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Abstract

Communication between osteoblasts, osteoclasts, and osteocytes is integral to their ability to build
and maintain the skeletal system and respond to physical signals. Various physiological
mechanisms, including nerve communication, hormones, and cytokines, play an important role in
this process. More recently, the important role of direct, cell-cell communication via gap junctions
has been established. In this review, we demonstrate the integral role of gap junctional
intercellular communication (GJIC) in skeletal physiology and bone cell mechanosensing.
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Introduction

Aside from the skeletal system, gap junctions (GJs) have a well-established role in the
physiology of various systems including the heart [1], nervous system [2], gonads [3], and
inflammatory response [4]. GJs are membrane-spanning channels that allow passage of
small molecules such as calcium ions, inositol phosphates, and nucleotides, from one cell to
another [5]. Each GJ is comprised of two hexameric hemichannels termed connexons that in
turn are comprised of six subunits termed connexins (Cxs) [6]. Over twenty mammalian Cxs
have been identified and are typically named according to their molecular mass in
kilodaltons [7]. Cxs are comprised of four conserved membrane-spanning domains and two
small extracellular loop domains that contain over 95% homology between subtypes [5, 6].
There is also a large intracellular loop and intracellular amino- and carboxyterminal ends,
the latter of which has a particularly divergent structure [8, 9].

The major cell types involved in bone turnover are bone-forming osteoblasts, bone-
resorbing osteoclasts, and osteocytes, which are terminally differentiated osteoblasts.
Osteocytes are embedded within the bone matrix and are connected to each other and to the
bone surface via canaliculi and cellular processes. The osteocyte is considered to be the
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putative mechanosensor of the skeletal system [10]. Osteoblasts and osteocytes have been
shown to primarily express the most abundant Cx, Connexin43 (Cx43); however, osteoblasts
also express lower amounts of Connexin45 (Cx45) [11]. Connexin46 (Cx46) is also
expressed by these cells, although it has been found to remain trapped in the Golgi, never
actually participating in intercellular communication [12]. In addition, osteoclasts and
cartilage-forming chondrocytes express Cx43 [13-15]. The structure of connexins
determines the specific molecules it is able to transmit [6]. For example, Cx43 allows for the
diffusion of negatively charged signal molecules <1.2 kD, while Cx45 forms a smaller pore,
permitting diffusion of molecules <0.3 kD with a preference for positively charged
molecules [16, 17].

Aside from allowing for direct cell-to-cell communication, Cxs can also assemble as
homomeric or heteromeric hemichannels at the cell surface [18]. Rather than forming a
channel with an adjacent cell, these hemichannels act as cellular pores, allowing for the
passage of small molecules with selectivity dictated by their constituent connexins.
Hemichannels have been shown to release of PGE,, ATP, and other factors in response to
mechanical stimulation [19, 20]. More recent studies have revealed a role of Cxs in gap
junction- and hemichannel-independent cellular mechanisms [21]. Regulation of factors
involved in cell growth by the c-terminus of Cx43 and regulation of factors in cell cycle
progression have been proposed as potential mechanisms for this action [5]. Regardless of
the particular structure or location of Cxs, their critical role in a wide variety of
physiological mechanisms from cell to organism is clear.

Gap Junctions in Skeletal Development

GJIC plays a key role in the function of osteoblasts, osteoclasts, and osteocytes in the
maintenance of skeletal homeostasis in the mature organism. However, Cxs also serve an
integral role in the proper development of the skeletal system itself [22]. This concept is
demonstrated rather vividly by the genetic disease oculodentodigital dysplasia (ODDD), a
disorder identified in individuals with mutations in the gene for Cx43, GJAI [23].
Individuals with ODDD have a skeletal phenotype characterized by dental anomalies,
including small teeth with enamel hypoplasia, syndactyly, and missing phalanges of the toes
[24]. Other disease features, such as glaucoma, iris deformities, seizures, and muscle
weakness, highlight the varied systemic contribution of Cx43 to human physiology [25].

