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ABSTRACT
There is increasing evidence that osteocytes regulate multiple aspects of bone remodeling through bi-directional communication with
osteoblasts. This is potentially mediated through cell–cell contact via osteocytic dendritic processes, through the activity of secreted factors, or
both. To test whether cell–cell contact affects gene expression patterns in osteoblasts and osteocytes, we used a co-culture system
where calvarial osteoblasts and IDG-SW3 osteocytes were allowed to touch through a porous membrane, while still being physically
separated to allow for phenotypic characterization. Osteoblast/osteocyte cell-contact resulted in up-regulation of osteoblast differentiation
genes in the osteoblasts, when compared to wells where no cell contact was allowed. Examination of osteocyte gene expression when in direct
contact with osteoblasts also revealed increased expression of osteocyte-specific genes. These data suggest that physical contact mutually
enhances both the osteoblastic and osteocytic character of each respective cell type. Interestingly, Gja1 (a gap junction protein) was increased
in the osteoblasts only when in direct contact with the osteocytes, suggesting that Gja1 may mediate some of the effects of direct cell
contact. To test this hypothesis, we treated the direct contact system with the gap junction inhibitor 18-alpha-glycyrrhetinic acid and
found that Bglap expression was significantly inhibited. This suggests that osteocytes may regulate late osteoblast differentiation at
least in part through Gja1. Identification of the specific factors involved in the enhancement of differentiation of both osteoblasts and
osteocytes when in direct contact will uncover new biology concerning how these bone cells communicate. J. Cell. Biochem. 115: 2039–2044,
2014. © 2014 Wiley Periodicals, Inc.
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Bone is a highly dynamic and complex tissue, requiring the
contribution of several cell types to maintain tissue integrity

and function. This homeostatic condition is achieved through
coordinated actions and interactions of the processes of bone
formation and bone resorption. During normal bone turnover,
formation and resorption are coupled so that the net amount of bone
remains constant. The main cell types that provide these functions
are the bone-forming osteoblasts, the bone-resorbing osteoclasts,
and the mechanosensing osteocytes.

In order for these cell types to maintain equilibrium between the
processes of bone formation and resorption, cellular communication
among these all these cell types is essential. It is well known that
osteoblasts are involved in the process of osteoclast differentiation
[Martin, 2013]. Likewise, recent evidence has demonstrated that

osteoclasts produce soluble factors, such as Sphk1, Wnt10b, Bmp6,
which influence osteoblast function [Pederson et al., 2008].

Osteocyte control of bone homeostasis is becoming increasingly
recognized as an important regulator of bone metabolism. Recent
evidence suggests that osteocytes play an important role in bone
resorption [O’Brien et al., 2013] and that the osteocyte may in fact
provide a majority of the RANKL that controls osteoclast differ-
entiation in trabecular bone [Nakashima et al., 2011; Xiong
et al., 2011]. Considerable evidence exists demonstrating that
osteocytes control bone formation through the production and
secretion of the Wnt inhibitor sclerostin, a soluble factor that
traverses the lacuna-canalicular network, and is thought to inhibit
the Wnt pathway in osteoblasts and reduce osteoblastic function
[van Bezooijen et al., 2004].
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In this report, we investigate the effects of osteocyte and
osteoblast communication using a transwell co-culture system,
whereby these cell types can physically touch through a porous
membrane. We demonstrate that direct cell–cell contact between
osteoblasts and osteocytes mutually enhances the osteoblastic and
osteocytic character of each respective cell type. Future studies will
focus on identification of the specific mechanisms and soluble
factors involved in osteoblast/osteocyte communication.

MATERIALS AND METHODS

CELL CULTURE REAGENTS
Primary calvarial osteoblasts (CalOBs) were isolated from C57BL/6
mice as previously described [Monroe et al., 2010] and cultured in
aMEM growth medium (Invitrogen, Carlsbad, CA) supplemented
with 1� antibiotic/antimycotic (Invitrogen) and 10% (v/v) fetal
bovine serum. The mouse osteocyte cell line, IDG-SW3, was kindly
provided by Dr. Lynda Bonewald (University of Missouri, Kansas
City) and cultured in the same media as the CalOBs supplemented
with 50U/ml interferon-gamma (Sigma–Aldrich, St. Louis, MO)
[Woo et al., 2011]. The IDG-SW3 cells were plated on rat tail collagen
type 1-coated plates (BD Biosciences, Bedford, MA). Osteogenesis
was induced by replacing with growth medium at confluence with
fresh growth medium supplemented with 50mg/L ascorbic acid and
10mM b-glycerophosphate (Sigma–Aldrich). Inhibition of gap
junction function was accomplished by supplementing growth
medium with 10mM 18-alpha-glycyrrhetinic acid (Sigma–Aldrich)
for the 7-day coculture period.

