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Abstract
The primary cilium is a solitary, sensory organelle with many
roles in bone development, maintenance, and function. In
the osteogenic cell lineage, including skeletal stem cells,
osteoblasts, and osteocytes, the primary cilium plays a vital
role in the regulation of bone formation, and this has made it
a promising pharmaceutical target to maintain bone health.
While the role of the primary cilium in the osteogenic cell
lineage has been increasingly characterized, little is known
about the potential impact of targeting the cilium in relation
to osteoclasts, a hematopoietic cell responsible for bone
resorption. The objective of this study was to determine
whether osteoclasts have a primary cilium and to investigate
whether or not the primary cilium of macrophages, osteo-
clast precursors, serves a functional role in osteoclast for-
mation. Using immunocytochemistry, we showed the mac-
rophages have a primary cilium, while osteoclasts lack this
organelle. Furthermore, we increased macrophage primary
cilia incidence and length using fenoldopam mesylate and

found that cells undergoing such treatment showed a
significant decrease in the expression of osteoclast markers
tartrate-resistant acid phosphatase, cathepsin K, and c-Fos,
as well as decreased osteoclast formation. This work is the
first to show that macrophage primary cilia resorption may
be a necessary step for osteoclast differentiation. Since
primary cilia and preosteoclasts are responsive to fluid
flow, we applied fluid flow at magnitudes present in the
bone marrow to differentiating cells and found that osteo-
clastic gene expression by macrophages was not affected by
fluid flowmechanical stimulation, suggesting that the role of
the primary cilium in osteoclastogenesis is not a mechano-
sensory one. The primary cilium has been suggested to play
a role in bone formation, and our findings indicate that it
may also present a means to regulate bone resorption,
presenting a dual benefit of developing ciliary-targeted
pharmaceuticals for bone disease. © 2023 S. Karger AG, Basel
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Introduction

Bone is maintained by the careful orchestration and
balance of bone formation by osteoblasts and resorption
by osteoclasts. In aging, the healthy balance of formation
and resorption to maintain skeletal integrity is impeded
by reduced osteoblast differentiation and proliferation,
and increased maturation of osteoclasts [Fang et al.,
2022]. Imbalanced metabolic activity is a hallmark of
osteoporosis, a skeletal disease characterized by signifi-
cant bone loss, deterioration of bone microarchitecture,
and reduced bone strength, which affects more than half
of the US population over 50 years old [Office of the
Surgeon General, 2004; Blume and Curtis, 2011; Wright
et al., 2014]. Fragility fractures, most frequently occurring
in the hip or spine, are common complications of osteo-
porosis that result in a significant loss of quality of life and
a great economic burden. There are over 1.5 million
fractures in the USA annually, an incidence greater
than the number of strokes, heart attacks, and breast
cancer diagnoses combined.

There are two main categories of therapeutics to treat
low bone mass – anabolics (e.g., parathyroid hormone
analog, anti-sclerostin antibody) that promote new bone
formation and antiresorptive agents (e.g., bisphospho-
nates, RANKL inhibitors) that inhibit osteoclast activity
[Tu et al., 2018]. Anabolic agents show promise but are,
either, only approved for a certain subset of patients or for
a limited duration of use, which is inadequate for a multi-
decade disease. Bisphosphonates, the most common
agent used to prevent bone loss, bind to the surfaces of
bones and promote the apoptosis of osteoclasts [Drake
et al., 2008]. While such treatment can prove effective for
some patients, a wide range of short-term and long-term
adverse side effects persist, such as an increased rate of
mandibular necrosis, atypical fractures, esophageal can-
cer, and atrial fibrillation [Marx, 2003; Black et al., 2010;
Reyes et al., 2016]. Thus, there is a great need to identify
more efficacious therapeutics for osteoporosis.

