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Summary

Sclerostin is a 24-kDa secreted glycoprotein that has been identified as a negative modulator of new bone formation and
may play a major role in age-related decline in skeletal function. Although serum levels of sclerostin markedly increase with
age, relatively little is known about whether cells in the skeleton change their expression of sclerostin with aging. Using
immunohistochemistry and confocal microscopy, we explored sclerostin immunoreactivity (sclerostin-IR) in the femurs of
4-, 9-, and 24-month-old adult C3H/He) male mice. In the femur, the only two cell types that expressed detectable levels
of sclerostin-IR were bone osteocytes and articular cartilage chondrocytes. At three different sites along the diaphysis of
the femur, only a subset of osteocytes expressed sclerostin-IR and the percentage of osteocytes that expressed sclerostin-
IR increased from approximately 36% to 48% in 4- vs. 24-month-old mice. In marked contrast, in the same femurs, there
were ~40% fewer hypertrophic chondrocytes of articular cartilage that expressed sclerostin-IR when comparing 24- vs.
4-month-old mice. Understanding the mechanism(s) that drive these divergent changes in sclerostin-IR may provide insight
into understanding and treating the age-related decline of the skeleton. (J Histochem Cytochem 64:179-189, 2016)
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Introduction skeletal pain, loss of functional status, and increased mor-
bidity/mortality (Gruber et al. 2006).

Currently, there are two main classes of drugs available to
treat age-related bone loss. The first class is the anti-resorp-
tives (e.g., bisphosphonates, Denosumab), which work to
slow bone loss by inhibiting the activity of osteoclasts.
However, as bone turnover is disrupted, microcracks can

In humans, peak skeletal mass and strength is reached when
an individual is 25-30 years old and then declines thereafter
(Exton-Smith et al. 1969; Firooznia et al. 1984). By the time
an individual reaches 60 years of age, diseases such as
osteoporosis and osteoarthritis, which involve declines in
the mass, strength and healing properties of bone or joint,
become highly prevalent disorders. In preclinical and clini-
cal studies, aging-related bone loss predisposes individuals Received for publication July 13, 2015; accepted December 7, 2015.
to an increased risk of bone fracture (Melton’ 1996; Supplementary material for this article is available on the Journal of
Ferguson et al. 2003; Yates et al. 2007). Thus, 50% of Histochemistry & Cytochemistry Web site at http://jhc.sagepub.com/
women and 25% of men over the age of 50 years will suffer supplemental.

age-related fractures over their lifetime (Rollman and Corresponding Author:

Lautenbacher 2001). Age-related bone fractures usually Patrick W. Mantyh, Department of Pharmacology, 1501 N. Campbell
heal slower than bone fractures in the young. As a result, Ave, P.O. Box 245050, Tucson, AZ 85724, USA.
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accumulate, compromising the integrity of bone (Chapurlat
and Delmas 2009; Allen and Burr 2011). While the progress
in anti-resorptive therapies has been remarkable, with long
term use, the efficacy declines (Allen and Burr 2011).

The second other relevant class of drugs for treating
bone loss is osteo-anabolic agents — true bone-building
therapies. The first osteo-anabolic to be put into clinical use
was intermittent parathyroid hormone (PTH), which exerts
its effects by preferentially stimulating osteoblasts over
osteoclasts (Greenfield 2012). However, bone density
seems to plateau after 18-24 months of PTH therapy, and
the treatment has been shown to increase the risk of osteo-
sarcoma in rats (Vahle et al. 2002). Recombinant bone mor-
phogenic proteins represent another anabolic option, though
they are limited by their high cost and difficulty of adminis-
tration (Lane and Silverman 2010). Thus, the niche for a
safe and effective osteo-anabolic drug to prevent and/or
treat age-related bone loss remains largely unfilled.

