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Abstract

Bone marrow contains a multitude of mechanically 
sensitive cells that may participate in mechanotransduction. 
Primary cilia are sensory organelles expressed on 
mesenchymal stem cells (MSCs), osteoblasts, osteocytes, 
and other cell types that sense fluid flow in monolayer 
culture. In marrow, cilia could similarly facilitate the 
sensation of relative motion between adjacent cells or 
interstitial fluid. The goal of this study was to determine 
the response of cilia to mechanical stimulation of the 
marrow. Bioreactors were used to supply trabecular bone 
explants with low magnitude mechanical stimulation 
(LMMS) of 0.3 ×g at 30 Hz for 1 h/d, 5 d/week, inducing 
shear stresses in the marrow. Four groups were studied: 
unstimulated (UNSTIM), stimulated (LMMS), and 
with and without chloral hydrate (UNSTIM+CH and 
LMMS+CH, respectively), which was used to disrupt 
cilia. After 19 days of culture, immunohistochemistry for 
acetylated α-tubulin revealed that more cells expressed 
cilia in culture compared to in vivo controls. Stimulation 
decreased the number of cells expressing cilia in untreated 
explants, but not in CH-treated explants. MSCs represented 
a greater fraction of marrow cells in the untreated explants 
than CH-treated explants. MSCs harvested from the 
stimulated groups were more proliferative than in the 
unstimulated explants, but this effect was absent in CH 
treated explants. In contrast to the marrow, neither LMMS 
nor CH treatment affected bone formation as measured by 
mineralising surface. Computational models indicated that 
LMMS does not induce bone strain, and the reported effects 
were thus attributed to shear stress in the marrow. From a 
clinical perspective, genetic or pharmaceutical alterations 
of cilia expression may affect marrow health and function.
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Introduction

Bone marrow is made up of a heterogeneous population 
of cells of the mesenchymal and haematopoietic lineages. 
Bone marrow cells are mechanosensitive and, as such, 
may contribute to the overall mechanobiology of bone 
(Castillo and Jacobs, 2010; Sims and Walsh, 2012; Soves 
et al., 2014). For example, isolated marrow cultures form 
bone in response to cyclic strain (Gurkan et al., 2011). 
Supporting this concept, inertial loading in the form of low-
magnitude mechanical stimulation (LMMS) induced net 
bone formation correlated to the mean marrow shear stress 
in an explant culture model (Birmingham et al., 2015). 
Complementing these ex vivo studies, in vivo studies have 
reported bone formation in response to LMMS in trabecular 
bone (Judex et al., 2007; Rubin et al., 2002; Rubin et al., 
2001) in the absence of significant matrix strains (Garman 
et al., 2007). As such, there is growing evidence for a 
contributing role of bone marrow mechanobiology in 
bone adaptation.
	 Many cellular structures have been identified as 
mechanosensors, including integrins (Batra et al., 2012; 
Litzenberger et al., 2010), cadherins (Arnsdorf et al., 
2009; Marie and Hay, 2013; Xu et al., 2013), and the actin 
cytoskeleton (Malone et al., 2007). The primary cilium is a 
cell appendage organelle formed during the quiescent/G1 
phase of the cell cycle. It is comprised of nine microtubule 
doublets that attach to the basal body and is encased in 
the plasma membrane (Gerdes et al., 2009; Kobayashi 
and Dynlacht, 2011; Sorokin, 1962; Wheatley et al., 
1996). Primary cilia are essential mechanosensors in renal 
epithelial cells and are also found in MSCs, osteoblasts, 
and osteocytes (Hoey et al., 2012b; Malone et al., 2007; 
Praetorius and Spring, 2002). Cilia affect biochemical 
responses to fluid flow in these cells when cultured in two-
dimensions (2D) (Hoey et al., 2012b; Malone et al., 2007) 
by upregulating osteogenic factors (Hoey et al., 2012a). 
Cells in the marrow express primary cilia in vivo, with 
a greater concentration near the bone-marrow interface 
(Coughlin et al., 2015). However, the role of primary cilia 
in the marrow microenvironment has not been determined.
	 The means by which cells sense loading and 
convert it  into a biological response is called 
mechanotransduction. Primary cilia may play a role in 
osteocyte mechanotransduction, but their role in marrow 
cell mechanotransduction is unknown. Osteocytes, which 
are bone cells buried in mineralised bone matrix, are 
believed to participate in mechanotransduction by sensing 
deformation of their surrounding lacuno-canalicular 
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network during loading-induced matrix strain (Darling et 
al., 2004; Piekarski and Munro, 1977; Verbruggen et al., 
2014; Weinbaum et al., 1994). Recent studies indicate 
that the osteocyte’s primary cilium could play a role in 
sensing this deformation by means of fluid flow (Malone 
et al., 2007; Nguyen and Jacobs, 2013; Uzbekov et al., 
2012), based on experiments with cultured osteoblasts 
and osteocytes (Hoey et al., 2011; Hoey et al., 2012b; 
Malone et al., 2007; Uzbekov et al., 2012). In addition, the 
upregulation of osteogenic genes in MSCs by fluid flow 
stimulated osteocytes depended on cilia presence in the 
osteocytes (Hoey et al., 2011). Primary cilia are present 
in bone marrow resident cells (Coughlin et al., 2015), and 
have been proposed to act as mechanosensors in human 
bone marrow derived mesenchymal stem cells (MSCs) 
(Tummala et al., 2010). Cilia in MSCs significantly change 
their length in response to hypoxia (Brown et al., 2014), 
and different media formulations (Bodle et al., 2013).
	 The goal of this work was to determine whether 
primary cilia in bone marrow cells play a role in marrow 
mechanobiology. We hypothesised that mechanical 
stimulation of the marrow would affect primary cilia 
expression, and that altering the primary cilium would 
affect the marrow cell population’s response to mechanical 
stimulation. To test this hypothesis, we studied primary 
cilia expression and the MSC population after LMMS 
in an in situ explant culture system (Birmingham et al., 
2015). Specifically, we (1) quantified the expression of 
primary cilia in bone marrow after culture in mechanically 
stimulated (LMMS) and unstimulated (UNSTIM) 
conditions; (2) quantified the effect of LMMS on the 
proliferative potential of MSCs and on bone formation; 
and (3) determined the effect of knocking down primary 
cilia on these outcomes.

