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Abstract

Connexin 43 (Cx43) is a gap junction protein that plays an integral role in the skeletal response to 

mechanical loading and unloading. In a previous study, we demonstrated preservation of 

trabecular bone mass and cortical bone formation rate in mice with an osteoblast/osteocyte-

selective deficiency of Cx43 (cKO) following mechanical unloading via hindlimb suspension 

(HLS). In the present study, we sought to define the potential mechanisms underlying this 

response. Following three weeks of HLS, mRNA levels of Sost were significantly greater in wild-

type (WT)-Suspended mice vs. WT-Control, while there was no difference between cKO control 

and cKO-Suspended. Unloading-induced decreases in P1NP, a serum marker of bone formation, 

were also attenuated in cKO-Suspended. The proportion of sclerostin-positive osteocytes was 

significantly lower in cKO-Control vs. WT-Control (−72%, p < 0.05), a difference accounted for 

by the presence of numerous empty lacunae in the cortical bone of cKO vs. WT. Abundant 

TUNEL staining was present throughout the cortical bone of the tibia and femur, suggesting an 

apoptotic process. There was no difference in empty lacunae in the trabecular bone of the tibia or 

femur. Trabecular and cortical osteoclast indices were lower in cKO-Suspended vs. WT-

Suspended; however, mRNA levels of the gene encoding RANKL increased similarly in both 

genotypes. Connexin 43 deficient mice experience attenuated sclerostin-mediated suppression of 

cortical bone formation and lower cortical osteoclast activity during unloading. Preservation of 

trabecular bone mass and attenuated osteoclast activity during unloading, despite an apparent lack 

of effect on osteocyte viability at this site, suggests that an additional mechanism independent of 

osteocyte apoptosis may also be important. These findings indicate that Cx43 is able to modulate 

both arms of bone remodeling during unloading.
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Introduction

Connexin 43 (Cx43)is the predominant gap junction protein in bone [1]. Gap junctions 

facilitate the movement of molecules <1 kD between adjacent cells [2] or between the cell 

and extracellular milieu when unopposed as hemichannels. Cx43 also interacts with 

signaling molecules and structural proteins [3–7], indicating a role beyond that of 

intercellular transmission of small molecules. Cx43 has also been shown to play a critical 

role in skeletal development [8], fracture repair [9], and bone response to mechanical forces 

[5].

Mechanical loading is required to maintain bone mass and strength [10]. Bone loss due to 

mechanical unloading is characterized by an uncoupling of bone turnover: bone formation 

decreases, while bone resorption increases [11]. The net result is deterioration of bone 

micro-structure, particularly in the trabecular bone compartment, which is more sensitive to 

unloading-induced bone loss [12,13]. The effects of mechanical unloading are most vividly 

demonstrated by the profound bone loss experienced by astronauts following long duration 

stays on the International Space Station [14]. A more clinically-relevant example of 

unloading-induced bone loss would be prolonged bed rest as a result of neurological injury 

or trauma [15].

Previous work in our laboratory and others has demonstrated the integral role that gap 

junctions play in the response to both mechanical loading [16–18] and unloading [19,20]. In 

a recent study, we subjected mice with an osteoblast/osteocyte-selective deficiency of Cx43 

(cKO) to mechanical unloading via hindlimb suspension (HLS) [20]. Following three weeks 

of HLS, we detected attenuation of trabecular bone loss in Cx43 deficient mice [20]. In 

addition, histomorphometric bone formation rate at the endocortical and periosteal surface 

was maintained at baseline levels in cKO mice, in contrast to characteristic unloading-

induced suppression of bone formation in WT mice [11]. Despite these findings, we were 

unable to detect a difference in cortical bone loss between WT and cKO. However, a 

separate study by Grimston et al. found attenuated cortical bone loss in younger Cx43 

deficient mice subjected to botox immobilization of the hindlimbs [19].

One of the primary mediators of bone loss associated with unloading is the production of 

sclerostin (product of the Sost gene) by osteocytes [21]. No previous studies have 

investigated the effect of Cx43 deficiency on Sost expression during unloading. Sclerostin is 

an antagonist of the Wnt/β-catenin pathway that inhibits bone formation and osteogenesis 

[21]. Osteocyte-derived sclerostin may also support osteoclast activity by increasing the 

levels of receptor activator of nuclear factor kappa B ligand (RANKL) [22]. Bivi et al. 

demonstrated increased osteocyte apoptosis in Cx43 deficient mice [23], while Watkins et 

al. showed decreased baseline Sost mRNA levels [24]. Osteocyte apoptosis associated with 

Cx43 deficiency, and its effects on bone signaling pathways, may be a crucial mediator of 

the desensitization of these mice to certain effects of mechanical unloading.