Recently, significant progress has been made in identify-
ing several novel osteo-anabolic therapeutic targets
(Palaniswamy et al. 2010; Lim and Clarke 2012; Ohlsson
2013). Here, we focus on one of these which is the protein
sclerostin, a small (24 kDa) secreted glycoprotein that is
expressed in the adult skeleton osteocytes and chondro-
cytes. Sclerostin acts by inhibiting the Wnt/B-catenin sig-
naling pathway (Brunkow et al. 2001). Induction of the Wnt
signaling pathway promotes bone formation whereas inac-
tivation of the pathway leads to osteopenic states (Holmen
et al. 2005). Human data suggest that there is an increase in
the serum levels of sclerostin over a person’s lifetime and
suggest that local increases of sclerostin in bone may play
an important role in age-related impairment in bone forma-
tion (Brunkow et al. 2001; Ardawi et al. 2011; Modder et al.
2011; Amrein et al. 2012; Arasu et al. 2012).

Although the great majority of research on the function
of sclerostin has focused on bone, sclerostin has also been
shown to be expressed in hypertrophic chondrocytes of the
articular cartilage (Chan et al. 2011). Previous studies have
shown that Wnt/B-catenin activity that is involved in main-
taining normal cartilage and disruption of the signaling
cascade can result in the development of an osteoarthritis
(OA)-like phenotype. However, whether this OA pheno-
type is due to changes in B-catenin signaling in the sub-
chondral bone and/or articular chondrocytes remains
unclear (Yuasa et al. 2008; Zhu et al. 2008; Weng et al.
2009; Zhu et al. 2009).

In the present study, we address the largely unanswered
question as to whether osteocytes and chondrocytes
change their expression of sclerostin protein with age and
whether they do so in concert. In order to do this, we used
a specific antibody raised against sclerostin and examined
the immunoreactivity in the mouse femur. The femur was
chosen as it contains both osteocytes and chondrocytes. It
is also a major load-bearing bone, which is a common site
for age-related fractures. With age-related OA involving

the articular cartilage at the head of the femur, it frequently
results in the need for hip replacement.

Materials & Methods

Animals

Experiments were performed with naive femurs obtained
from young (4 months old; n=9), middle-aged (9 months
old; n=3) and old (24 months old; n=4) adult male C3H/Hel
animals. The mice were housed in accordance with the
National Institutes of Health guidelines under specific
pathogen-free conditions in autoclaved cages maintained at
22°C with a 12-hr alternating light/dark cycle and access to
food and water ad libitum. All procedures adhered to the
guidelines of the Committee for Research and Ethical Issues
of the IASP (Zimmermann 1983) and were approved by the
Institutional Animal Care and Use Committee at the
University of Arizona (Tucson, AZ).

Preparation of Tissues for Inmunohistochemistry
and Histology

At 4,9, and 24 months of age, animals were sacrificed and
perfused, as previously described (Jimenez-Andrade et al.
2008). After perfusion, the left hind limbs were removed
and post-fixed for 24 hr at 4°C in the same perfusion fixa-
tive solution. The femurs were decalcified for approxi-
mately 2 weeks in 10% ethylenediaminetetracetic acid
(EDTA) (PBS, pH 7.4 at 4°C; Sigma-Aldrich, St. Louis,
MO). Decalcification was monitored radiographically with
a Faxitron MX-20 digital cabinet X-ray system (Faxitron/
Bioptics; Tucson, AZ). Following thorough decalcification,
each femur was cryoprotected in 30% sucrose at 4°C for at
least 48 hr to allow the sample to equilibrate and sink to the
bottom of the tube before being sectioned.

Immunohistochemistry and Histology

To characterize the sclerostin-IR in young, middle-aged, and
old bone, femurs were processed immunohistochemically
and histologically, as previously described (Chartier et al.
2014). Immunostaining for sclerostin was performed with an
antibody directed against GIn24-Tyr211 (1:400 dilution;
R&D Systems, Minneapolis, MN). This polyclonal antibody
detects mouse SOST/Sclerostin in direct ELISAs and west-
ern blots (Kusu et al. 2003). After overnight primary anti-
body incubation, preparations were washed 3 x 10 min each
in PBS and incubated for 3 hr at room temperature (21°C)
with secondary antibodies conjugated to fluorescent markers
(Cy3; 1:600; Jackson ImmunoResearch, West Grove, PA).
After a 3-hr incubation, preparations were washed 3 X 10 min
each in PBS and incubated for 20 min with Alexa Fluor
488-conjugated phalloidin (Life Technologies; Grand Island,
NY). Bone sections were then washed in PBS for 3 x 10 min
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and counterstained with DAPI (1:500; Molecular Probes/
Thermo Fisher Scientific) for 5 min. Preparations were
washed again in PBS for 3 x 10 min each, and coverslipped
with VectaShield (Vector Laboratories, Inc.; Burlingame,
CA). Preparations were allowed to dry at room temperature
for 12 hr before being imaged.