Materials & Methods

Trabecular bone explant: MSC isolation and 
bioreactor culture
Trabecular bone explants were obtained from the C2 
vertebrae of immature sheep, 9 to 10 months of age, 
within 4  h post mortem. Vertebrae were maintained on 
ice throughout sample preparation. To isolate explants 
devoid of cortical bone, vertebral processes and end plates 
were sawed off to expose the trabecular bone and marrow. 
Cylindrical explants, 8.1 mm in diameter, were prepared 
using a diamond-tip core drill (Starlite Industries, Bryn 
Mawr, PA, USA) at low drill speeds to minimise heating 
and damage to the explants. All drilling and sawing was 
performed with ice cold, sterile phosphate buffered saline 
(PBS) with 3  % antibiotic/antimycotic (AB/AM) as a 
lubricant. The cores were cut to uniform lengths with 
parallel ends using a low-speed diamond saw (Beuchler 
Isomet, Lake Bluff, IL, USA).
	 To isolate marrow cells, the marrow was centrifuged 
from each explant at 3,500 ×g and plated into T175 flasks. 
The cells were expanded to passage 3 in MSC growth 
media (89 % high glucose Dulbecco’s Modified Eagle’s 
Medium (DMEM), 10 % foetal bovine serum (FBS), 1 % 
antibiotic/antimycotic (AB/AM)).
	 For bioreactor culture, the isolated explants were placed 
into bioreactors with continuously circulating MSC growth 
media (Fig. 1a,b).

Differentiation assays
Tripotentiality assays were performed to verify that 
plastic adherent cells were capable of differentiating to 
the three primary mesenchymal phenotypes. Osteogenic 
and adipogenic assays were performed as described 
previously (Freeman et al., 2015) and chondrogenic 
assays were carried out according to (Pittenger et al., 
1999), with slight modifications. Osteogenic assays 

Fig. 1. Bioreactor setup. (a) A voice coil (VC) linear actuator with sub-micron closed loop control applied LMMS 
to polysulfone culture chambers (bioreactors, detail in b). A peristaltic pump continuously circulated media. Each 
explant had an individual media reservoir. (b) In the bioreactor chambers, explants were fixed between two threaded 
rods, which transmitted vibration longitudinally to the explants.
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were stained for mineralisation with alizarin red, and 
adipogenic assays were stained for lipids with oil red O. 
Briefly, chondrogenesis was induced using 250,000 cell 
pellets with high-glucose DMEM, 2  mM L-glutamine, 
1 % AB, 100 nM dexamethasone, 50 µg/mL ascorbic acid 
2-phosphate, 40 µg/mL L-proline, 1 % of ITS (Sigma), 
5.33  µg/mL linoleic acid, 1  mM sodium pyruvate and 
10 ng/mL of transforming growth factor β-3. Chondrogenic 
assays were assessed after 21 d using 0.1 % nuclear fast 
red to counterstain nuclei and alcian blue at 1  % pH  1 
to stain glycosaminoglycans (GAGs), indicative of 
chondrogenesis.