Flenniken et al. [26] developed a transgenic mouse model that was able to mimic many of
the classical features of ODDD, as well as decreased bone mass and mechanical strength.
These mice contain a point mutation, unrelated to human ODDD, which results in the
production of a mutant protein that acts in a dominant-negative fashion to disrupt GJ
assembly. Work by Dobrowolski et al. [27] involved insertion of a human Cx43G138R point
mutation into the mouse GJAI gene to create a transgenic animal with cortical bone thinning
and cranial abnormalities consistent with ODDD. In addition, previous mouse studies
suggest that Cx43 has a role to play in the development of limb patterning and growth [28].
A Cx43 null-mutant mouse displayed delayed enchondral and endo-osteal ossification in the
cranial vault, although the axial and appendicular skeleton was essentially normal at birth
[29]. Studies in chick embryos have revealed that blocking Cx43 expression with antisense
nucleotides results in a significant decrease in bone formation [30], while studies in mutant
zebrafish have suggested a role of Cx43 in joint location [31]. Taken together, a picture of
GJIC as a critical mediator of skeletal development is coming in to focus.

Osteoblast Differentiation

GJIC has been identified as playing a key role in the differentiation and proliferation of
bone-forming osteoblasts [9, 32]. In vivo studies suggest that GJs may be involved in cell
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signaling processes important to limb bud differentiation and skeletogenesis in embryonic
mice [33] and cellular differentiation and intramembranous bone formation in the
developing chick mandible [34]. Indeed, Cx43 null mice display impaired intramembranous
bone formation and osteoblastic cells from these animals express decreased levels of type 1
collagen, osteopontin, and osteocalcin [29], suggesting a defect in osteoblastic maturation.
Several in vitro studies from our laboratory [35, 36] and others [37-39] demonstrated that
Cx43 expression and GJIC parallel osteoblastic differentiation. It was also found that
inhibition of GJIC and Cx43 expression in osteoblastic cells (e.g., MC3T3-E1, UMR-106,
ROS 17/2.8, human primary culture osteoblastic cells, and murine calvarial cells) with
pharmacological agents or genetic manipulation results in the decreased expression of
phenotypic characteristics of differentiated osteoblasts, including alkaline phosphatase,
osteocalcin, bone sialoprotein, and PTH responsiveness. Additionally, Schiller et al.[32]
showed that inhibition of GJIC induces the trans-differentiation of both osteoblastic
MC3T3-E1 cells and primary culture human osteoblastic cells into an adipocytic phenotype.
Conversely, there are at least two documented studies suggesting that GJIC is related to
decreased osteoblastic differentiation [40, 41]. Additional studies may help to clarify these
discrepancies, but a fundamental involvement of gap junctional communication in these
processes is undisputed.

GJIC also functions in the development of osteoblasts through interaction with other cellular
mechanisms and non-bone cells. Recent studies by Inose et al. [42] have shown that the
microRNA miR-206, an miRNA previously thought to be muscle specific, is expressed
during osteoblast differentiation and that Cx43 is a target. Overexpression of miR-206
resulted in decreased osteoblast differentiation, which was rescued by Cx43 expression,
while knockdown promoted differentiation. Development of a transgenic mouse model
expressing miR-206 in osteoblasts revealed an osteopenic phenotype similar in many
respects to that of Cx43 knockouts. Studies by Geneau et al. [43] suggest that the presence
of Cx43 is required for the effect of endothelin-1, a peptide that has been shown to inhibit
the mineralization of mouse pre-osteoblast MC3T3-E1 cells and osteoblast differentiation
[44]. Previous studies demonstrated similar mitigation of ET-1’s ability to elicit calcium
influx in calvarial osteoblastic cells from Cx43*/~ mice [43] and a decrease in ET-1’s
inhibitory effects in a human cell line deficient in Cx43 [45]. The role of Cx43 in the
inhibition of osteoblastic cell differentiation was also highlighted by recent studies from
Clobvacco and colleagues, which demonstrated that osteoblasts and megakaryocytes (MKSs)
can communicate via Cx43 and that MKs inhibit osteoblast differentiation in vitro when
cultured for extended durations. GJIC was also found to inhibit the MK-mediated juxtacrine
enhancement of osteoblast proliferation, but did not appear to alter MK-mediated reductions
in osteoblast differentiation.

There has also been much research focusing on the role of ATP in skeletal physiology, ATP
stimulates the proliferation of endothelial and smooth muscle cells [46] through a
mechanism involving cytosolic calcium mobilization [47]. Additionally, ATP increases
intracellular calcium levels in osteoblastic cells expressing the appropriate repertoire of
purinergic receptors and cytosolic calcium increases the activity of extracellular regulated
kinases, suggesting it may stimulate osteoblastic cell proliferation [48]. Indeed, two reports
suggest that ATP stimulates the proliferation of osteoblastic MG-63 [49] and HOBIT [50]
cells. Thus, the bulk of published data suggest that ATP contributes to osteoblastic
proliferation while GJIC contributes to osteoblastic differentiation.