Bone has an innate ability to respond to mechanical
loading; taking advantage of this mechanotransduction
system could lead to the identification of new targeting
strategies. Several modes of cell mechanosensing have
been proposed, including by the primary cilium, a dy-
namic, immotile organelle that assembles and disassem-
bles from the centrosome in a cell cycle-dependent
manner. Primary cilia have been shown to form a me-
chano-/chemical-signaling nexus capable of coordinating
signaling pathways, and their function has been tightly
linked to ciliary structure. Not only are shortened or
absent primary cilia characteristic of diseases such as

autosomal dominant polycystic kidney disease and
Bardet-Biedl syndrome [Satir and Christensen, 2008;
Copelovitch and Kaplan, 2012], but a number of afore-
mentioned ciliopathies also exhibit skeletal patterning
defects and even low bone mass [Xiao and Quarles,
2010; Nguyen and Jacobs, 2013]. Several studies have
previously identified the osteocyte primary cilium as a
promising pharmaceutical target to exploit the body’s
natural response to physical loading [Malone et al., 2007].
Our group and others have shown in vitro that fenoldo-
pam, a dopamine D1-like receptor agonist that increases
primary cilia length [Kathem et al., 2014; Upadhyay et al.,
2014], heightens the mechanoresponse of osteocyte-like
cells when exposed to fluid flow-induced shear stress
[Spasic and Jacobs, 2017], and promotes the differentia-
tion of osteoblast precursors [Corrigan et al., 2019].
Recently, we have shown that fenoldopam treatment
increases osteogenic paracrine signaling of mechanical-
stimulated osteocytes and load-induced bone formation
in mice [Spasic et al., 2022], but little is known about the
role of the primary cilium in osteoclast biology.

Osteoclasts are large, multinucleated cells found on
the bone surface and possess the built-in machinery to
degrade and digest the mineral and organic phases of the
bone matrix. They are derived via the fusion of macro-
phages, which form a multinucleated cell with a char-
acteristic actin ring in the cell cortex [Väänänen et al.,
2000]. Hematopoietic mononuclear cells are reported to
have a primary cilium [Singh et al., 2016], but it is not
known what happens as an osteoclast forms or what
effect increasing primary cilia length has on osteoclast
maturation. Fluid flow stimulation upregulates preos-
teoclast cell signaling, particularly nitric oxide and
prostaglandin E2 production [McAllister et al., 2000],
indicating a role for preosteoclast mechanotransduction.
Loss of primary cilia in other cells reduced flow-
stimulated prostaglandin E2 and NO release [Malone
et al., 2007; Cabral and Garvin, 2011], but whether the
primary cilium as a mechanosensor plays a role in
osteoclast formation is unknown. The objective of this
study was to investigate whether the primary cilium is
maintained in osteoclast formation, if lengthening the
primary cilium with fenoldopam alters osteoclast for-
mation, and if mechanical stimulation of the primary
cilium with fluid flow impacts osteoclast maturation.
With increasing evidence that the primary ciliummay be
a potential therapeutic target to treat bone metabolic
disease, it is critical to understand its role not only in the
osteogenic mesenchymal lineage [Tummala et al., 2010;
Delaine-Smith et al., 2014] but also in the bone-
resorbing hematopoietic lineage cells.
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Materials and Methods

Cell Culturing
RAW 264.7 cells (adherent, immortalized cell line of monocyte/

macrophage mixture) (ATCC) were seeded onto Petri dishes (Corn-
ing) at 1,000 cells per cm2 in DMEM (Gibco) supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin for standard
passaging and maintenance of the cell line. To differentiate this
heterogeneous group into a population of mostly macrophages,
which are cellular precursors to osteoclasts, macrophage colony-
stimulating factor (M-CSF) (Shenandoah Biotechnology) was added
at a concentration of 50 ng/mL for 72 h. To differentiate these
macrophages further into osteoclasts via cell fusion, these cells were
incubated for an additional 4–8 days in the samemedium as used for
culturing the RAW 264.7 cells but including 30 ng/mL of M-CSF
and 100 ng/mL of receptor activator of nuclear factor-kappa B
ligand (RANKL) (Shenandoah Biotechnology). Cells were washed
with phosphate buffered saline (Gibco) with fresh media applied
every 72 h. As a confirmation of osteoclast differentiation, tartrate-
resistant acid phosphatase staining was performed following man-
ufactures directions (Cosmo Bio). A timeline of culturing and
changes in cell morphology is shown in Figure 1.