We investigated the response of Cx43 cKO mice to three weeks of HLS. Compared to WT 

mice, unloaded cKO mice were found to have increased baseline osteocyte apoptosis, 

decreased Sost expression, and preserved serum P1NP levels. Indices of bone resorption, 
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including osteoclast number and surface were reduced in Cx43 deficient mice subjected to 

unloading. Taken together, these results demonstrate that Cx43 deficiency reduces the 

sensitivity of bone to the deleterious cellular and molecular changes induced by mechanical 

unloading.

Methods

Mice

Given that global knockout of the Cx43 gene is embryonic lethal [25], we utilized mice with 

conditional deletion of Gja1 (encodes connexin 43) specifically in osteoblasts/osteocytes. 

Our strategy for generation of transgenic mice, confirmation of conditional knockout in 

osteocytes/osteoblasts, and determination of the specificity of the Cx43 deletion was 

described previously [18,20]. Briefly, mice expressing Cre recombinase under the control of 

the human osteocalcin promoter (OC-Cre; Cx43+/+) [26] were bred with mice in which Gja1 

is flanked by two loxP sites (Cx43flx/flx) [27] to generate OC-Cre; Cx43flx/+ mice. We then 

crossed OC-Cre; Cx43flx/+ mice with Cx43flx/flx mice to generate OC-Cre; Cx43flx/flx mice. 

We then back bred OC-Cre; Cx43flx/flx mice with Cx43flx/flx mice to generate an equal 

number of OC-Cre; Cx43flx/flx (conditional Cx43 deficient equivalent; cKO) and Cx43flx/flx 

(wild-type; WT). Mice derived from this breeding strategy were bred with C57BL/6 mice 

for three generations, resulting in mice with a C57BL/6 background. Genotyping was 

performed by PCR using genomic DNA isolated from mouse earpieces and appropriate 

primers [18]. The mice used in this study were separate from those used in our previous 

unloading study [20].

Hindlimb suspension

The present study utilized six-month-old male Cx43 cKO and WT mice. Mice of this age 

and sex have been used successfully in our previous studies of mechanical loading [18] and 

unloading [20]. Mice were housed in standard vivarium enclosures until one-week prior to 

experimentation when they were moved to hindlimb suspension (HLS) enclosures (2 mice 

per cage) to acclimate while ambulating normally. WT and cKO mice were then divided into 

normally loaded (i.e., Control) and unloaded (i.e., Suspended) groups (n = 5/group). The 

HLS protocol was a modified version of that described by Morey-Holton and colleagues 

[28] and described in detail previously [20]. Our HLS enclosures consisted of a modified rat 

cage with standard bedding placed below a wire mesh insert. Two metal crossbars were 

located at either end of the cage, along with water bottles. Under isoflurane anesthesia (2%), 

two strips of bandage tape were braided around the tail, with loose ends fixed to a swivel 

hook attached to a string. The string was wound around the cross bar at the top of the cage. 

The crossbar could be rotated, raising or lowering the hindquarters of the animal to achieve 

a 30° elevation. This angle of suspension has been previously demonstrated to keep the 

forelimbs normally-loaded, while minimizing tail tension and animal stress [43]. Two mice 

were suspended per cage in this manner, although their placement at opposite ends 

prevented physical contact. Control mice were housed in this same cage environment, albeit 

without attachment of the HLS apparatus. Based on previous studies, animals were 

subjected to three weeks of HLS [20]. The Institutional Animal Care and Use Committee at 
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the Penn State College of Medicine approved of all animal procedures (Protocol 

#2010-117).

RNA collection

Mice were removed from the suspension apparatus and immediately killed via carbon 

dioxide asphyxiation followed by cervical dislocation. The right femur and tibia were 

isolated and cleaned of all non-osseous tissue. The ends of each bone were cut off using a 

sterile scalpel blade and the marrow flushed from the diaphysis with ice cold phosphate 

buffered saline (PBS). Bones were then snap frozen in liquid nitrogen and kept frozen at −80 

°C until use. The tibia and femur were pulverized using a frozen mortar and pestle on ice. 

Total RNA was extracted using TRIZOL (Invitrogen Corporation; Carlsbad, CA, USA). 

RNA was then subjected to DNase digestion using an RNase-Free DNase Kit (Qiagen; 

Valencia, CA, USA) followed by cleanup using an RNeasy Mini Kit (Qiagen). Single-

stranded cDNA was made using a reverse transcription kit (iScript, BioRad; Hercules, CA, 

USA) and used as a template for realtime PCR with SYBR Green PCR Master Mix (Applied 

Biosystems; Foster City, CA, USA) and gene specific primers in a Rotor-Gene 2000 

thermocycler (Corbett Research; Sydney, Australia). Targets of interest included Sost 

(encodes sclerostin), Tnsfs11b (encodes osteoprotegerin), and Tnsfs11 (encodes RANKL, 

receptor activator of nuclear factor kappa-B ligand). mRNA levels were standardized with 

the internal control Actb (encodes β-actin). All samples (n = 5/group) were tested in 

triplicate.