Osteoclast Differentiation

While much work has focused on the role of gap junctional communication in the
differentiation, proliferation, and activity of osteoblasts, there has been relatively little focus
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on its role in osteoclasts. Early studies identified that osteoclasts do indeed express Cx43
and that GJ communication channels form between osteoclasts and the overlying osteoblasts
[51]. Later studies by llvesaro et al, [52] demonstrated that rat osteoclasts cultured on bovine
bone slides express Cx43 along the basolateral membrane. Furthermore, this group utilized
the gap junction inhibitor heptanol and a pit formation assay to establish that Cx43 is
required for osteoclast activity and that blocking GJIC results in a decrease in both
osteoclast number and activity. Studies using a more specific inhibitor, the connexin-
mimetic peptide Gap27, confirmed that intercellular communication via Cx43 is essential
for the activity of osteoclasts [53]. It is now clear that connexins and gap junctions play a
key role in the maturation of mature, multi-nucleate osteoclasts from hematopoietic cells of
the mono-cyte/macrophage lineage as well as the bone-resorbing function of osteoclasts that
occurs as a part of normal bone turnover [54, 55]. It is interesting to note that studies
utilizing sections of human bone found lower expression of Cx43 in mature versus precursor
osteoclasts, which may mean that it is more important to cellular function in earlier stages of
differentiation [14]. Blockage of GJIC with heptanol resulted in a dose-dependent decrease
in multi-nuclearity in these cells, suggesting that GJIC has a role in the fusion and size of
mature osteoclasts. Because of the well-established interest in osteoclast function in the
context of pathological bone loss, it is certain that refining the role of Cx43 in osteoclast
development and function may reveal its potential as a pharmacologic target.

Role of Gap Junctions in Mechanosensing

One of the fundamental tenants of bone biology is that bone form follows function. First
proposed by the orthopaedic surgeon Julius Wolff in 1892, Wolff’s Law stipulates that the
physical characteristics of bone (i.e., strength, bone mass) are dependent upon the physical
forces and stress exerted upon it [56]. The classic example is the increased bone mineral
content found in the racquet arm of a tennis player [57]. Of course, it is one thing to
acknowledge the manifestations of Wolff’s Law, it is another to understand the fundamental
mechanisms that underlie it.

Bone is a complicated biomechanical structure, with forces of gravity, physical activity, etc.
ultimately producing a complex array of biophysical signals that must be detected and
transduced into an appropriate cellular response [58]. As a result of the application of load,
bone matrix deformation creates a complex, non-uniform bio-physical environment within
tissue [59] consisting of fluid flow [60], direct mechanical strain [61], electromagnetic
effects [62], vibration [63], and microdamage [64]. These diverse biophysical signals affect
the level or activity of various markers of bone cell activity and differentiation. These
factors include alkaline phosphatase in the case of electric fields [65], cytosolic Ca2*
mobilization, NF-xB activation, Cx protein expression and phosphorylation, osteopontin
mMRNA expression, and prostaglandin E2 (PGE,) production in the case of fluid flow [66—
69], and osteopontin mMRNA expression during substrate stretch [70]. In the presence of fluid
flow and electric fields, the effects are more pronounced in cells displaying relatively more
abundant GJIC. It has been demonstrated that GJIC-deficient cells are dramatically less
responsive to parathyroid hormone (PTH) [71], fluid flow [68], and electric fields [62] than
are normal osteoblastic cells. Thus, one can see that GJIC contributes to the responsiveness
of osteoblastic cells to diverse extracellular signals.

There is abundant evidence suggesting that GJIC contributes to mechanotransduction in the
musculoskeletal system. Banes et al. [72] demonstrated that equibiaxial strain upregulates
Cx43 expression in tendon cells, while cyclic stretch has been shown to increase Cx43
protein expression and GJIC in osteoblastic cells [73]. Our laboratory [69] and others [74]
have demonstrated that fluid flow increases GJ expression and function in osteocytic MLO-
Y4 cells. Conversely, studies conducted by Thi and colleagues suggest that fluid flow

Clin Rev Bone Miner Metab. Author manuscript; available in PMC 2013 June 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lloyd and Donahue

Page 5

decreases GJ function and expression in MLO-Y4 cells. Results of these studies highlight
the apparently complicated role of Cx43 and emphasize the need for additional examination
of this issue.