Cilia Lengthening
Fenoldopam mesylate (Sigma) was used at 10 μM diluted in

dimethyl sulfoxide (DMSO) (Sigma) and culture medium, as
previously described [Upadhyay et al., 2014]. This, or the
DMSO vehicle control, was added to cells for 16 h [Spasic and
Jacobs, 2017]. After treatment, cells were washed with PBS and
incubated in fresh medium supplemented with M-CSF and
RANKL for an additional 4–8 days before being fixed or lysed.

Oscillatory Fluid Flow
Macrophages were exposed to oscillatory fluid flow as a me-

chanical stimulus. Cells were seeded onto four-well plates for
24 h. Flow was applied using a rocker platform (Boekel Scientific,
260350) placed in a cell culture incubator, for 12 h at 0.75 Hz, a
rocker edge height change (2x amplitude) of 11 mm and 3.5 mL of
medium per well. This resulted in a 0.16 Pa peak wall shear stress
calculated according to Zhou et al. [2010]. Cells continued to grow
for 4–8 days in M-CSF and RANKL before being lysed.

Immunocytochemistry
For primary cilia imaging and analysis, cells cultured on round

glass-bottom dishes (MatTek) were fixed in 10% formalin and
treated with anti-acetylated α-tubulin primary antibody, 1:10,
from a C3B9 hybridoma cell line (Sigma). Cilia were visualized
with Alexa-Fluor 568 secondary antibody, 1:500 (Life Technolo-
gies), and imaged with a 100× oil objective on an Olympus
Fluoview FV1000 confocal microscope. Nuclei were stained
with NucBlue (Invitrogen). Cilia lengths were analyzed using
ImageJ from maximum projections in 2D. Cells were also treated
with 488 phalloidin (Invitrogen) to visualize the F-actin cytoske-
leton and pericentrin (Abcam) to visualize the centrosome and its
alignment with respect to the primary cilium.

mRNA Expression
After fenoldopam treatment, cells were washed with PBS, and

total mRNA was isolated using TriZol (Life Technologies). Total
mRNA was converted to cDNA by TaqMan reverse transcriptase

(Applied Biosystems). Gene expression was analyzed by quanti-
tative real-time PCR using primers and probes (Life Technologies)
for analysis of tartrate-resistant acid phosphatase, Acp5
(Mm00475698_m1), cathepsin k (Ctsk) (Mm00484039_m1),
Nfatc1 (Mm01265944_m1), Fos (Mm00487425_m1), Dcstamp
(Mm04209236_m1), and Gapdh (4351309). Samples and stand-
ards were run in triplicate; all gene expression was normalized to
Gapdh endogenous control, and data were analyzed using the
delta-delta Ct method.

Osteoclast Surface Area Quantification
The surface area of osteoclasts formed was quantified as a

standard secondary measure to compare rates of osteoclast for-
mation for treated and untreated groups [Lemieux et al., 2011].
Samples were again cultured on glass-bottom dishes and fixed in
10% formalin. Samples were visualized on an Olympus CKX41
microscope, and images were captured using a DP20 digital
microscope camera that includes a 2-megapixel CCD. These
images were collected and inputted into ImageJ with a ratio of
9.0333 pixels per micrometer. The outer edge of each osteoclast
was traced, with the corresponding output being converted to
surface area in µm2. The total osteoclast surface area of a given
frame divided by the total surface area of that glass coverslip yields
a quantified percentage surface area to compare osteoclast for-
mation across conditions.

Statistical Analysis
Data were analyzed using Student’s t test, Welch’s t test for

samples of unequal variances, or Mann-Whitney test for data
not following a normal distribution. Quantitative data are
reported graphically as mean ± SEM (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). Sample size, n, represents bio-
logical replicates.