Effect of chloral hydrate on cilia expression in ovine 
MSCs and bone marrow
Chloral hydrate (CH) was used to knockdown primary 
cilia. The effect of CH on ovine MSCs was first assessed in 
monolayer culture. In kidney cells subjected to 68 h of CH 
treatment and then switched to normal medium, appeared 
normal and remained without cilia for 72  h (Praetorius 
and Spring, 2002). At 96 h in normal media, only short 
cilia were observed on a fraction of these cells. As such, 
the knockdown and recovery of cilia by CH in ovine cells 
was verified in two experiments.
	 First, trabecular bone explants were excised from the 
cervical vertebrae of three sheep, one from each sheep. 
Isolated marrow cells were plated at a density of 10,000 
cells/cm2 on collagen-coated slides. After 24 h, the media 
was supplemented with 4 mM CH for 72 h, which was 
refreshed every 24 h (Delaine-Smith et al., 2014; Praetorius 
and Spring, 2002). Immunocytochemistry (ICC) using 
anti-acetylated α-tubulin (Abcam, Cambridge, MA, 
USA), a marker of primary cilia (Malone et al., 2007), 
was performed at 24 h intervals after CH treatment was 
complete to examine the disruption and recovery of the 
primary cilia over a 96 h period.
	 The efficiency of CH on primary cilia knock down in 
trabecular bone explant marrow was determined using in 
situ bioreactor culture of twelve trabecular bone explants. 
The explants were cultured in two groups, with and without 
CH (± CH). Explants in the +CH group were cultured in 

MSC growth media for 2 d before media was supplemented 
with 4 mM CH for 72 h, refreshed every 24 h. On day 5, 
all explants were returned to normal MSC growth media. 
Three explants in each group were fixed in 10 % neutral 
buffered formalin on day 7 (48  h after CH treatment) 
and the remaining explants were fixed on day 9 (96 h 
after CH treatment). Following fixation, explants were 
dehydrated, paraffin embedded, and prepared for histology 
and immunohistochemistry (IHC).

Effects of LMMS and cilia knockdown
The interaction between mechanical stimulation by 
LMMS and cilia knockdown on the MSC population 
and bone formation was examined on twelve trabecular 
bone explants. Four groups of three explants from 
different animals were studied: unstimulated (UNSTIM), 
stimulated (LMMS), and unstimulated (UNSTIM+CH) 
and stimulated (LMMS+CH) with CH treatment. Media 
in the +CH groups was supplemented with 4 mM chloral 
hydrate for 72 h, on days 2 through 5 and on day 9 through 
12 to disrupt the primary cilia (Fig. 2). There was no 
stimulation during CH treatment.
	 On days 5 through 9 and 12 through 16, stimulated 
groups were subjected to LMMS at 0.3 ×g, 30 Hz vibration 
for 1 h/d in a single loading bout (Fig. 2) according to 
(Birmingham et al., 2015), where this loading regime 
caused an anabolic response in trabecular bone explants. 
LMMS was applied by a feedback controlled voice 
coil actuator (Bose Enduratec, Edenprarie, MN, USA). 
Fluorochrome labels, calcein blue and alizarin red, 
were added to the media overnight on day 5 and day 15, 
respectively, to assess mineralising bone surfaces (Fig. 2). 
All groups were harvested after 19 d of culture, which was 
6 d after the last CH treatment in the +CH groups. Prior to 
demineralisation, explants were cut in half longitudinally 
using a low-speed diamond saw. One half of each explant 
was fixed, demineralised, and prepared for histology and 
IHC, while the other was trypsinised and centrifuged 
to remove the marrow. Marrow was removed from the 
explants by centrifugation at 3,500 ×g. After marrow was 
removed, the remaining trabecular bone was embedded 

Fig. 2. Experimental design for bioreactor culture. Chloral hydrate was added to the media on day 2 and 9 for 3 d 
and media was changed every 24 h (grey). LMMS was applied on day 5 and day 12 for 5 consecutive days at 30 Hz, 
0.3 ×g for 1 h/d (arrows). Fluorochrome labels were administered overnight on day 5 and day 15 using calcein blue 
and alizarin red, respectively. On day 19, explants were fixed for histology, IHC, and fluorescent imaging and cells 
were extracted from explants for CFU-F assays.



114 www.ecmjournal.org

TR Coughlin et al.                                                                                                                           Large bone defect healing

for histomorphometry, as described below. Sections for 
histology, IHC, and histomorphometry were taken least 
50 μm from the cut surface of the bone.

Immunohistochemistry for cilia expression
IHC was performed on two 20 µm sections of each explant 
to detect the presence of primary cilia. An anti-acetylated 
α-tubulin (Abcam) primary antibody was used to target the 
primary cilium, and proteinase K ready-to-use (Dako) was 
used for antigen retrieval. Samples were immuno-labelled, 
based on previous protocols (Coughlin et al., 2015). Briefly, 
anti-acetylated α-tubulin (Abcam-24610) at 1/20 dilution 
and Dylight 488 1/200 (Jackson ImmunoResearch) were 
used as primary and secondary antibodies, respectively, 
and 4’ (DAPI) was used as a nuclear counterstain.
	 Sections were prepared on a rotary microtome. The 
initial slices at the cut surface of the explant discarded 
to avoid marrow that was damaged or contaminated by 
the saw. Immuno-labelled image stacks were obtained 
to a depth of 15  μm using an inverted confocal laser-
scanning microscope (Nikon) at 60 × magnification with 
an oil immersion objective. Micrographs were obtained at 
1024 × 1024 pixel definition using a low scan speed and 
averaging two images. A 488 nm argon laser was used 
to excite Dylight 488 and 350 nm laser to excite DAPI. 
Three randomly selected marrow areas, were imaged per 
section – generating 6 image stacks per explant. Primary 
cilia were identified, based on their proximity to a cell 
nucleus (DAPI) and having a stained length greater than 
1 μm, following an established methodology (Coughlin et 
al., 2015). The length was measured in three dimensions 
using the Pythagorean Theorem, and correcting for the 
differing in-plane and out-of-plane resolution of the image 
stacks. The number of ciliated cells was normalised to 
the total number of cells, which were counted using the 
automatic nucleus counter plug-in on ImageJ (NIH). Data 
were compared to our previously reported data for freshly 
harvested ovine bone (Coughlin et al., 2015).