In vivo, Lozupone et al. [75] demonstrated that mechanical loading of rat metatarsal bones
increased the incidence of osteocytic GJs. In a later study, our laboratory demonstrated that
expression of Cx43 by osteocytes is increased in the areas of bone exposed to tension
relative to areas exposed to compression or to control bone [76]. The localization of GJs
within the bone cell syncytium, their regulation by biophysical signals, and their
contribution to bone cell responsiveness to extracellular signals suggest that GJs contribute
to the integration and amplification of biophysical signals within osteocytic-osteoblastic
networks.

Gap Junctions and ATP

In addition to GJIC, another mechanism by which mechanical signals could be amplified
and integrated throughout the osteocyte—osteoblast network is through stimulation of the
release of autocrine factors such as extracellular nucleotides. ATP induces a broad spectrum
of cell responses, including calcium mobilization, muscle cell proliferation, and endothelial
cell adhesion and proliferation [77, 78]. Extracellular nucleotides also act as important
signaling molecules for cell-cell communication in the skeletal system [79] and play an
important role in bone remodeling [80]. ATP and UTP are known to exert their effects via a
family of specific receptors termed P2 purinergic receptors [81]. P2 purinergic receptors are
expressed in the osteoblastic cells of rat and human origin [82]. Several studies have
demonstrated that extracellular nucleotides, such as ATP and ADP, increase osteoblastic cell
proliferation and differentiation through specific P2 purinergic receptors [49, 83].

Accumulating evidence suggests that, in many types of cells, mechanical signals induce the
release of nucleotides, including ATP and UTP, from one cell, which then activate
purinergic P2 receptors in adjacent cells. An intriguing possibility is that GJs contribute to
bone cell mechano-transduction via GJIC and nucleotide release via GJ hemichannels.
Several studies demonstrated mechanically induced ATP release through hemichannels,
including studies involving astrocytes [84], glioma cells [85], and chondrocytes [86].
However, it is less clear whether hemichannels function in a similar manner in bone cells.
Romanello et al. [87] demonstrated that a human osteoblastic cell line has functional
hemichannels, but that these hemichannels are not involved in ATP release. Jorgensen et al.
[88] reported that they were unable to detect functional hemichannels in UMR-106-01 cells
overexpressing Cx43 or in ROS 17/2.8. A small percentage of primary culture human
osteoblastic cells did express functional hemichannels but only in low extracellular calcium.
Studies from our laboratory demonstrate that fluid flow stimulates the release of ATP from
osteoblastic MC3T3-E1 cells, but this was not inhibited by blocking hemichannels [89]. It is
clear that additional work is needed to delineate the role of ATP and hemichannels in
mechanosensing.

Gap Junctions and PGE,

In addition to ATP, the contribution of the paracrine release of PGE, from bone cells is
considered to be important because of its established role in the bone cell response to
mechanical loading [90]. Studies by Civitelli et al. [91, 92] revealed that PTH and PGE,
enhance GJIC by inducing redistribution of Cx43 to the cell membrane and increasing GJAZ
expression. A study in our laboratory demonstrated that fluid flow activates Cx43
hemichannels in osteocyte-like MLO-Y4 cells, but not MC3T3 cells, resulting in both ATP
and PGE; release [93]. A study by Siller-Jackson et al. [94] determined that the release of
PGE, was dependent on the magnitude of shear stress and that this response could be
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blocked by a hemichannel-specific antibody and not gap junctions or other channels.
Saunders et al. [95] looked at MC3T3-E1 and found that PGE; release, but not calcium
release, following oscillatory fluid flow was dependent on the presence of intact GJIC.

Cx43 hemichannel opening in response to fluid flow shear stress has been found to be
adaptive to the magnitude and duration of exposure, with increased PGE; release occurring
in cells subjected to interval fluid flow shear stress versus continuous [19]. Fluid shear
stress-induced release of PGE, may be dependent on the calcium-mediated release of ATP
and its action on P2 receptors [96]. Such a mechanism is supported by the finding that
calvarial osteoblasts isolated from mice with a null mutation in the P2X7 nucleotide receptor
release less PGE; in response to fluid flow than their wildtype counterparts [97]. MC3T3-E1
osteoblasts and MLO-Y4 osteocytic cells were also found to have suppressed PGE, release
in response to P2X7 blockade and enhanced PGR, production with application of an
agonist. In vivo, loading studies in rats have revealed that cyclooxygenase-2-specific
inhibitors and indomethacin are able to inhibit strain-induced lamellar bone formation [98].
The physiological importance of prostaglandins in the maintenance of bone mass has been
well established, and these studies highlight an important role of GJIC in this process.