Results

Primary Cilia Are Present in Osteoclast Precursors but
Absent from Mature Osteoclasts
In order to test our hypothesis that the primary cilium

directly affects osteoclast formation, we first verified the
presence of primary cilia on macrophages. We utilized
immunocytochemistry to image both centrosomes (anti-
pericentrin), from which primary cilia form, and primary
cilia (anti-acetylated alpha-tubulin) on RAW 264.7 cells
after incubating in M-CSF. Macrophages were found to
have a primary cilium incidence of 46.8% ± 6.4% (shown
in Fig. 2). However, cilia were predominantly absent from
differentiated multinucleated mature osteoclasts (greater
than three nuclei), with an incidence of just 3.3%, and
exclusively found in the immature osteoclast population,
defined as fused macrophages possessing fewer than three
nuclei. Distinct multinuclear and cortical actin staining
was used to visually distinguish osteoclasts from their
immature osteoclasts.
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a

b

c

Fig. 1. Differentiation of RAW 264.7 cells into osteoclasts. a Time-
line of cell passaging and differentiation process. b Representative
phase-contrast micrographs demonstrating the distinct phases of
osteoclast differentiation. The first image of panel b shows RAW
264.7 cells on day 0; the second image is captured on day 4, after

RAW 264.7 cells have been incubated with M-CSF to differentiate
into macrophages; the third image is captured from day 10, with two
mature osteoclasts visible. c Positive TRAP staining demonstrating
successful differentiation. Scale bar, 100 μm. TRAP, tartrate-
resistant acid phosphatase.
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Fenoldopam Increases Macrophage Primary Cilium
Incidence and Length
Although the procedure had been previously carried

out on other cell types, we verified that the macrophage
primary cilium could in fact be lengthened. Cells were
cultured in fenoldopam mesylate – an FDA-approved
compound known to extend cilia length – for
16 h [Spasic and Jacobs, 2017]. Immunocytochemistry
was used to visualize primary cilia and assess changes in
both cilia incidence and length. Fenoldopam was
shown to induce significant increases in primary cilia
incidence (from 42.9% to 53.5%) and length (from
1.75 μm to 2.26 μm) compared to vehicle control
(shown in Fig. 3).

Macrophage Primary Cilium Lengthening
Inhibits Osteoclastogenesis
After confirming that the primary cilia of immature

osteoclasts could in fact be elongated using fenoldo-
pam treatment, we examined the effect of this length-
ening on osteoclast formation. Differentiation was
quantified at the mRNA level by analyzing Acp5,
Ctsk, Dcstamp, c-Fos, and Nfatc1 expression and pre-
sented as fold changes relative to our housekeeping
gene, Gapdh. Acp5 is the gene that codes for tartrate-
resistant acid phosphatase, which degrades skeletal
phosphoproteins; Ctsk codes for cathepsin K, which
catabolizes elastin and collagen; Dcstamp codes for
dendritic cell-specific transmembrane protein and is
essential for cell-cell fusion in osteoclasts; c-Fos is a
gene that is necessary for osteoclast differentiation;
Nfatc1, nuclear factor of activated T cells 1, is a gene
that cooperates with other transcriptional partners to
activate osteoclast-specific genes. Macrophages treated
with fenoldopam had an 18.2% decrease in Acp5 ex-
pression, a 20.3% decrease in CTSK expression, and a
28.5% reduction in c-Fos, compared to non-lengthened
DMSO controls (shown in Fig. 4a, b, d). No change was
detected in Dcstamp or Nfatc1 expression (Fig. 4c, e).
These fenoldopam-treated macrophages also exhibited
a markedly decreased rate of fusion, evident by the
osteoclast surface area coverage decreasing by almost
half, from 27.6% surface coverage in the DMSO control
group to 14.6% in the fenoldopam-treated samples
(shown in Fig. 4f).

Fluid Flow/Mechanical Stimulation Does Not
Affect Osteoclastogenesis
Given that primary cilia are believed to play a role in

the ability of other bone cells to direct cell function when
mechanically stimulated [Delaine-Smith et al., 2014; Lee

et al., 2015], we sought to determine whether or not the
same was true of macrophages by subjecting the cells to
oscillatory fluid flow. The results were again quantified at
the mRNA level by analyzing Acp5 and Ctsk expression,
presented as normalized fold changes (Fig. 5). Neither
expression levels of the genes tested showed a significant
change between the flow and static groups, indicating that
the progression of osteoclastogenesis in response to me-
chanical loading does not rely on the primary cilium as a
mechanosensor.