COCULTURE
The in vitro osteoblast and osteocyte coculture model was
established using a Millicell-24 Cell Culture Insert Plate (Millipore,
Billerica, MA) comprised of a polyethylene terephthalate (PET)
membrane perforated with 1-mm pores, performed as previously
described [Taylor et al., 2007]. Briefly, the inserts were inverted and
4� 104 of the first cell model were seeded onto the basal surface
(bottom side of insert) in 1ml growth medium and incubated for 5 h
at 37°C to permit cellular adhesion. The inserts were reverted into 6-
well tissue culture plates containing 4ml growth medium and
incubated overnight at 37°C. The growth medium was then changed
to osteogenic differentiationmedium and changed every 2 days for a
total of 21 days. Then, 4� 104 of the second cell model was seeded on
the apical surface (top side of insert) in 1ml growth media and
allowed to adhere overnight. The growthmediumwas again changed
to osteogenic differentiationmedium and changed every 2 days for a
total of 7 additional days. All cultures were performed in sextuplet
(n¼ 6) replicate wells. For the “No Cell Contact” experiment, the
IDG-SW3 cells were seeded on the bottom of the well instead of on
the basal surface of the membrane, but were otherwise treated
identically as above. The location of either the CalOBs or IDG-SW3
cells differed with each experiment (described in Results section). To
maintain consistency in the coculturemodels and to provide a proper
control, wells in which the same cell line was seeded on both the
basal and apical surfaces of the membrane were established and
treated identically.

RNA/cDNA ISOLATION
Upon completion of the experiments, we harvested the RNA
separately from the cells located on two surfaces of membrane by
first scraping the cells on the basal surface using sterilized toothpicks
and immediately placing them into 700ml QIAzol Lysis Reagent
(Qiagen, Valencia, CA). Then, the bottom sides of membrane were
washed by PBS twice and wiped well by sterile gauze to remove any
leftover cells. The cells on the apical surface of the membrane were
then harvested in 700ml QIAzol Lysis Reagent. The total cellular
RNA was isolated using the RNeasy Mini Kit (Qiagen). Removal of
contaminating genomic DNA was accomplished using an on-
column RNase-free DNase solution (Qiagen). One microgram of total
RNA was reverse transcribed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) and diluted
1:5 with sterile water.

QUANTITATIVE REAL-TIME PCR ANALYSIS (QPCR)
Onemicroliter of the cDNAwas used in a 10ml total reaction volume
for QPCR using the QuantiTect SYBR Green PCR Kit (Qiagen) and the
ABI 7900HT Fast Real-Time PCR System (Applied Biosystems).
Normalization for variations in input RNA was performed using a
panel of 10 housekeeping genes and analyzed using the geNorm
algorithm [Vandesompele et al., 2002; Radonic et al., 2004] to select
the three to four most stable reference genes, as previously described
[Modder et al., 2012]. Primer sequences for individual genes were
designed using the Primer Express program (Applied Biosystems)
and are available on request.

STATISTICAL ANALYSES
Calculations and statistical analyses were performed usingMicrosoft
Office Excel 2003 (Microsoft Corp., Redmond, WA). The data are
presented as the mean� SE. All values of P� 0.05 were considered
statistically significant using Student’s t-test.

RESULTS

COCULTURE DESIGN
In this report, we utilize a transwell co-culture system that uses a
polyethylene terephthalate membrane (PET)-containing insert,
which is perforated with 1-micron pores to facilitate cell–cell
contact of two independent cell types [Taylor et al., 2007]. As is
schematically described in Figure 1, this model involves seeding the

Fig 1. Schematic diagram of the procedure for seeding the two independent
cell types in the direct cell–cell contact co-culture system.
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basal surface (bottom side of an upside-down insert) with one cell
type and allowing cellular adhesion to occur. The insert is then
reverted and another cell type is seeded on the apical surface (inside
of the insert), thereby allowing for direct cell–cell contact via cellular
dendritic processes that extend through the pores. Importantly, the
small pore size does not permit cell migration through the pore
[Taylor et al., 2007]. This serves to maintain physical separation of
the two cell types and facilitates isolation of each cell type for
downstream analysis. In this report, we examine the effects of co-
culture using primary mouse calvarial osteoblasts (CalOBs) and the
IDG-SW3 osteocyte cell line [Woo et al., 2011]. In all experiments,
the IDG-SW3 cells were cultured for 21 days under osteogenic
conditions to fully differentiate them to osteocytes [Woo et al., 2011]
before being placed into the transwell model with the CalOBs, and
the cells allowed to differentiate together for an additional 7 days
prior to harvest.