CFU-F assay
Colony forming unit-fibroblast (CFU-F) assays were 
performed to assess changes in the MSC population due 
to LMMS and CH treatment. Explants were trypsinised 
for 10  min and centrifuged at 3,500  ×g in three steps 
to remove the marrow. Marrow cells were resuspended 
in warm media and were plated at a density of 100,000 
cells/well in six-well plates. Assays were performed in 
triplicate for UNSTIM and LMMS groups. The number 
of cells extracted from the +CH groups was insufficient to 
perform triplicate wells. In the UNSTIM +CH group, one 
explant provided enough cells for triplicate wells while 
the other two explants provided enough for one and two 
wells. In the LMMS +CH group, two explants were done 
in triplicate, while one provided only enough cells for one 
well. Averages were taken first within samples and then 
across samples. The wells were fixed and stained with 
crystal violet after 5 d. Colonies were counted, and colony 
size was measured using ImageJ to determine the fraction 
of cells in the marrow and their proliferative potential 
(Lindner et al., 2010).

Histomorphometry
Histomorphometry was performed to determine the 
effects of marrow stimulation on bone formation. Half 
of each explant was embedded using Osteo-bed bone 
embedding-kit (Sigma), and sectioned at 200 µm using a 
diamond wire saw. Two sections per explant were polished 
to approximately 120 μm using 600 grit polishing paper 
followed by successive grades of abrasives ending with 
0.5 μm diamond paste. Sections were imaged on a Nikon 
i90 microscope using epifluorescence with a UV-1A 
filter to excite calcein blue and a TRITC filter to excite 
alizarin red. Eight random 0.68 mm × 0.51 mm images 
per section were taken at 200 × magnification. UV-1A and 
TRITC images were overlaid to visualise labelled bone 
surface. The percentage of mineralising surface (MS/BS) 
was determined using ImageJ according to (Parfitt et al., 
1987). MS/BS was averaged for each explant and then 
for each group.

Adipocyte area in marrow
Haematoxylin and eosin (H&E) stained sections were 
used to assess the adipocyte content in the explants. From 
4 to 24 random 1.39 mm × 1.04 mm areas of the marrow 
of each explant were imaged at 100  × magnification. 
The adipocyte area in the marrow for each explant was 
quantified using ImageJ and Matlab (Mathworks) by 
automatically thresholding to segment the adipocytes and 
the area was calculated by counting pixels.

Computational modelling of the effects of LMMS on 
bone and marrow
Computational modelling was used to assess the relative 
levels of mechanical stimulation in marrow and bone 
when subjected to LMMS. One explant was imaged by 
µCT (Scanco µCT-80, Brüttisellen, Switzerland) at 20 µm 
resolution. The images were resampled to 35 µm resolution, 
and tetrahedral finite element meshes of the bone and 
marrow were created. The bone marrow compartment of 
the explant was assigned a fluid viscosity of 400 mPa ∙ s 
and density of 900 kg/m3 (Coughlin and Niebur, 2012). An 
elastic modulus of 15 GPa and a density of 2000 kg/m3 were 
assigned to the bone tissue. Transient dynamic solutions of 
the marrow and bone models subjected to 0.3 ×g, 30-Hz 
cyclic loading applied to the bone-marrow interface for 
the marrow model, and to the bottom surface of the bone 
in the bone model were solved in ADINA® (Watertown, 
MA). At peak acceleration, the 25th, 50th, and 75th percentile 
fluid shear stresses were assessed in the fluid model and 
the average shear strain was quantified in the solid model.