As controls for specific and non-specific sclerostin-IR
staining, two methods were used: deletion of the primary
antibody (data not shown) and use of a blocking peptide
(R&D Systems; Minneapolis, MN). The sclerostin antibody
(0.5 pg/ml) was diluted in PBS/TBS and added 5-fold (by
weight) to the recombinant mouse sclerostin (“blocked”). In
a separate mixture, the same dilution of antibody with the
same volume of saline/PBS without the peptide (“control”)
was made. Both the “blocked” and “control” mixtures were
allowed to incubate at room temperature for 1 hr. Following
the blocking/competition incubation period, the “blocked”
and “control” samples were diluted with 1%/0.1% Triton-X
100 blocking buffer and incubated on consecutive bone sec-
tions overnight at room temperature. After this primary incu-
bation, the secondary preparation steps were carried out as
described above.

Confocal images were acquired with an Olympus
Fluoview FV1000 (Olympus, Center Valley, PA) system
equipped with Multiline Argon (458, 488, 515 nm), Green
HeNe (543 nm), Red HeNe (633 nm) lasers; and with an
Olympus Fluoview FV1200 system equipped with LD (405,
440, 473, 559, 635 nm), Multiline Argon (457, 488, 515
nm), and HeNe(G) (534 nm) lasers. Each Fluoview system
was equipped with multiple excitation and emission filters.
Selected markers were visualized using excitation beams of
488 and 599 and emissions were detected using BA505-540
and B575-620 emission filters. DAPI was visualized using
an excitation beam of 405 nm and emissions were detected
using a BA430-470 emission filter. Sequential acquisition
mode was used to reduce bleed-through from fluorophores.
Images were obtained using Olympus UPlanApo 40x/1.30
and 60x/1.42 (FV1000) and UPlanFL N 40%/1.30 and
PlanApo N 60x/1.42 (FV1200) oil objectives.

Histology

Slides of 10-um bone sections were stained with hematoxy-
lin and eosin for anatomical reference. Histology slides
were imaged at 200x using bright-field microscopy on an
Olympus BX-51 microscope equipped with an Olympus
DP71 digital camera. In order to acquire an image of the
whole tissue sample (femur), several images were acquired
from each region then compiled in Adobe Photoshop. The
images were cropped and saved as tiff files.

Quantifications

For all imaging purposes, the images for each cell type
were obtained with identical acquisition exposure-time

conditions. The percentage of osteocytes with detectable
sclerostin-IR in the femoral cortical diaphyseal bone was
quantified using immunohistochemical images obtained
from young (4 months old), middle-aged (9 months old)
and old (24 months old) adult femurs. The left limb from
each animal was analyzed at three sites along the diaphy-
sis: proximal diaphysis (4 mm from the top of the femoral
head), mid-diaphysis (approximately 8 mm from the top of
the femoral head) and distal diaphysis (3 mm from distal
end of the femur). The approximate area of bone compart-
ment that was analyzed was 280 pum (length) x 310 um
(width) x 20 um (depth). For young animals, the sample
size was n=3, 9, and 3 for the proximal diaphysis, mid-
diaphysis, and distal diaphysis, respectively. For the mid-
dle-aged animals, the sample size was n=3 for all three
sites. For old adult animals, the same sample size was n=4
for all three sites.

Three slides from each animal were imaged at 200x
magnification. Only one of the two sections per slide was
analyzed and at least 100 um between each section was
examined to prevent duplicate counting of osteocytes.
The total number of osteocytes in the field of view was
determined by counting the number of nuclei visible
through DAPI staining and through phalloidin staining of
the osteocytes. Positive DAPI nuclei forming vascular
clusters were not included in the quantifications as they
presumably are nuclei from endothelial cells. Then the
number of sclerostin-positive osteocytes was determined
by counting the number of sclerostin/DAPI/phalloidin
overlays visible in each microscopic field. Finally, the
total number of sclerostin-expressing cells was divided
by the total number of cells to determine the percentage
of osteocytes expressing sclerostin. The percentages of
sclerostin-positive osteocytes were averaged among the
three slides examined per animal.