Discussion

Our results demonstrated for the first time that osteo-
clasts do not form primary cilia. Interestingly, they are
present on macrophage and immature osteoclasts (less
than three nuclei), indicating that loss of primary cilia
may be a key event in the timeline of osteoclastogenesis.
In fact, we show that by treating with fenoldopam,
macrophage primary cilia incidence and length are in-
creased, and osteoclast differentiation is decreased when
cultured with M-CSF and RANKL. Since the primary
cilium is shown to function both as a biochemical signal-
ing nexus and mechanosensor, we applied fluid flow to
mechanically stimulate the primary cilium and found it
had no effect on osteoclast differentiation as measured by
gene expression levels. This indicates the primary cilium
likely doesn’t play a role in osteoclast differentiation from
a mechanosensing perspective.

We quantified the primary cilia incidence of macro-
phages at ~47%, while bone marrow aspirate mono-
nuclear cells have been reported to have a primary cilia
incidence around 97–99% [Singh et al., 2016]. The
difference is likely due to the need for cell cycle-
dependent disassembly of the primary cilium in pro-
liferating cells in culture [Sánchez and Dynlacht, 2016].
We observed that primary cilia are virtually absent as
macrophages fuse to form mature osteoclasts, as they
were only found sparingly on cells (~3%) at the earliest
stage of fusion, and none were found on mature os-
teoclasts (cells with greater than three nuclei). We also
did not observe more than one cilium on an immature
osteoclast. This finding suggests that the loss of the
primary cilium is either a byproduct of fusion or a
checkpoint on osteoclast maturation.

To see if the primary cilium acts as a checkpoint on
osteoclast maturation, we treated with an agent, fenoldo-
pam, known to lengthen and increase the incidence of
primary cilia [Spasic and Jacobs, 2017; Corrigan et al.,
2019]. Applied to macrophages, fenoldopam treatment
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resulted in a statistically significant increase in both
macrophage cilia incidence and length. These length
changes were of a similar magnitude to those shown,
previously, to alter mechanosensitivity in bone cells

[Spasic and Jacobs, 2017]. When cilia-lengthened macro-
phages were then induced in the osteoclast differentiation
medium, we found reduced osteoclastogenesis, evident by
Acp5 and Ctsk gene expression levels, as well as a decrease

a

b c

Fig. 2. Macrophages possess primary cilia, but mature osteoclasts
do not. Maximum projection of confocal image z-stack. a Primary
cilia were found on macrophages. Blue = DAPI (nuclei), red =
acetylated alpha-tubulin (primary cilia), green = γ-tubulin (cen-
trosomes). Arrows highlight examples of centrosome/primary
cilium overlay. b Primary cilia were mostly absent from

differentiated osteoclasts, shown via distinct multinuclear and
cortical actin staining. Blue = DAPI (nuclei), green = phalloidin
(actin), red = acetylated alpha-tubulin (primary cilia). Scale bar,
10 μm. c Macrophages were found to have a primary cilia
incidence of 46.8% (n = 5), while differentiated osteoclasts were
found to have a cilia incidence of just 3.3% (n = 12).

a b c

Fig. 3. Fenoldopam effectively increases macrophage primary cilia incidence and length. Macrophages were treated
with fenoldopammesylate or DMSO vehicle control. Fenoldopam-treated cells showed a significant increase in both
cilia incidence (a) (from 42.9% to 53.5%; n = 11, 10) and cilia length (b) (from 1.75 μm to 2.26 μm; n = 23, 21)
compared to control samples. c Example primary cilia length measurements are shown.
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by almost half in the osteoclast surface area. Additionally,
c-Fos, a gene necessary for osteoclast formation [Asagiri
and Takayanagi, 2007], was downregulated by approx-
imately 28% with fenoldopam treatment. While there was
no significant change in gene expression of Dcstamp,
necessary for cell fusion [Yagi et al., 2005], or Nfatc1, a
regulator of a number of osteoclast-specific genes [Kim
and Kim, 2014], a downward trend in expression of
osteoclastic genes with fenoldopam could be observed
in the data. Therefore, it seems that the primary cilium
resorption is not just a byproduct of osteoclast matura-
tion but may be an important step in the process. A role
for the primary cilium in macrophage fusion cannot be

ruled out as this process is not yet fully understood [Yao
et al., 2021] and is further complicated by the fact that
osteoclasts may undergo successive rounds of fusion and
fission [Jansen et al., 2012; McDonald et al., 2021].
Furthermore, a distinct role of the primary cilium in
macrophages and immature osteoclasts is not yet known,
but the primary cilium has been shown to be important
for migration during tissue repair, a potential role in
osteoclast formation as well [Christensen et al., 2008].