RANK/RANKL/OPG

Bone turnover is one of the key mechanisms leading to efficient homeostatic maintenance of
the skeletal system. The action of osteoblasts and osteoclasts are coordinated so that older,
damaged bone is degraded and replaced with new bone matrix that is later mineralized. One
of the key pathways involved in coordinating this mechanism is the receptor activator of
NF-kappaB (RANK)/RANK Ligand (RANKL)/osteoprotegerin (OPG) axis [99]. RANKL is
secreted by stromal cells such as osteoblasts, which in turn bind to RANK on the surface of
osteoclasts, inducing osteoclast differentiation, proliferation, and activation. To date, very
little research has examined the role of GJIC in the function of osteoclasts or the RANK/
RANKL/OPG axis. Studies by Matemba et al. [100] utilizing the GJ inhibitor carbenoxolone
(CBX) revealed that while inhibition of GJIC did not affect the expression of mRNA for
RANK/RANKL/OPG in mouse bone marrow cultures, it did inhibit RANKL-mediated
osteoclastogenesis. These results suggest that GJIC has a role to play downstream of the
RANK/RANKL/OPG axis in osteoclasts. It is clear that much additional work remains in
characterizing the relationship between GJIC and this critical skeletal signaling axis.

Sclerostin/Wnt/B-Catenin

The canonical Wnt/B-catenin pathway is a critical signaling cascade required for both the
formation and maintenance of bone [101]. Secreted Wnt ligand binds to a receptor complex
formed by low-density lipoprotein receptor-related protein 5 or 6 (Lrp5/6) and frizzled. This
membrane complex initiates a signaling cascade that prevents g-catenin from undergoing
constitutive proteosomal degradation. Increased levels of S-catenin in the cytoplasm result
in its translocation to the nucleus where it can associate with other factors to control target
gene expression [102]. Wnt/s-catenin signaling is required for osteoblast differentiation and
activity, as evidenced by LRP5~/~ knockout mice, which have low bone mass and reduced
sensitivity to mechanical loading [103]. Conversely, mice that overexpress Lrp 5 have
increased bone mass and Cx43 expression [104]. In MLO-Y4 osteocytic cells, pulsating
fluid flow results in the increased expression of Wnt/B-catenin components and targets such
as Wnt3a, c-jun, CD44, and Cx43 [105]. These effects were blocked by the nitric oxide
(NO) inhibitor .-NG-nitroarginine methyl ester (.-NAME), suggesting that NO may play a
role in this mechanism. In addition, cerebellar formation defects found in Wnt-1 knockout
mice are reversed by Cx43 overexpression [106]. These findings are consistent with earlier
work, showing that Cx43 is a functional target of Wnt signaling in the brain [107]. In the
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heart, Wnt signaling has been demonstrated as an important modulator of Cx43-mediated
intercellular communication [108]. Additionally, lithium chloride has been shown to activate
Cx43 expression in skeletal myoblasts via the Wnt/s-catenin pathway [109]. Sclerostin is a
soluble protein secreted almost exclusively by osteocytes that binds Lrp 5/6 and decreases
Whnt/B-catenin signaling by preventing proteasome complex formation [110]. Sclerostin
knockout mice have a high bone mass phenotype and exhibit increased expression of Cx43
[111]. These results highlight the relationship between the Wnt/B-catenin signaling pathway
and GJIC and suggest that manipulation of one may result in effects in the other. The net
result, however, appears to be consistent, whereby increases in Wnt signaling or Cx43
expression lead to an increase in bone mass. Whether these two mechanisms act in parallel
or series requires further study.