To measure detectable sclerostin-IR changes of hypertro-
phic chondrocytes, two methods were used: sclerostin-IR cell
number and relative sclerostin-IR fluorescence. To quantify
the number of sclerostin-IR hypertrophic chondrocytes, three
confocal images per young (4 months old, n=5) and old (24
months old, #n=3) adult animals at 600x magnification were
obtained. Using Image] (NIH; Bethesda, MD), the area of
hypertrophic chondrocytes (using DAPI/sclerostin overlay as
reference) was acquired for each section. Cells that were
large (cell diameter of >8 um), round and where sclerostin-IR
had completely filled the cytoplasm were counted. Any cells
with a diameter less than 8 pum was considered atrophic and
dismissed in the quantification. For each image, the total
number of sclerostin-IR cells was divided by the hypertro-
phic chondrocyte area and is presented as cells per mm?. The
number of sclerostin-IR chondrocytes was averaged among
the three slides examined per animal.

To measure the relative sclerostin-IR fluorescence of the
hypertrophic chondrocytes, the same area used to quantify
the number of sclerostin-IR chondrocytes was used to
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Table 1. Cells and areas of the mouse femur where sclerostin-IR was present in the femurs of 4, 9, and 24 month old mice.

Sclerostin Immunoreactivity

Young Adult Middle-Aged Adult Old Adult
Cell Type 4-month-old 9-month-old 24-month-old
Osteocyte + ++ +++
Osteoclast - - -
Osteoblast - - -
Hypertrophic Chondrocytes
Growth plate - - -
Articular cartilage Hork N.A. *
Bone Marrow - -
Periosteum * ok ok
Macrophage/Monocyte - - -

There was a significant increase in the proportion of sclerostin-positive osteocytes with age and a significant decline in sclerostin-IR in the hypertrophic
chondrocytes with age. Sclerostin-IR was not detected in osteoclasts, osteoblasts, cells within the growth plate, bone marrow, or in macrophages/
monocytes. + Percentage of sclerostin-positive osteocytes: +, 30%; ++, 40%; +++, 50%. *, **, *** Graduated sclerostin-immunoreactivity; - Lack of
immunoreactivity. N.A., not analyzed due to poor tissue quality of the proximal epiphysis of middle aged adult.

measure integrated optical density using Image Pro Plus v
6.0 image analysis software (Media Cybernetics, Bethesda,
MD). The data are represented as relative fluorescence
(arbitrary units). The quality of the proximal epiphysis for
the middle-aged animals was poor and thus not quantified
for either method.

To determine periosteal thickness, under the DAPI chan-
nel, three images per mid-diaphyseal periosteum per age
group were taken at 400x magnification. The thickness
(length measure) of the total periosteum was determined
with Image J software (NIH) and averaged for each animal
at each age group. For young, middle-aged, and old adult
animals, the sample sizes were 4, 3 and 4, respectively.

Statistical Analysis

All statistical analyses were calculated in SigmaPlot soft-
ware (San Jose, CA). One way-ANOVA was performed fol-
lowed by a Tukey’s post-hoc test comparing groups at each
age. The significance level was set at p<0.05. In all cases,
the investigator responsible for counting phalloidin-IR/
DAPI and/or sclerostin-IR-positive osteocytes and chon-
drocytes was blinded to the age of each animal.

Results

Sclerostin Immunoreactivity (Sclerostin-IR)

Is Detected in Cortical Bone Osteocytes and
Articular Cartilage Hypertrophic Chondrocytes in
the Mouse Femur

Using a polyclonal antibody against sclerostin, immuno-
histochemical staining of longitudinal sections of the naive

mouse femur illustrated that sclerostin-IR was expressed in
two cell types: the osteocytes within cortical bone and
hypertrophic  chondrocytes of articular cartilage.
Sclerostin-IR was not detected in the growth plate, osteo-
clasts, osteoblasts, macrophage/monocytes, or bone mar-
row (images not shown; Table 1).

