng the biae proximal 
to the ankle distally. The biae were freed and cleaned of 
most so  ssue (e.g. muscles, ligaments) and stored in 
phosphate buffered saline (PBS). 
 
µCT analysis 
Cross-sec onal images of the samples were produced ex 
vivo using a Skyscan 1272 desktop µCT (Bruker, Kon ch, 
Belgium). To mount the samples, the stages were 
adapted to ensure the bones remained fixed during the 
rela vely long scan me (~3.45 hours). Once loaded, 
stage eleva on was ascertained so that the scans were 
directed at the region of interest (ROI) (proximal diaphy-
sis of the bia, distal to the proximal epiphyseal growth 
plate (metaphysis)). The sample was inserted into the 

scanning chamber, the chamber door was closed and the 
X-ray was turned on (50 kV). The eleva on for the ROI 
was recorded, and the procedure repeated for each sam-
ple on their respec ve day of scanning. Before ini a ng 
the scans proper, the parameters for each bone had to 
be set: a file directory was made, eleva on was entered, 
voxel size set to 1.2 microns, energy filter set at Al 
0.5mm, rota on set to 0.1o and camera resolu on was 
set to 4032x2688. 
 
Scan reconstruc on and volume analysis 
Reconstruc on of the µCT scans was performed using the 
associated Bruker so ware, NRecon version 1.7.1.0. Be-
fore a scan was reconstructed (of approximately 1000 
out of 1800-1900 slices produced), any poten al axial 

Figure 1. A preview slice demonstra ng an unreliable scan, due to the presence of movement arte-
facts (arrow heads), that were caused by the sample moving during the scan, and results in incom-
plete image reconstruc on. 

Figure 2. 3D reconstructed sec on of bone (proximal bia) using CTvox. The red dots indicate Ocy 
lacunae. 
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shi  had to be compensated for. X/Y alignment with a 
reference scan, with a maximum shi  of 20 pixels was 
set. Following axial compensa on, a slice was previewed, 
and the dynamic range was set with an upper limit of 
0.16. The slice was visually assessed for any artefacts, 
(e.g. movement or noise) (figure 1), then added to batch 
to be reconstructed with all samples. 
 
To analyse the Ocy lacunae and bone volumes, a volume 
of interest (VOI) was selected to ensure that only the 

bia would be analysed. DataViewer version 1.5.2.7, was 
used to select a VOI of 400 slices on a sagi al, coronal 
and transverse axis. The VOI was then loaded into CTAn 
version 1.15.4.0, and a macro was loaded to clean the 
reconstruc on by: removing blood vessels, smoothing 
out the edges (caused by the par al voxel effect), remov-
ing artefacts caused by noise (small concentric holes, 
smaller than Ocy lacunae) (also called despeckle), and 
account for the air bubbles that mimicked structures 
within the marrow space. Using the data produced from 
CTAn, the lacunae density and distribu on were visually 
assessed in CTvox version 3.0.0 (figure 2). 
 
Sta s cal analyses 
A sta s cal analysis was performed using Sta s cal Pack-
age for the Social Sciences (SPSS) version 22 for windows 
(SPSS Inc., Chicago, USA). Sta s cal differences between 
the genotypes were ascertained by independent two 
sample T-tests. An alpha value of P < 0.05 was considered 
sta s cally significant.  
 
Results 
Bone measurements 
Ocy lacunae number, Ocy lacunae volume (i.e. total vol-
ume that Ocy lacunae occupy within the bone) and total 
bone volume, as assessed by µCT and CTAn, were greater 
in the nNOS-/- KO mice compared to the WT controls (see 
table 1 and figures 3 & 4). However, Ocy lacunae number 
(P = 0.058) and Ocy lacunae volume (P = 0.092) were not 
sta s cally significant between the WT and nNOS-/- KO.  

Although Ocy lacunae number and Ocy lacunae volume 
were greater in the nNOS-/- KO mice, Ocy lacunae separa-

on was smaller than the WT mice (P = 0.090) (table 1). 
Interes ngly, Ocy thickness was rela vely uniform for 
both genotypes (P = 0.933).  
 