Mechanotransduction: In Vitro

While accumulating research suggests that GJIC has an important role in transducing
mechanical signals throughout bone cell networks, most of this evidence has been obtained
from experiments that examined osteoblastic cells. This approach has been taken despite the
fact that the majority of cells in bone are osteocytes. In the cellular milieu of the bone
microenvironment, osteocytes are the best candidates for detecting and coordinating
responsiveness to mechanical signals and communicating these signals to osteoblastic cells
[112]. In addition, several studies suggest that osteocytes regulate osteoclastic cell activity
and mesenchymal stem cell differentiation [113, 114]. Despite this, the involvement of
mechanical signals in the osteocytic cell regulation of other bone cells has not been
investigated. We demonstrated that GJIC contributes to mechanically induced osteocytic
wave propagation from osteocytic MLO-Y4 cells to osteoblastic MC3T3-E1 cells [115], but
few studies have examined the physiological consequence of mechanical signals detected by
osteocytes and communicated with osteoblasts.

A study in our laboratory attempted to address this issue by exploring the effects of fluid
slow shear stress in a co-culture model utilizing MC3T3-E1 osteoblasts and MLO-Y4
osteocytes [116]. By separating the cell types with a porous membrane, it was possible to
expose one to shear stress while shielding the other [117]. Cellular processes traversed the
pores in the membrane, resulting in connections that were shown to include GJs. Osteocytes
exposed to shear stress on the order of 4.4 dyn/cm? induced a rapid increase in the level of
alkaline phosphatase activity of the shielded osteoblasts. This transmission of mechanical
signals from osteocytes to osteoblasts was inhibited by the gap junction blocker alpha-
glycyrrhetinic acid. Furthermore, this effect was not seen when other types of mesenchymal
cells were exposed to fluid shear and was dependent on physical contact of the two cell

types.

Biophysical signals may also regulate proliferation and differentiation. Unfortunately, the
evidence supporting this hypothesis is distinctly contradictory. As regards proliferation,
several studies demonstrated that physiological levels of substrate strain (up to 3,500
pstrain) increase osteoblastic cell proliferation [118, 119]. On the other hand, a similar
number of studies [120, 121] demonstrated that substrate deformation actually decreases
osteoblastic cell proliferation. Of the studies that have examined the effect of fluid flow on
osteoblast proliferation, two found that steady fluid flow inducing shear stresses within the
physiological range (5-20 dynes/cm?) did not increase proliferation [122, 123], while two
others found that pulsatile flow did increase proliferation [123, 124]. Additionally, long-
term (i.e., 7 days) pulsatile flow was not found to affect proliferation [125]. Studies
examining the effects of mechanical signals on osteoblastic differentiation are also
inconsistent. Several studies demonstrated that mechanical load, including substrate
deformation, hydrostatic pressure, fluid flow, or hypergravity, increase the expression or
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synthesis of markers of differentiation including osteocalcin, osteopontin, type I collagen,
and alkaline phosphatase [126-129]. Conversely, a number of studies have demonstrated
that exposure to similar load protocols results in decreases in the same markers of
osteoblastic differentiation [130-133].

This contradictory evidence, as regards the effect of mechanical signals on osteoblastic
proliferation and differentiation, may be because several different bone cell lines were
utilized, as well as the use of variable loading regimes. This emphasizes the importance of
future work designed to examine, in detail, the effect of a physiologically relevant load-
induced signal on well-characterized osteoblastic cells that can be stimulated to differentiate
in vitro. Additionally, when differentiation was examined in these studies, only a relatively
small number of phenotypic markers of osteoblastic differentiation were examined.
However, the fully mature (differentiated) osteoblastic phenotype reflects changes in the
expression of many genes and proteins. Thus, it is difficult to define a mature osteoblastic
cell based on only a few phenotypic characteristics (i.e. alkaline phosphatase activity, type 1
collagen, osteocalcin, or even in vitro mineralization). This challenge is emphasized by the
existence of subclones of osteoblastic MC3T3-EL1 cells that express alkaline phosphatase but
do not mineralize and other subclones that mineralize but do not express alkaline
phosphatase activity [134]. There is a need to define changes in osteoblastic differentiation
based on patterns of gene or protein expression, rather than changes in the expression of a
small number of genes or proteins.