In diaphyseal cortical bone, detectable levels of
sclerostin-IR were present in osteocyte cell bodies, the
dendrites/canaliculi of osteocytes, and the periosteum
(Fig. 1). As a control for specific vs non-specific staining
of the sclerostin-IR in both young (4 months old) and old
(24 months old) adult animals, both primary antibody
deletion (data not shown) and an absorption control were
used on consecutive sections of bone (Fig. 2C, 2D).

A Subset of Sclerostin-Positive and -Negative
Osteocytes Are Present in Mouse Cortical Bone

Phalloidin, a marker for F-actin (a component of the cyto-
skeleton that is expressed by osteocytes), was used to iden-
tify osteocytes and the dendrite/canaliculi network (Fig.
3A). Since osteocytes make up 90% to 95% of all adult
bone cells (Bonewald 2011), DAPI was used to mark the
nuclei of the bone cells present and because of the approxi-
mate 1:1 ratio of phalloidin to DAPI (Fig. 3B,D), both
markers were used to co-stain with anti-sclerostin for osteo-
cyte quantification. Interestingly, colocalization of scleros-
tin-IR with phalloidin-IR (and DAPI) highlighted two
subtypes of osteocytes: sclerostin-positive and sclerostin-
negative (Fig. 3A, 3C, and 3F). In the field of view at the
mid-diaphysis (280 pm % 310 um % 20 um), out of 176.5 +
11.5 osteocytes counted, only 68 + 4.1 were sclerostin-pos-
itive (38%). Both populations of cells were in close
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Figure |. Detectable levels of sclerostin immunoreactivity (sclerostin-IR) are present in osteocyte cell bodies, osteocyte dendrites/
canaliculi, and the periosteum in the cortical bone of the mouse femur. (A) Low power magnification, medial-lateral view of an H&E
section of a young (4-month-old) male mouse femur. Boxed region indicates the mid-diaphyseal region where images in Figs. IB, I1C,
2 and 3 were obtained. (B) Representative mid-power confocal image showing sclerostin-IR (fire red) in the osteocyte cell bodies and
periosteum. (C) High-power confocal image showing sclerostin-IR within an osteocyte cell body (arrowhead) and the dendrite/canaliculi

process (arrow). Scale (B) 25 pm; (C) 10 pm.
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Figure 2. Sclerostin-IR in mineralized bone and adjacent peri-
osteum (marked with black double-ended line; right), along with
serially adjacent sections processed as absorption controls. (A)
High-power confocal images of sclerostin-IR in mouse femoral
cortical bone of young (4-month-old) and (B) old (24-month-old)
adult animals. Note that sclerostin-IR is present in the osteo-
cyte cell body, dendrite/canaliculi network, and the periosteum
of young and old animals. The periosteum layers—cambium and
fibrous—are demarcated by a white dashed line. (C) and (D)
are serial sections of (A) and (B), respectively, and were pro-
cessed the same as (A & B) except that the sclerostin antibody
was replaced by a recombinant mouse SOST. Abbreviations: C,
cambium layer; F, fibrous layer. Scale, 10 pm.

proximity to each other, were found throughout the width of
the cortical bone (endosteal to periosteal regions), and
showed similar cell body morphology. Phalloidin/DAPI/

sclerostin staining also confirmed sclerostin is localized to
the cytoplasm of osteocytes (Fig. 3D-3F).

The Percentage of Osteocytes That Express
Detectable Levels of Sclerostin-IR Increase with
Age

To determine if the subtype of sclerostin-positive osteo-
cytes changed with age, we first examined the total number
of osteocytes at the mid-diaphysis in three different age
groups: young (4-month-old), middle-aged (9-month-old)
and old (24-month-old) adult mice. As expected with aging,
there was a decline in the total number of osteocytes. Young
adult animals had an average of 176.5 = 11.5 osteocytes;
middle-aged mice had 138.7 & 12.0 osteocytes and old adult
animals had 83 + 7.5 osteocytes per field of view (280 pm
x 310 pm x 20 pum). The osteocytes that were sclerostin-
positive had a slight decline with age [68.1 + 4.1; 60.5 +
1.7; 41.4 £ 4.0 for young middle-aged and old adults,
respectively, per field of view (280 um % 310 pm x 20 pm)];
however, the percentage (ratio) of sclerostin-positive osteo-
cytes to total osteocytes increased with age.