The primary cilium has been shown to be intimately
related to actin and microtubule function in the cytosol,
which are both important to osteoclast differentiation. In
chondrocytes, inhibited primary cilia formation results in

a b c

ed f

Fig. 4.Macrophage primary cilium lengthening inhibits osteoclas-
togenesis. mRNA quantification of genes involved in osteoclast
differentiation or function showed that fenoldopam treatment
prior to osteoclast differentiation treatment resulted in an
18.2% decrease in expression of tartrate-resistant acid phosphatase
(Acp5) (a), a 20.3% decrease in expression of cathepsin K (Ctsk)

(b), no change in dendritic cell-specific transmembrane protein
(Dcstamp) (c), a 28.5% decrease in c-Fos (d), and no change in
nuclear factor of activated T cells, cytoplasmic 1 (Nfatc1) (e), when
compared to the DMSO vehicle control (n = 4). f Samples treated
with fenoldopam also formed osteoclasts at a lesser rate, indicated
by a 13% drop in osteoclast surface area coverage (n = 24, 23).
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increased F-actin staining intensity and reduced cell
stiffness [Wang et al., 2016]; in an osteocyte-like cell
line, an inhibition of primary cilia formation altered
microtubule dynamics in response to physical stimuli
[Espinha et al., 2014]. As osteoclasts undergo matura-
tion, there is an observable morphological change from
spindly macrophages to rounded preosteoclasts [Take-
shita et al., 2000] and finally large mature osteoclasts
with a distinct actin cortical ring. Additionally, osteo-
clast differentiation is also highly dependent on Rho-
GTPases [He et al., 2022], an actin cytoskeleton regu-
lator, and substrate-stiffness-dependent cytoskeletal
reorganization is critical to osteoclast maturation
[Wang et al., 2022]. It is possible the primary cilium
plays a role in the coordination of cytoskeletal changes
that are dependent on cilia resorption. A further po-
tential role of the primary cilium in osteoclast forma-
tion is regulating cell state. In fact, progression of cells
to a G1/S phase seems critical for osteoclast maturation
[Meiyanto et al., 2001; Watanabe et al., 2022], and cilia
disassembly is initiated in the G1 phase and cilia are
mostly absent in the S phase [Sánchez and Dynlacht,
2016]. These changes are also potentially linked to
cytoskeletal regulation.

Osteoclasts are shown to respond to substrate strain
(i.e., substrate deformation), but reports on whether
strain promotes or inhibits osteoclast formation are
contradictory and seem to depend on strain levels and
duration of loading [Kurata et al., 2001; Xu et al., 2012;

Wang et al., 2022]. One report has shown that fluid flow
stimulates preosteoclast to release several cytokines
[McAllister et al., 2000], but this was not extended to
determine effects on osteoclast differentiation or forma-
tion. Since the primary cilium is shown to be a potent
mechanosensor [Malone et al., 2007; Delaine-Smith et al.,
2014; Lee et al., 2015], we sought to determine if it played
a mechanosensing role in osteoclast formation. Since
primary cilia extend from the apical surface of most
cultured cells and preosteoclasts are responsive to fluid
flow [McAllister et al., 2000], we applied fluid flow to
mechanically stimulate the cells. We showed no effect of
mechanical stimulation on osteoclast maturation, indi-
cating that fluid flow stimulation may not play a role in
osteoclast mechanobiology; this is of particular note when
compared to substrate deformation – the most commonly
applied form of mechanical stimulation in osteoclast
studies –a mechanism unlikely to directly stimulate the
primary cilium. Here we applied a modest level of shear
stress (0.16 Pa), which we deemed appropriate as it is
within the range of bone marrow shear stress (0.02–0.26
Pa) found computationally in trabecular bone volumes
[Birmingham et al., 2013], it has been shown to be
adequate to stimulate other cells in culture [Spasic
et al., 2022], and the primary cilium is shown to deflect
at fluid shear as low as 0.03 Pa [Malone et al., 2007]. It is
important to note that a higher range of shear stresses and
flow stimulationmay elicit a mechanobiological response.