Mechanotransduction: In Vivo

The complex physical structure and microenvironments of bone, with osteocytes embedded
within the bone matrix and osteoblasts and osteoclasts on the surface, make in vitro models
difficult to translate. One of the most physiologically applicable means to study the role of
GJs in bone biology is to develop transgenic models that are lacking the GJ proteins of
interest. The ubiquitous nature of GJIC, however, makes the development of a global null
knockout challenging. For example, mice with a global Cx43 knockout die prior to birth due
to severe cardiac dysfunction [135]. A solution developed by Castro and colleagues is an
osteoblast- and osteocyte-specific knockout of the Cx43 gene GJAI using the Cre-loxP
method [136, 137]. Two models were developed, using Cre-mediated replacement of a
“floxed” Cx43 allele with a LacZ reporter gene. In this case, Cre recombinase expression in
osteoblasts was driven the osteocalcin OG2 promoter or the Colalphal(l) promoter. Using
this model, the Cre enzyme is expressed prior to birth within cells that have already begun to
differentiate into osteoblasts [138]. Because osteocytes are terminally differentiated
osteoblasts, the result is an osteoblast- and osteocyte-specific post-natal knockout. This
transgenic approach avoids skeletal deformities that might be expected from Cx43 ablation
at an earlier stage of development.

Studies involving tissue-specific Cx43 knockout mice have found them to be relatively
osteopenic, with a low peak bone mass as a result of reduced osteoblast differentiation and
function. Whole-body density as measured by dual-energy X-ray absorptiometry (DEXA)
revealed lower bone density in knockouts beginning at 1 month of age and continuing to at
least 6 months [139]. Bone mineral content data from this study parallel the DEXA findings.
Measurements via microcomputed tomography revealed a 40% reduction in trabecular bone.
There was also observed a 50% reduction in osteoblast number, with no change in osteoclast
number. Administration of parathyroid hormone (PTH) to Cx43 knockout animals resulted
in an attenuated response compared with wildtype littermates, with a failure to increase
mineral apposition rate. At the cellular level, there was an increase in osteoblast number
following PTH administration, but not an increase in activity. These results suggest the
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defect may be the result of ineffective hormonal activation related to Cx43, rather than
complete ablation of PTH response.

A structural analysis of cortical bone from Cx43-deficient mice showed them to have thinner
cortical bone, with a larger marrow area and total cross-sectional area—changes consistent
with that found during normal skeletal aging [140]. During aging, endocortical resorption is
compensated for by periosteal bone apposition, with the result being thinner cortical bone
and larger diaphyseal cross-sections [141, 142]. These knockout mice also had a reduced
anabolic response to in vivo mechanical loading at the tibia endocortical surface as assessed
via three-point bending. These effects are consistent with an osteoblast defect, whereby
these bone-building cells are unable to properly initiate a response to increased mechanical
load. It is important to note, however, that the anabolic response to mechanical loading was
not completely abolished in knockout mice. Which may imply that Cx43 is either not
essential for mechanoresponsiveness or that compensatory mechanisms exist in the absence
of Cx43.

Studies by Su et al. [76] investigated the expression of Cx43 in a rat model of experimental
tooth movement. In their studies, osteoclasts and fibroblasts were found to express Cx43 in
areas of compression, whereas osteocytes and osteoblasts had increased Cx43 expression in
areas of tension. A follow-up study in mice found that mechanical loading induced
differential expression of Cx43 in alveolar bone induced by tooth movement [143]. Cx43
MRNA expression was observed in osteoblasts and lining cells at bone formation sites and
osteoclasts at resorption sites. While Cx43 mRNA expression was not increased in
osteocytes, protein expression was increased and punctate staining suggested the formation
of gap junctions between osteocytes and the presence of hemichannels. These studies
suggest that bone cells may be differentially responsive to different types of mechanical load
in regard to their expression of Cx43. These differences may contribute to a coordinated
bone remodeling response in a complex mechanical environment with aspects of tension and
compression.

Along with mechanical loading, the physiological response to unloading is also a
mechanical situation where emerging research suggests a role of GJIC. Practical examples
of unloading-induced bone loss include that experienced during spaceflight [144], bed rest
[145], or as a result of neurologic injury [146]. A study by Lang et al. [147] of astronauts
who spent 4-6 months on the international space station demonstrated an average bone loss
of 0.5-1.5% per month. These losses were not completely recovered a year after returning to
Earth [148]. Understandably, due to the high cost, there is a limited data set of the skeletal
response to true micro-gravity. The development of ground-based models of microgravity
has thus been an important objective of the National Aeronautics and Space Administration
(NASA) and its research partners. The ground-based model of unloading called hindlimb
suspension is the standard for simulating microgravity in rodents on the ground [149]. More
recent models, including botulinum toxin-induced immobilization, have also been proposed
[150]. In a study of botox immobilization of the hindlimbs of heterozygous Cx43-deficient
mice, bone loss (as measured by BMC) tended to occur at a slower rate in knockouts
compared with wildtype equivalents [151], although recovery of both genotypes was similar
and incomplete at 12 weeks. More comprehensive studies are required in order to further
explore the response of Cx43 knockout mice to hindlimb unloading and immobilization.