Statistical analysis
Statistics were analysed by JMP software (SAS, NC). 
Student’s t-test or ANOVA with Tukey’s HSD post hoc test 
were used to compare groups in each analysis.
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Results

Primary cilia presence
Ovine bone marrow derived MSCs demonstrated their 
potential to differentiate into mesenchymal lineages, 
establishing their stem-like nature (Fig. 3). MSCs were 
immuno-labelled with acetylated α-tubulin as they 
recovered from one bout of 72 h of CH treatment (Fig. 4a). 
Cilia expression varied over time in ovine MSCs cultured in 
standard MSC growth media (−CH), with a peak of 45.5 % 
of cells expressing cilia at 48 h. There was no difference in 
the percentage of MSCs with cilia 24 h after CH treatment 
compared to untreated MSCs cultured for the same number 
of days (Fig. 4a). However, at 48 h after CH treatment 
there were 32 % fewer MSCs with cilia in treated MSCs 
(+CH) than untreated MSCs (−CH) (p = 0.042; Fig. 4a) 
There was no difference between +CH and −CH groups 
after 72 h (p = 0.108) and 96 h (p = 0.351).
	 When explants were treated with one bout of CH for 
72 h, the fraction of cells with cilia in the marrow was 
not significantly different from untreated explants at 48 h 
(p  =  0.334) or 96  h (p  =  0.341) during recovery from 
treatment (Fig. 4b). For this short term experiment, the 

variability was high resulting in statistical power of only 
0.12 for CH treatment, and would have required 16 samples 
per group to detect a difference. The marrow histology 
in trabecular explants exhibited no observable physical 
changes due to CH treatment (Fig. 4c).
	 In contrast to the short-term experiment, there was a 
detectable effect of CH treatment after 19 d (Fig. 5a,b). 
The percentage of marrow cells expressing cilia was higher 
in all experimental groups compared to uncultured, fresh 
explants (p < 0.025, ANOVA; Fig. 5c). After 19 d in the 
bioreactor and two bouts of CH treatment, the fraction 
of cells with cilia was lower in +CH groups than in −CH 
groups (p  <  0.002; Fig. 5c). Within the −CH explants, 
LMMS further decreased cilia expression (p  <  0.05, 
Student’s t-test; Fig. 5c), while stimulation had no effect 
in the +CH groups.

Colony forming unit-fibroblast assays
After culture, an average of 1.5 and 0.5 million cells 
were isolated from the marrow that was extracted from 
each −CH and +CH explant, respectively. Approximately 
0.007 ± 0.005 % of the harvested cells formed colonies 
in the −CH groups compared to 0.001 ± 0.001 % in the 

Fig. 3. Ovine bone marrow derived MSCs differentiated along (a) adipogenic (oil red O), (b) osteogenic (alizarin 
red), and (c) chondrogenic (alcian blue) lines. (a and b, scale = 50 μm; c, scale = 100 µm).

Fig. 4. (a) CH treatment decreased the number of primary cilia on ovine MSCs on tissue culture plastic at 48 h after 
CH treatment compared to untreated cells (*indicates p = 0.042), Student’s t-test). (b) In the bioreactor explant 
culture, there was no difference in cilia expression between CH treated and untreated groups after 48 and 96 h of 
bioreactor culture. Error bars are ± 1 standard deviation, n = 3. (c) Haematoxylin and eosin stain showed normal 
marrow morphology 48 h after CH treatment, which in untreated explants is 7 d of culture (scale = 100 μm).
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+CH groups (p < 0.025; Fig. 6). LMMS did not affect the 
number of colonies (p > 0.64). However, colonies from 
explants in the LMMS−CH group were larger compared to 
the UNSTIM−CH group, indicating a higher proliferative 
potential (p < 0.05; Fig. 6). This effect was not observed 
in the +CH groups.

Mineralising bone surfaces and adipocyte content
MS/BS did not depend on stimulation or CH treatment 
(Fig. 7). No double labels were detected, so neither MAR 
nor BFR were measured. The bone marrow maintained a 
normal morphology in culture, and there was no significant 
difference in total adipocyte area in the bone marrow (Fig. 
8).

Computational modelling of stress in bone and 
marrow
The average fluid shear stress in the bone marrow 
at peak acceleration was 0.09  Pa, while 25  % of the 
marrow experienced shear stress greater than 0.126 Pa. 

When subjected to LMMS at 0.3 ×g and 30 Hz, at peak 
compression the solid bone matrix experienced an average 
shear stress less than 1 Pa.

Discussion

This study demonstrates that primary cilia respond to 
mechanical stimulation in the marrow, and loss of cilia 
decreases the MSC population. LMMS has been shown 
to cause mechanostimulatory shear stresses in the marrow 
space (Coughlin and Niebur, 2012), while causing minimal 
strain in the bone tissue, as was verified in this study. 
Bioreactor culture increased the percentage of cells with 
cilia in the marrow compared to in vivo cilia expression 
(Coughlin et al., 2015). On the other hand, mechanical 
stimulation decreased the fraction of cilia expressing cells 
in the marrow of bioreactor cultured explants, suggesting 
that cilia expression may be a response to decreased 
mechanical stimulation. In contrast, when cilia were 

Fig. 5. (a) Representative projections of 15 μm sections of marrow immuno-labelled with acetylated α-tubulin for 
primary cilia (green) and DAPI nuclear counterstain (blue) (scale = 10 μm). (b) Three-dimensional reconstruction 
of representative cilia in the marrow, where cilia appear in the intercellular space adjacent to nuclei. The top cilium 
is less than 1 μm, while the bottom cilium is 2 μm in length (bar = 5 μm). (c) The percentage of cells with primary 
cilia was higher after in situ culture compared to previously reported in vivo data from (Coughlin et al., 2015) (**in 
vivo differs with all groups, p < 0.025 ANOVA). Chloral hydrate treatment decreased cilia expression compared to 
untreated explants (# p < 0.002, two-Factor ANOVA). Within the −CH groups, the LMMS group had fewer cilia 
expressing cells than UNSTIM (* p < 0.05, Student’s t-test). Error bars are ± 1 standard deviation, n = 3.