At the mid-diaphysis, the percent of sclerostin-positive
osteocytes increased from 38.5 + 1.6% to 43 +£3.6% to 49 +
2.3% in young, middle-aged, and old adults, respectively
(Fig. 4). Two additional sites along the diaphysis were also
examined to determine if the increase in the number of
sclerostin-positive osteocytes was dependent on location.
We found that this age-dependent increase was consistent
with at least a 1.3—1.4-fold change between the proximal
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Figure 3. A subset of osteocytes that bind phalloidin (which binds to F-actin and that is expressed by osteocytes) also express detect-
able levels of sclerostin-IR. (A) Mid-power confocal image of cortical bone from a 4 month old animal showing co-localization of phalloidin
(green) and sclerostin-IR (red). The periosteal surface is on the right and the endosteal surface is on the left. (B) High power confocal image
of DAPI (blue) / phalloidin (green) overlay. Since >95% of cells in cortical bone are osteocytes there is nearly a |:1 overlap of phalloidin and
DAPI in cortical bone. (C) High power confocal image shows that the co-localization of phalloidin (green) and sclerostin (red) is only pres-
ent in a subset of osteocytes (closed arrowhead). Sclerostin-negative osteocytes are demarcated by open arrowhead. (D-F) High power
confocal image of phalloidin (green), DAPI (blue), and sclerostin (fire red) showing that when sclerostin-IR signal is maximized, there is clear
distinction between sclerostin-IR positive and sclerostin-IR negative osteocytes. Scale bar (A) 30 um; (B) 20 um; (C) 10 um; (D-F) 8 um.
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Figure 4. The percentage of osteocytes that express detectable levels of sclerostin-IR increases with age. (A) Low-power magnifica-
tion, medial-lateral view H&E section of a young mouse femur showing the regions where osteocyte sclerostin-IR was analyzed in young
(4-month-old), middle-aged (9-month-old), and old (24-month-old) adult C3H male mice. Three sites were selected along the diaphysis:
the proximal (4 mm from the proximal head), mid-diaphysis (8 mm from the proximal head), and distal (3 mm from the distal head). (B—
D) High-power confocal images of sclerostin-IR (upper panel), DAPI (middle panel) and sclerostin/DAPI overlay (lower panel) in mouse
femoral cortical bone of young (B) middle-aged (C) and old (D) adult animals. (E) Histogram illustrating the percentage of osteocytes
expressing detectable levels of sclerostin-IR in cortical bone in young, middle-aged, and old adult diaphyseal cortical bone. All ages were
statistically significantly different from each other at each site, except middle-aged vs. old at the proximal diaphyseal region (p>0.06). The
numbers in parentheses above each bar indicate the number of animals analyzed for each age group. Bars represent the mean + SEM;
p<0.05 after a one-way ANOVA, Tukey’s post-hoc test. Scale (A) | mm; (B-D) 5 pm.

diaphysis, mid-diaphysis, and distal diaphysis of the young
and old adult animals (Fig. 4E).

Expression of Detectable Levels of Sclerostin-IR
in Articular Cartilage Hypertrophic Chondrocytes
Declines with Age

In the same longitudinal sections of the femur where
sclerostin-IR osteocytes were detected, sclerostin-IR was
observed in the hypertrophic chondrocytes at the proximal
epiphysis of the femur (Fig. 5). To determine if the age-
dependent change to sclerostin-IR was conserved in this
cell type, the number of hypertrophic chondrocytes per
unit area with sclerostin-IR staining that completely filled
the cytoplasm of the large, round hypertrophic chondro-
cytes with a diameter of 8 pm or greater was counted for
4-month-old (young) and 24-month-old (old) adult ani-
mals (Fig. 5G). In the old adult, a portion of the sclerostin-
positive cells appeared atrophic, and these cells were not
counted. In young animals, there were 286 + 70 sclerostin-
positive chondrocytes per mm”. In the old adult, there
were only 125 + 55.7 per mm”. Furthermore, in the same
area used for cell counts, the relative sclerostin-IR

fluorescence intensity measurements showed a 36%
decline with age (Fig. 5F).