In a rather elegant series of experiments conducted by Tatsumi et al. [152], osteocytes were
selectively ablated in mature mice. At baseline, these mice demonstrated a significant
decrease in bone formation, trabecular bone, and mechanical strength. Interestingly, these
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mice were completely resistant to the effects of hindlimb suspension, experiencing no
significant bone loss and not exhibiting the increased levels of RANKL or sclerostin seen in
their wildtype counterparts. Similar to this study, Lin et al. [111] have demonstrated that
sclerostin knockout mice are also resistant to the effects of hindlimb suspension,
experiencing no loss of cortical or trabecular bone, as well as no changes in BMD, bone
formation rate, or expression of factors in the Wnt/B-catenin pathway. The investigators
postulate that sclerostin is thus the essential mediator of unloading-induced bone loss. As
previously mentioned, sclerostin is an antagonist of the Wnt/S-catenin pathway that is
exclusively produced by osteocytes. Because Cx43 expression is a target of Wnt/B-catenin
signaling [107] and Cx43 has a well-established role in mechanotransduction, it is likely that
GJIC plays a role in the phenotype observed in these transgenic animals and in response to
mechanical unloading.

Clinical Aspects

With an aging population, osteoporosis has become a significant health problem in our
society [153]. The bone loss and decrease in skeletal strength experienced by post-
menopausal women is a major health concern, with the 1-year mortality rate following hip
fracture on the order of 20-35% [154, 155]. The skeletal phenotype of Cx43-deficient mice
is similar to that seen in aging, with thinner cortical bone with a larger marrow and cross-
sectional area [140]. These changes may make the Cx43-deficient mouse an ideal model for
studying the effects of aging and pharmacological countermeasures.

Bisphosphonates are the frontline drugs for the treatment of postmenopausal osteoporosis
[156]. These drugs not only decrease osteoclast development, recruitment, and activity [157]
but also promote the survival of osteocytes and osteoblasts [158]. In vitro studies by Plotkin
et al. [159] found that the ERK-activating/anti-apoptotic effects of bisphosphonates are
dependent on Cx43. Alendronate was found to open Cx43 hemichannels, which in turn
activated src kinase and ERKs. While it is thought that bisphosphonates bind to the
hydroxyapatite of bone and reach the osteoclast during resorption, the results of this study
suggest that bisphosphonates may enter the cell via Cx43. Studies with truncated versions of
the Cx43 protein suggest that direct or indirect interaction with the pore-forming region of
the hemichannel may be responsible for its opening. Additional studies by this group found
that the non-aminobisphosphonate etidronate required Cx43 expression to prevent
etoposide-induced apoptosis [160]. Etidronate was unable to prevent apoptosis in Cx43-
lacking HelLa cells or primary osteoblasts isolated from Cx43-deficient mice, while
apoptosis was abolished in Cx43-transfected HeLa cells and primary osteoblasts from
wildtype mice. In vivo studies by Plotkin et al. [161] confirmed that alendronate is
ineffective in preventing glucocorticoid-induced osteoporosis in Cx43-deficient mice.

Conclusions

Research to date has exposed the fundamental role of GJIC in many aspects of human
biology. From the nervous and cardiovascular system to the immune response and bone
physiology, connexins have been established as critical components of various physiological
mechanisms. In the skeletal system, connexins and GJIC have a role in
mechanotransduction, signal propagation, and sensitization to hormones and are required for
the pharmacological effects of a variety of drugs and agents. From a basic science
perspective, it will be necessary to more precisely define the phenotype of Cx43-deficient
mice and to elucidate the precise contribution of Cx43 to their observed response to
mechanical loading and unloading. In addition, new frontiers lie with the development of so-
called connexin-mimetic agents. These agents have shown to be active in the brain and heart
and have shown potential as therapeutic interventions for cancer. As we are able to better
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refine the precise role that GJs play in the development of pathological and age-related bone
loss, it may be possible to develop therapeutic agents to modulate bone connexins in order to
prevent bone loss, preserve strength, and reduce fracture risk. Regardless of the clinical
applications, however, it is clear that research in the future will continue to refine the vital,
albeit complex, role of connexins in skeletal homeostasis.
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