In vivo
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disrupted by CH, mechanical stimulation did not further 
affect their expression, possibly because CH disruption of  
microtubule formation prevented the cells from altering 
the cilia. Mechanical stimulation also increased the MSC 
proliferation potential in the absence of CH, as indicated 
by the colony size in the CFU-F assays. In contrast, CH 

decreased the MSC population in the explant marrow 
compared to untreated explants after 19 d of culture. As 
such, cilia expression is important for maintenance of the 
MSC population and is related to mechanosensing. Taken 
together, mechanical stimulation of bone marrow cells 
decreased cilia expression, a purported mechanosensitive 

Fig. 6. (a) Representative wells of CFU-F colonies stained with crystal violet (10,000 marrow cells were initially 
plated, scale = 10 mm). (b) Chloral hydrate treatment decreased the number of MSCs (p < 0.05, two-Factor ANOVA), 
but LMMS had no effect. (c) The average colony area was higher in the LMMS−CH group when compared to the 
UNSTIM−CH group (p < 0.05, Student’s t-test). There was an insufficient number of colonies to compare the colony 
size in +CH groups.

Fig. 7. (a) Mineralising bone on the trabecular bone surface, indicated by the incorporation of alizarin red in the 
bone (arrowheads). Non-mineralising surfaces were also observed (arrowhead with asterisk) (scale = 100 µm). (b) 
Mineralising bone surface was not statistically different between groups (ANOVA).
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Fig. 9. Fluid shear stresses in the marrow and shear stresses in the trabecular bone at peak acceleration during LMMS 
at 0.3 ×g and 30 Hz. Approximately 10 % of the marrow was subjected to shear stress greater than 0.2 Pa at the peak, 
while the solid matrix experienced almost no deformation.

organelle. As such, mechanobiology may play a role in 
normal marrow function both through cilia and additional 
non-cilia mediated mechanisms.
	 The use of in situ bioreactor culture was a novel 
approach to study the mechanobiology of the marrow. 

In situ culture preserves the heterogeneity of the bone 
marrow compartment, which enables signalling between 
multiple cell types. Moreover, the explant model provides a 
mechanism for applying mechanical stimulation that causes 
shear stresses in the marrow without causing compression 

Fig. 8. (a) Haematoxylin and eosin stain of explant marrow and bone (scale = 100 μm). There were no observable 
physical differences in the marrow between groups. The adipocyte area was quantified by thresholding using Matlab 
image processing toolbox (inset, black and white) (Mathworks, Natick, MA). (b) The measured adipocyte area in 
the explants did not differ between groups (ANOVA).
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of the bone matrix, which is believed to be essential for 
mechanotransduction by osteocytes (Knothe Tate, 2003). 
Shear stresses in the marrow would be transmitted via both 
cell-cell and cell-matrix interactions. In contrast, in vitro 
stretching and fluid flow models rely primarily on cell 
attachment to the substrate by integrins and low viscosity 
fluid shear stress on the cell surface. Understanding the 
differences between the behaviours of cells in 2D vs. three-
dimensional (3D) culture is essential to translating in vitro 
results to in vivo situations.
	 There are several limitations that must be considered 
with regard to this study. CH functions to knockdown cilia 
by disrupting microtubules. Although it has previously 
been used to study cilia mediated mechanobiology 
(Delaine-Smith et al., 2014; Malone et al., 2007), CH also 
affects proliferation (Lee et al., 1987) and may thereby 
have an effect on cell division in the marrow. However, 
intracellular microtubules in kidney cells subjected to 
68  h of CH treatment appeared indistinguishable from 
control cells after being switched to regular media for 
24 h (Praetorius and Spring, 2002). In addition, CH is not 
specific to MSCs and osteoblasts, but affects many types 
of cells in the heterogeneous marrow cell population. 
Therefore, further study is needed to isolate and ascribe 
the results to individual cell populations. A more specific 
knockout of cilia is possible using polaris siRNA, which 
disrupts cilia without affecting microtubules. This was not 
deemed feasible for the current study due to the challenges 
of ensuring effective transfection within 3D explants, 
nor would it be population specific. Tissue specific gene 
knockout in mice may provide a tissue source for more 
refined studies.
	 The decreased cilia expression in the marrow population 
in the LMMS compared to UNSTIM explants is consistent 
with results in an osteoblast cell line and in tendon. Similar 
to our results, there were fewer cilia in MLO-A5 mature 
osteoblasts after flow in in vitro 2D culture (Delaine-
Smith et al., 2014). In tendon, tenocytes increased the 
length of their cilia during static culture and retracted 
the cilia in response to cyclic mechanical stretch of the 
tendon (Gardner et al., 2011). The altered cilia expression 
may demonstrate a role for cilia as mechanosensors or 
a component of a mechanosensitive pathway in situ. 
Interestingly, the explants treated with CH did not exhibit 
changes in cilia expression due to mechanical stimulation, 
consistent with abrogated function of the remaining cilia 
(Praetorius and Spring, 2002).
	 In contrast to previous studies, the MSCs in 2D culture 
did not uniformly express cilia in our experiments. Previous 
experiments demonstrate that 90 % of human bone marrow 
derived MSCs expressed cilia in 2D culture (Tummala 
et al., 2010). Similarly, in MC3T3-E1s, an osteoblast 
precursor cell line, and MLO-Y4s, an osteocyte cell line, 
approximately 61 % and 62 % of cells expressed cilia, 
respectively (Malone et al., 2007). MLO-A5s, a mature 
osteoblast cell line, expressed cilia on 67 % and 66 % of 
cells at two time points 24 h apart (Delaine-Smith et al., 
2014). In our experiment, we used primary cells cultured 
in growth media with foetal bovine serum, rather than 
serum starving the cells to impose quiescence and cell 
cycle synchronisation as is commonly done to promote 