Discussion

There were four major findings in the present study. First, the
only two cells types that expressed detectable levels of
sclerostin-IR in the young, middle-aged and old mouse femurs
were bone osteocytes and articular chondrocytes. Second, in
the 9- and 24-month-old femurs, there was small but signifi-
cant increase in the percentage of sclerostin-IR positive osteo-
cytes as compared with that measured in 4-month-old animals.
Third, sclerostin-IR was also observed in the periosteum.
Lastly, the number of chondrocytes expressing sclerostin-IR
declined markedly when comparing the articular cartilage of
the hip joint of 24- vs. 4-month-old mice.

A Subset of Osteocytes Express Detectable
levels of sclerostin in 4, 9, and 24 month old
animals

Sclerostin-positive and sclerostin-negative osteocytes were
often found in close proximity to one another, a surprising
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Figure 5. Sclerostin-IR in hypertrophic chondrocytes present in articular cartilage decreases in the old as compared with that in the
young adult mice. (A) Representative low-power H&E section of the proximal end of the mouse femur in medial-lateral view. Boxed
areas correspond to where images were obtained and analysis was performed. (B, D) Mid-power confocal image showing sclerostin-
IR (white) expressed by hypertrophic chondrocytes in the articular cartilage (designated by AC) in young (4-monthold, B) and old
(24-month-old, D) adult animals. (C, E) High-magnification confocal overlay of sclerostin-IR (red) and DAPI (blue) show that lower levels
of sclerostin-IR and lower number of sclerostin-expressing hypertrophic chondrocytes are present in the old vs. young adult animals. (F)
Histograms showing the decline in the number of sclerostin-IR hypertrophic chondrocytes in the old vs. young animals. (G) Histogram
showing that the relative fluorescence of sclerostin-IR in chondrocytes declines by approximately 40% in the old vs. young animals. Bars
represent mean * SEM; p<0.05 after a one-way ANOVA, Tukey’s post-hoc test. Abbreviations: AC, articular cartilage; MB, mineralized

bone. Scale (A) | mm; (B, D) 100 uym; (C, E) 10 pm.

finding considering that immediately adjacent osteocytes
would presumably be subject to similar levels of loading and
mechanical stress, which have been shown to regulate the
expression of sclerostin mRNA and protein in bone osteo-
cytes (Robling et al. 2008; Moustafa et al. 2012). These sub-
types of osteocytes were observed in three different sites
examined in the mineralized bone of the femur, suggesting
that the expression of sclerostin by a subset of osteocytes is
not limited to the area of bone. Interestingly, previous stud-
ies have shown that, even in bones that received no loading
for 14 days (which should increase sclerostin expression),
only 50% of the osteocytes expressed detectable levels of
sclerostin protein (i.e., sclerostin-IR) and mRNA (Moriishi
et al. 2012). Together, these studies suggest that there is a
subset of osteocytes that more readily express detectable
levels of sclerostin protein and mRNA even when subjected
to similar levels of mechanical loading.

The Percentage of Osteocyte Cell Bodies That
Express Sclerostin-IR Increases with Age

With aging, there is loss of total bone mass so that the total
number of osteocytes in the entire skeleton also decreases
(Frost 1960; Dunstan et al. 1990; Halloran et al. 2002). In
humans, even with the decline in the total number of

osteocytes, serum levels of sclerostin (which is presumed a
reflection of sclerostin that is synthesized and released by
osteocytes) has been reported to increase with aging in both
men and women (Mirza et al. 2010; Modder et al. 2011;
Amrein et al. 2012; Bhattoa et al. 2013; Szulc et al. 2013a;
Szulc et al. 2013b; Roforth et al. 2014). As increasing
sclerostin levels in serum presumably arise from the ever-
declining number of osteocytes, an obvious question is how
do serum sclerostin levels continue to rise as the total num-
ber of osteocytes is declining?

The present study may partly address this dichotomy.
First, while the total mass (and total osteocytes) of mineral-
ized bone declines in aging mice (Almeida et al. 2007; Jilka,
2013), we show that the percentage of osteocytes that
express detectable levels of sclerostin-IR increases. These
data suggest that the remaining population of osteocytes
may increase their protein expression and release of scleros-
tin, presumably allowing the ever-diminishing population
of osteocytes to synthesize and release an ever-increasing
amount of sclerostin in bone with aging.