Although we have demonstrated the capability to
lengthen macrophage primary cilia and inhibit osteo-
clast formation using fenoldopam, the protocol was
adapted from previous studies experimenting with os-
teocyte primary cilia. While the primary cilium itself
seems to be structurally preserved across cell types, the
specific way in which fenoldopam lengthens primary
cilia is not yet fully understood. Used as a vasodilator in
acute emergency settings, fenoldopam is a dopamine
D1-like receptor agonist and is shown to stimulate
adenylyl cyclase activity [Murphy et al., 2001; Spasic
and Jacobs, 2017]. In fact, adenylyl cyclase activity and
increased cAMP levels have been shown to also decrease
osteoclastogenesis [Yoon et al., 2011]. In our study, the
application of fenoldopam was removed prior to incu-
bation with differentiation media for a course of 4–8
days, likely minimizing any potential effects of initially
elevated cAMP. Though, given the role of G-protein-
coupled receptors, adenylyl cyclases, and cAMP in os-
teoclast formation [Yoon et al., 2011; Ramaswamy et al.,
2018], this warrants future exploration. Other cilia-
modifying approaches are available. For instance, tu-
bastatin is an HDAC6-specific deacetylase inhibitor that

a b

Fig. 5.Mechanical stimulation of macrophage primary cilia did not
result in a significant change in osteoclastogenesis. Macrophages
were subjected to oscillatory fluid flow prior to being incubated
with M-CSF and RANKL to induce osteoclast differentiation.
Mechanically stimulated cells did not demonstrate a significant
change in osteoclastogenesis when compared to the static control
samples (n = 15, 7).
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causes an increase in primary cilia microtubule acety-
lation, which both stabilizes the primary cilium and
increases its stiffness [Xiang et al., 2017]. Additionally,
lithium chloride, an antidepressant agent, is shown to
increase primary cilia length in a range of contexts
[Miyoshi et al., 2009; Mehran et al., 2016; Thompson
et al., 2016; Spasic and Jacobs, 2017; Corrigan et al.,
2019]. We chose to explore the use of fenoldopam as it
has shown promise as a bone anabolic agent [Spasic and
Jacobs, 2017; Corrigan et al., 2019; Spasic et al., 2022],
yet its role on osteoclasts was not known.

While our results certainly suggest that fenoldopam
treatment may provide an anti-resorption effect, which
would be synergistic with fenoldopam’s reported anabolic
potential [Spasic et al., 2022], its long-term effect on
whole-bone has not yet been examined. Fenoldopam
has been clinically approved to treat extreme hyperten-
sion and is administered for a maximum of 48 h [Murphy
et al., 2001], and there remains limited data on its long-
term effect beyond initial reports in mice [Spasic et al.,
2022]. Together, our data indicate that primary cilium
disassembly may be an important step in osteoclast
formation. The primary cilium hosts a distinct pool of
receptors and can act as a unique biochemical signaling
nexus, distinct from the cytosol, and whether cilia dis-
assembly alters biochemical signaling or removes a cy-
toskeletal remodeling checkpoint similar to its role in
mitosis, the particular contribution of the primary cilium
to osteoclast formation remains unknown. Given the
importance of the primary cilium in the osteogenic
role of mesenchymal lineage cells, cilia-targeted treat-
ment strategies could have a two-pronged benefit of
promoting bone formation and inhibiting bone resorp-
tion. Currently, no such treatment strategy for low bone
mass exists and the combination of antiresorptive and
anabolic therapies remains in the research phase [Chan
et al., 2016; Tu et al., 2018]. This work is a critical first step
in understanding the role of the primary cilium in
osteoclast biology and, importantly, provides further
support for the potential of ciliotherapies in treating
bone disease.
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