uniform cilia expression (Schneider et al., 2005; Young 
et al., 2012). As such, the lower level of cilia expression 
observed here may reflect that the MSCs were progressing 
through the cell cycle at different rates, causing peaks in 
cilia expression at different times as cilia are expressed 
during the quiescent stage of the cell cycle (Kobayashi 
and Dynlacht, 2011). This may explain the higher number 
of cells with cilia at 96 h after cilia disruption. Because 
serum is necessary to maintain the cell populations in the 
explant culture system, we sought to verify the effects 
of CH using the same media formulations.The lower 
baseline cilia expression, rather than the effectiveness of 
the CH treatment, likely explains the similarities between 
the untreated and treated cells. In contrast, for MLO-A5s 
treated with CH for 72 h, the percentage of cells with cilia 
was reduced by 64 % and 49 % at 24 and 48 h, respectively, 
during recovery (Delaine-Smith et al., 2014). 
	 In our preliminary experiment to test the efficacy of 
CH on primary cilia disruption in trabecular bone explants, 
we did not detect an effect of CH on cilia expression. 
However, after 19 d of explant culture with two bouts of 
CH treatment, the fraction of cells with cilia was lower in 
treated vs. untreated explants. As such, a single 72 h bout 
of CH may not be sufficient for measurable knockdown of 
the cilia in these cells. Overall, multiple treatment bouts 
were necessary to deliver a sufficient dose to reduce the 
number of primary cilia in the marrow cell population in 
this experiment.
	 The proportion of cells expressing primary cilia in the 
bone marrow of cultured explants was higher than in vivo 
explants reported in Coughlin et al. (2015) (p  <  0.01), 
indicating that cells change their expression of cilia in 
response to the culture environment (Besschetnova et al., 
2010; Bodle et al., 2013). This increase is likely a response 
to changes in the biochemical environment. Cilia in MSCs 
change their length in response to changes in hypoxia 
(Brown et al., 2014), different media formulations (Bodle et 
al., 2013), and in mammalian epithelial and mesenchymal 
cells cilia modulate their length in inverse proportion to 
intracellular calcium levels (Besschetnova et al., 2010).
	 The decreased MSC population following CH 
treatment, compared to untreated explants, may be related 
to cell attachment. In an in vitro study, loss of cilia by 
siRNA prevented cells from adhering to tissue culture 
plastic (Tummala et al., 2010). As such, loss of cilia may 
have prevented colonies from forming in the treated (+CH) 
groups, rather than reflecting a true loss in the number of 
progenitors.
	 The increased MSC proliferation potential in the 
LMMS compared to the UNSTIM groups complements the 
increased MSC population following LMMS in vivo. Mice 
fed a high fat diet and subjected to six weeks of whole-body 
vibration showed a 46 % increase in the number of MSCs in 
marrow from the tibia and femur compared to unstimulated 
controls (Luu et al., 2009). However, the number of MSCs 
in the LMMS explants was not higher than the UNSTIM 
explants, despite their higher proliferation potential. 
Similar in vivo studies found that adipocyte content is 
affected by LMMS. In a whole body vibration study, fat 
volume in the torso of mice subjected to LMMS for 12 
weeks was 27 % less than control mice, although changes 
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in marrow fat content were not reported (Rubin et al., 
2007). Indeed, bone marrow adiposity does not correlate 
with total body fat (Justesen et al., 2001). Taken together, 
the marrow MSC and adipocyte populations may require 
longer culture times to be affected by LMMS, and may 
involve systemic activity such as changes in hormone 
levels that are not recapitulated in explant culture.
	 LMMS did not affect the mineralising surface in the 
explants nor were there double labels present, while other 
studies have shown an increase in bone formation in 
explant culture (Birmingham et al., 2015; David et al., 
2008; Vivanco et al., 2013). Incorporating osteogenic 
factors, ascorbic acid 2-phosphate and β-glycerophosphate, 
into the media, Birmingham et al. observed bone formation 
in the same bioreactor culture system (Birmingham et al., 
2015). Similar to our results, there was no change in MS/
BS after osteoblast- and osteocyte-specific cilia knockout 
compared to wild-type animals (Temiyasathit et al., 
2012). However, in vitro CH mediated cilia disruption in 
osteoblasts decreased calcium deposition by osteoblasts in 
response to flow (Delaine-Smith et al., 2014).
	 Primary cilia play an important role in development 
and maintaining homeostasis (Novarino et al., 2011). 
Alterations in cilia can lead to ciliopathies that affect 
numerous tissues including bone, kidney, brain, retina and 
liver. (Huber and Cormier-Daire, 2012). The presence of 
cilia in bone marrow and their modulation after mechanical 
stimulation indicates that the mechanical signal from 
LMMS is sensed in the marrow, and, like tenocytes, the 
cells respond by retracting their cilia. Further studies are 
warranted to identify the function of primary cilia in bone 
marrow, which may lead to new targets for therapeutics.
	 The role of primary cilia in a native multicellular 
environment was investigated here for the first time. 
Using an explant bioreactor culture system, the bone 
marrow compartment was stimulated without associated 
bone deformation. Primary cilia expression increased in 
response to the culture conditions, but was reduced after 
mechanical stimulation. Further experiments that delineate 
whether this result reflects the importance of the cilia as 
a mechanosensory organelle, or if it is a consequence of 
pathways activated by other mechanosensors in the cell 
are needed. The fact that loss of cilia eliminated the effect 
of LMMS on the proliferative potential of the MSCs is 
consistent with the former interpretation.
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Discussion with Reviewer