DIRECT OSTEOCYTE CELL CONTACT ENHANCES BONE MARKER
GENE EXPRESSION IN OSTEOBLASTS
To determine whether direct cell–cell contact of osteoblasts with
osteocytes affects bone marker gene expression in osteoblasts, we

established co-cultures where the CalOBs were seeded on the apical
surface of the membrane with IDG-SW3 cells seeded either on the
basal side of the membrane (termed “Cell Contact”) or on the bottom
of the well (termed “No Cell Contact”) (Fig. 2A). As shown in
Figure 2B, direct cell contact between the two cell types significantly
increased gene expression in the CalOBs of all the bonemarker genes
tested. We also found that expression of the transcript for the gap
junction protein connexin 43 (aka Gja1) was increased ninefold in
CalOBs when in co-cultured in direct contact with the IDG-SW3
osteocyte cells (Fig. 2B), suggesting that intercellular communica-
tion between the cells may be enhanced. Interestingly, the
expression profile of known osteocytic marker genes was also
significantly increased in the CalOBs when in direct contact with the
IDG-SW3 cells (Fig. 2C), suggesting the adoption of an early
osteocytic phenotype in the CalOBs.

DIRECT OSTEOBLAST CELL CONTACT ALSO ENHANCES BONE
MARKER GENE EXPRESSION IN OSTEOCYTES
To determine whether this co-culture method also enhanced the
osteocytic character of the osteocytes when placed in direct contact
with osteoblasts, we cultured CalOBs and IDG-SW3 cells in direct

Fig 2. Osteoblastic gene expression is enhanced when in direct cell contact with osteocytes compared to no cell contact. A: IDG-SW3 osteocytes were seeded either on the
bottom of the well (“No Cell Contact”) or on the basal surface of the membrane (“Cell Contact”) and allowed to differentiate in osteogenic media for 21 days. CalOB osteoblasts
were then seeded on the apical surface of the membrane and both cell types allowed to differentiate for an additional 7 days. B: QPCR analysis of the CalOBs when either in “No
Cell Contact” or “Cell Contact” with the IDG-SW3 cells. Data are expressed as mean� standard error (SE), n¼ 6, *P< 0.05, **P< 0.01, ***P< 0.001.
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co-culture and compared with IDG-SW3 cells in direct co-culture
with themselves, as depicted in Figure 3A. Expression of the
osteocyte marker genes in the IDG-SW3 cells were increased when
placed in direct contact with CalOBs (Fig. 3B). Expression of the early
osteocytic marker Pdpn (�2.9-fold) was decreased.

gap JUNCTION INHIBITION DECREASES Bglap EXPRESSION
Since expression of gap junction protein Gja1 was increased with
CalOB/IDG-SW3 coculture (Fig. 2B), and since Gja1 is recognized as
an important mediator of cellular communication in osteoblasts
[Schiller et al., 2001], we used 18-alpha-glycyrrhetinic acid (AGA) to
inhibit gap junction function in our co-culture model and examined
the osteoblast and osteocyte marker gene profiles in the CalOBs
(Fig. 4A). Interestingly, only Bglap (�2.3-fold) expression was
decreased, with no significant changes observed in any of the other
genes tested (Fig. 4B). This suggests that although gap junction
communication may be important for the regulation of Bglap
expression, other mechanisms likely also contribute to the enhance-
ment of osteoblast differentiation.

DISCUSSION

In the current study, we examined the effects of direct cell–cell
contact on expression of cellular differentiation markers in CalOB
osteoblasts and IDG-SW3 osteocytes, using a co-culture system
described previously [Taylor et al., 2007]. In this system, osteoblasts
and osteocytes are seeded on opposing sides of a porous membrane,

allowing the cells to contact, and therefore communicate via
dendritic processes extending through the pore. The advantage to
this system is that cellularmigration through the pores is not possible
(due to their small 1-mm size) and therefore clean isolation of each
respective cell type following the experimental manipulation can be
achieved.

Osteocytes exist embedded in the bone matrix and are connected
to other cells (i.e., other osteocytes, osteoblasts, bone lining cells,
osteoclasts, stromal cells) in the bone microenvironment via
extension of their dendritic processes through the lacuna-canal-
icular network [Bonewald, 2011]. This provides a physical frame-
work in which cells can potentially communicate and influence each
other0s activity. Indeed, we found that our direct co-culture system,
which is a simplifiedmodel of the direct cell–cell contact observed in
vivo, results in a not only enhanced osteoblastic character of the
CalOBs, but also enhanced osteocytic character of the IDG-SW3
cells. This suggests that bidirectional communication between the
osteoblasts and osteocytes is occurring.