Discussion 
Previous research by MacPherson et al. (19) and van‘t 
Hof et al. (11), has shown that both iNOS and eNOS play 
a role in the regula on of bone metabolism. nNOS on the 
other hand has largely been overlooked, there has been 
li le research on its role in bone health and disease. 
However, what is understood, nNOS is expressed ubiqui-
tously and cons tu vely within healthy, adult bone, spe-
cifically within Ocy (11, 20). To assess nNOS as a poten al 
regulator of Ocy ac vity, this inves ga on analysed the 
effects that targeted dele on of nNOS had on Ocy, by 
quan ta vely assessing the Ocy lacunae in nNOS-/- KO 
mice. The analysis revealed that Ocy lacunae number and 
lacunae volume (i.e. total bone volume Ocy lacunae oc-
cupy) had increased within the nNOS-/- KO mice com-
pared to the WT controls, but not significantly. Inter-
es ngly however, lacunae thickness had remained rela-

vely uniform in both groups, sugges ng that Ocy lacu-
nae microarchitecture had not been altered.  
  
 Previous work by Thomas et al. (21) had demonstrated 
that a bone phenotype in nNOS mice, is exclusive to fe-
males. Furthermore, following ovariectomy on the nNOS 

KO mice, bone loss was greater compared to the WT 
mice. Studies by van‘t Hof et al. (11) and Thomas et al. 
(21) both indicated that nNOS KO mice bone mass and 
trabecular bone volume had increased. This coincides 
with the results of this study showing an increased bone 
volume. However, van‘t Hof et al. (11) and Thomas et al. 
(21) did not analyse Ocy lacunae.  This study showed Ocy 
lacunae separa on had decreased (see table 1) and, Ocy 
lacunae number was greater in the nNOS-/- KO mice com-
pared to the WT, albeit not significantly. This suggests 
Ocy lacunae are more densely distributed and in greater 
number within the nNOS-/- KO mice. These findings could 

Table 1. Results of the µCT image analysis. Values are expressed as mean ± SEM. P values 
produced from independent two sample T-tests. OLN, Ocy lacunae number; OLS, Ocy lacunae 
separa on; OLV, Ocy lacunae volume; OT, Ocy thickness; TBV, total bone volume. 
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indicate that nNOS derived from Ocy is a primary local-
ised mediator of bone turnover, by directly or indirectly 
inhibi ng deposi on, s mula ng resorp on or both. Fi-
nally, the differences in bone volume between nNOS-/- 
KO and WT mice would suggest that Ocy alone, mediated 
by nNOS, regulate bone turnover. This is supported by 
van’t Hof et al. (11) findings that indicated osteoblast 
ac vity (prolifera on and deposi on) was unchanged in 
nNOS null mice in vitro, sugges ng an extrinsic mediator. 
 
To be er understand the effects of Ocy derived nNOS on 
bone turnover, further inves ga on is required using 
techniques that can provide more accurate results. Using 
mice bred on a Cre-LoxP recombina on system, targe ng 
nNOS within Ocy, will circumvent any poten al systemic 
effects caused by knocking the nNOS gene out from the 
germline (22). Also, as well as providing temporal and 
spa al inac va on within bone, Cre-LoxP may delineate 
a poten al secondary source of nNOS that acts on Ocy, 
such as one mediated by a neurogenic or endocrine path-
way as suggested by van‘t Hof et al. (11). Finally, this 
study pushed the capability of the µCT to its reliable lim-
it, using a µCT that can produce higher quality scans at a 
smaller voxel size, such as those that use synchrotron 
radia on, may provide more accurate measurements of 
Ocy lacunae.   
 
To conclude, the results of this study suggest that bone 
volume, Ocy lacunae number and density increased with-
in nNOS-/- KO mice. This suggests that nNOS regulates 
Ocy ac vity and bone turnover. Further inves ga on is 
needed to delineate poten al signalling pathways and 

mechanisms regula ng nNOS expression within Ocy, 
which in turn may reveal a yet unknown key mediator of 
bone turnover. 
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