Reviewer I: What are the clinical implications of 
alterations to cilia as they apply to bone and marrow health?
Authors: Primary cilia play an important role in 
development and maintaining homeostasis. Alterations 
in cilia can lead to ciliopathies that affect numerous 
tissues including bone, kidney, brain, retina and liver. The 
presence of cilia in bone marrow and their modulation after 
mechanical stimulation indicates that the mechanical signal 
from LMMS is sensed in the marrow, and, like tenocytes, 
the cells respond by retracting their cilia. Further studies are 
warranted to identify the function of primary cilia in bone 
marrow, which may lead to new targets for therapeutics.

Reviewer I: Why were there too few colonies in the 
chloral hydrate (CH) groups to determine proliferation? 
Did the authors take steps to explain the lack of colony 

formation? How does direct stimulation of MSCs translate 
to a clinical setting?
Authors: The reviewer raises a very interesting question. 
First, we note that these cells were isolated seven days 
after the last CH treatment, and, according to previous 
studies, the cells would have recovered from the CH 
mediated cilia disruption. However, we suspect that there 
may be residual effects of the CH treatment. In this case, 
the lack of colony formation may reflect the disruption of 
the cilia in the treated groups. A previous study saw that 
deletion of cilia by siRNA prevented cells from attaching 
to the tissue culture plastic. As such, our findings may not 
reflect an actual decrease in fibroblast like cell population, 
but instead an inability of these cells to attach. The other 
reviewer commented that CH affects the cytoskeleton, and 
this can affect the ability of cells to enter G1, which may 
also contribute this finding.

Reviewer II: Cilia incidence in vitro: The authors have 
cultured MCSs in the presence of serum. Most studies also 
include cultures where cells have been serum-starved as 
this induces greater cilia numbers as cells enter G0. If cells 
are removed from tissue and cultured in serum (as in this 
study), then it is not surprising that cilia incidence was low 
given cells will be stimulated to proliferate. MSCs usually 
reside in a hypoxic niche within the bone marrow and have 
low self-renewal rates. The authors do not seem to have 
considered this or previous publications describing many 
cultures condition as that may influence ciliation.
Authors: We agree with the reviewer on this point. 
Dividing MSCs may only express a cilium briefly as they 
progress through the cell cycle and serum starving the cells 
would promote cilia expression. Using serum starving 
may have bolstered the understanding of how effective 
chloral hydrate (CH) was at cilia knockdown in these cells. 
However, the existing literature makes clear that CH at 
the concentration used here knocks down cilia on cells, 
including MSCs that are not dividing. This 2D study with 
serum was performed to complement the 3D study in the 
trabecular bone explants, where serum was present and the 
MSCs are maintained in their niche.

Editor’s note: The Scientific Editor responsible for this 
paper was Chris Evans.