Although the bone-inhibitory effects of sclerostin and
molecular signaling pathway have been extensively investi-
gated (Ke et al. 2012), its exact method of transport of
sclerostin from the cell body to distant sites is less well-
defined. The osteocyte dendrites are surrounded by the
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canalicular wall, forming the lacuna-canalicular network
(Turner et al. 2002). Between dendrites are gap junctions;
yet, due to the size limitation, only proteins less than 1.2
kDa can pass through the dendrites, so it is unlikely that a
molecule like sclerostin (24 kDa) will be transported
between osteocyte dendrites. Even at the highest power
magnification that we can achieve with confocal micro-
scope, we cannot conclude whether the majority of scleros-
tin is inside or outside the dendrites or whether sclerostin-IR
in the dendrites, canaliculi or periosteum increases with
age. These are important questions to answer and will
require further investigation with higher resolution imaging
techniques.

Sclerostin-IR Is Present in the Cambium Layer of
the Periosteum

Previous studies have shown that mesenchymal progenitor
cells are present in the cambium layer of the periosteum and
these progenitor cells play an important role in bone healing
following bone fracture and bone formation in aging bone.
In the present study, we showed that there is sclerostin-IR in
the cambium layer of the periosteum. It is well established
that the periosteum thickness declines with age in multiple
species, including mouse, rat, rabbit, and human
(Supplemental Fig. 1) (O’Driscoll et al. 2001; Ochareon
and Herring 2007; Al-Qtaitat et al. 2010; Jimenez-Andrade
et al. 2010). Notably, this decline in thickness is attributed
primarily to the shrinkage of the cellular rich cambium
layer, which may be why it is easier to discern sclerostin-IR
in the old vs. young animals. As mesenchymal progenitor
cells are known to be present in the cambium layer, it will
be interesting in future studies to determine if sclerostin
modulates periosteal involvement in bone formation,
remodeling, and fracture repair (Guillot 2012).

The Number of Articular Cartilage Chondrocytes
that Express Sclerostin-IR Declines with Age

The present results provide a unique perspective on the role
of sclerostin in cartilage vs bone by simultaneously visual-
izing changes in the expression of sclerostin-IR in the bone
and joint of the femur. Consistent with previous findings
(Todd Allen et al. 2004), our data show a decrease in the
number and size of chondrocytes in aging animals. Thus, in
marked contrast to the increase in sclerostin-positive osteo-
cytes found in cortical bone with aging, the number of
sclerostin-IR chondrocytes declines in the 24- vs. 4-month-
old animals. Interestingly, sclerostin expression by hyper-
trophic chondrocytes of the growth plate has previously
been reported (van Bezooijen et al. 2009); although, we did
not see sclerostin-IR expression in the growth plate in any
of the mice examined in the present study.

Currently, a major unanswered question is: What role
does sclerostin play in regulating chondrocytes and carti-
lage? Previous studies examining sclerostin levels in late-
stage OA patients and in a sheep model of OA suggest that
declining levels of sclerostin may play a role in the patho-
logical progression of OA by inhibiting cartilage proteoly-
sis and promoting sub-chondral bone sclerosis (Chan et al.
2011). However, in another study that utilized sclerostin-
knockout mice, no obvious differences were evident in the
histology of the knee joint of these animals (Roudier et al.
2013). Thus, from both a preclinical and translational per-
spective, developing a better understanding of the role of
chondrocyte-derived sclerostin in regulating cartilage is
clearly needed.

The present study demonstrates that only bone osteo-
cytes and articular chondrocytes expressed detectable levels
of sclerostin-IR in the mouse femur; that there is an increase
in the percentage of sclerostin-IR positive osteocytes with
aging; and that the number of chondrocytes expressing
sclerostin-IR declines with age. However, there are several
limitations of the present study in that only bone, one joint,
one strain and one gender of mouse was used in the study.
Future experiments will be needed to better understand the
role sclerostin plays in the aging skeleton. These experi-
ments will include defining whether this phenomenon
occurs in females, if preferential epitope masking may also
be contributing to the changes in sclerostin-IR, whether
sclerostin mRNA levels in osteocytes and chondrocytes
change with aging, how changes in sclerostin-IR and pro-
tein expression in osteocytes and chondrocytes correlate
with changes in sclerostin-IR serum levels, and whether
sclerostin regulates progenitor cells in the cambium layer of
the periosteum.
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