The mechanism of this bidirectional communication between
osteoblasts and osteocytes is unclear, but may involve mediators of
cell–cell contact such as gap junction proteins. Gap junctions are
critical in mediating the connection between cells and provide a
mechanism that permits the diffusion of small signaling molecules
such as calcium ions, inositol 1,4,5-triphosphate and cyclic AMP
[Jiang et al., 2007; Taylor et al., 2007; Bonewald and Johnson, 2008;
Buo and Stains, 2014]. Connexin 43 (Gja1) hemichannels have been
identified as an important mediator of cellular communication in
bone through direct cell–cell contact [Plotkin and Bellido, 2013; Ren
et al., 2013]. We showed that the Gja1 inhibitor AGA inhibited the
increased expression ofBglap in the osteoblasts. This suggests that at
least a portion of the enhanced osteogenic signal in our direct co-
culture system may be due to Gja1-mediated cell communication.
However, other classical bone marker genes were not affected by the
AGA inhibitor. The reason for this is unclear, however may be due to
incomplete Gja1 inhibition over the 7-day co-culture timeframe.
Future studies are needed further clarify how osteoblasts and
osteocytes communicate when in direct co-culture.

Birmingham et al. [2012] found that osteoblasts and osteocytes
increased the differentiation capacity of mesenchymal stem cells
when co-cultured in vitro using either conditioned media or indirect
co-culture methodology. Our data extend this finding by demon-
strating that this osteogenic signal is further enhanced utilizing a
system where osteoblasts and osteocytes are in direct contact.
Interestingly, expression of known osteocytic gene markers was also
significantly increased in the osteoblasts when in direct contact with
osteocytes. This suggests that not only does direct co-culture
enhance the osteogenic phenotype of osteoblasts, but also that the
osteoblasts start adopting the phenotypic characteristics of early
osteocytes. It is certainly possible that osteoblast–osteocyte cell
contact may be an important signal which influences late-stage
osteoblasts to become osteocytes, although this is only speculation
and needs to be addressed by carefully controlled experiments.

A particularly interestingfinding is the increase in Sost transcripts
in osteoblasts that are in direct contact with osteocytes. While
increased Sost is a well-recognized marker of the osteocytic
phenotype [van Bezooijen et al., 2004], the sclerostin protein is an

Fig 3. Osteocytic gene expression is enhanced when in direct cell contact with
osteoblasts, compared to direct cell contact with the osteocytes themselves. A:
IDG-SW3 osteocytes were seeded on the basal surface of the membrane for
both conditions, and either IDG-SW3 cells or CalOBs seeded on apical surface.
Seeding and differentiation conditions were identical as described in Figure 1.
B: QPCR analysis of the IDG-SW3 cells when either in direct contact with other
IDG-SW3 cells (“IDG-SW3/ IDG-SW3”) or the CalOB cells (“CalOB/IDG-SW3”).
Data are expressed as in Figure 1, *P< 0.05, **P< 0.01.
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inhibitor of Wnt signaling and would inhibit bone formation. A
potential explanation is that increased sclerostin in late osteoblastic
or early osteocytic cells serves to limit the amount of bone formed in
the bone remodeling unit, thereby protecting against excess bone
formation in cells at this stage of differentiation.

A limitation of this study is that assessment of mineralization
using Alizarin Red S staining was not possible. This is due to the fact
that the cells of either side of the porous membrane could not be
separated while in direct co-culture and any stain applied would
leach through the membrane staining both populations. This makes
assessment of mineralization using Alizarin Red staining of the
each cell line not possible in this model. In any case, in our direct co-
culture system the IDG-SW3 osteocytes on the basal surface of the
membrane are cultured in osteogenic media for 21 days prior to
seeding the CalOB (or IDG-SW3 cells in some experiments) on the
apical surface of the membrane, and therefore are already in a
highly differentiated and mineralized state. However, this is
balanced by the major strength of this study in that the cells could
be cleanly separated for RNA isolation, makes independent
assessment of the gene expression patterns of each cell line
possible. Potentially, this direct co-culture system could be utilized
by other investigators to examine isolated osteoblast or osteocyte
cell populations from any mouse model (i.e., gene deletion,
transgenic expression) to assess the effects these mutations on
osteoblast–osteocyte communication.

In conclusion, we provide evidence that physical cell–cell contact
of osteoblasts and osteocytes mutually enhances differentiation of
each respective cell type. This suggests that cellular communication
between these cells in the bone microenvironment, or at least within
the bone remodeling unit, is vital to maintain tissue integrity and
function. Identification of the specific factors and/or cellular
adhesion molecules involved in the enhancement of differentiation
of both osteoblasts and osteocytes when in direct contact will
uncover new biology concerning how these bone cells communicate.
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