Histology, TRAP, and TUNEL staining

Left femurs and tibias were harvested immediately after sacrifice and embedded in paraffin 

as described previously [9]. 5 μm sections (n = 5/group) were stained with Alcian blue/

hematoxylin/Orange G/Eosin (i.e., H&E) or used for tartrate resistant acid phosphatase 

(TRAP) staining as described previously [9]. The number of multinucleated (> 3 nuclei/cell) 

TRAP + osteoclasts was counted in the proximal tibia, in an area extending 500 μm distal 

from the epiphy-seal plate. For cortical osteoclasts, we analyzed a 2400 μm length section of 

the endocortical surface at the femur midshaft. BioQuant Osteo software (v12.5.60, 

BIOQUANT Image Analysis Corporation; Nashville, TN, USA) was used to determine 

osteoclast number (Oc.N; 1/mm) and surface (Oc.S/BS; %) (n = 3–5/group). A TACS 2 TdT 

Blu Label In Situ Apoptosis Detection Kit (Trevigen; Gaithersburg, MD, USA) was used to 

detect apoptotic osteocytes in sections of cortical and trabecular bone from femur and tibia. 

H&E sections were used to identify empty lacunae in a 2400 μm long region of tibia cortical 

bone (just distal of the trabecular bone at the proximal end) or femur midshaft cortical bone 

(n = 5/group).

Immunohistochemistry

Paraffin sections were de-waxed, and dehydrated, and underwent antigen retrieval using 

sodium citrate buffer (pH 6.0). Sections were probed with an anti-Cx43 (#SAB4300504, 

Sigma Aldrich; St. Louis, MO, USA) or an anti-sclerostin antibody (#AF1589 R&D 

Systems; Minneapolis, MN, USA) diluted 1:500 in normal goat serum, followed by goat 

anti-rabbit secondary antibody (#PK6101, Vector Laboratories; Burlingame, CA), and 
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staining was visualized with DAB Chromogen (Invitrogen). Sections were counterstained 

with methyl green. BioQuant Osteo software (BIOQUANT Image Analysis Corporation) 

was used to quantify positive and negative cells (n = 3–5/group) as well as empty lacunae in 

20× images of a 2400 μm region of cortical bone at femur midshaft relative to either the total 

number of lacunae (including empty lacunae) or the total number of occupied lacunae 

(excluding empty lacunae).

Serum markers of bone formation and resorption

At the study endpoint, approximately 0.5 mL of whole blood was collected from the 

posterior vena cava of all mice following an overnight fast (n = 5/group). Blood was allowed 

to clot for 20 min and then serum was separated via centrifugation (2000 ×g for 10 min). 

Type I collagen N-terminal propeptide (P1NP) and C-terminal telopeptides (CTX) were 

quantified with ELISA kits (Immunodiagnostic Systems Inc.; Fountain Hills, AZ, USA) 

according to the manufacturer's protocols and using an Epoch Microplate Spectrophotometer 

(BioTek Instruments, Inc.; Winooski, VT).

Statistical analyses

Statistical analysis was conducted using GraphPad Prism (v5.0f, GraphPad Software Inc.; 

La Jolla, CA, USA). All data are expressed as mean ± standard error (SE). Statistical 

evaluation of the data was performed using a two-way ANOVA with post-hoc Student-

Newman–Keuls test when the interaction was significant (p < 0.05).

Results

Body weight and growth

Consistent with our previous studies [18,20], baseline body weight of mice was not different 

between WT (31.3 ± 0.8 g) and cKO (31.2 ± 0.9 g) (p > 0.05). Body weight of control mice 

did not change from day 0 at any time point (p > 0.05; Fig. 1A). However, there was a 

significant 8% decrease in the body weight of WT-Suspended mice and 5% decrease in the 

weight of cKO-Suspended mice at day 7 (p < 0.05), although there was no difference 

between genotypes (p > 0.05). HLS mice regained a similar amount of body weight, ending 

the experiment at a similar −5% and −3% of day 0 for WT-Suspended and cKO-Suspended, 

respectively (p < 0.05). These findings are similar to our previous studies [20] and not 

unexpected following HLS of mature rodents [28]. We measured bone length as an index of 

growth [29]. The length of femur (Fig. 1B) or tibia (Fig. 1C) was not different between 

groups.

Connexin 43 deficient mice have numerous empty and TUNEL-positive cortical lacunae

There were more empty lacunae in femur cortical bone in cKO-Control (63% empty 

lacunae) vs. WT-Control mice (9% empty lacunae) (p < 0.05; Fig. 2A). HLS resulted in a 

greater number of empty lacunae: WT-Suspended mice had twice as many empty lacunae as 

WT-Control (p < 0.05). There was no difference between cKO-Suspended and cKO-Control 

(p > 0.05). Representative H&E-stained sections of femur cortical bone highlight the 

numerous empty lacunae in cKO vs. WT (Fig. 2B). There were no empty lacunae in 
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trabecular bone of cKO mice at the proximal tibia or distal femur (Supplementary Fig. 1), a 

finding consistent with studies of lumbar vertebrae from Cx43 deficient mice [30,31].

Relative to the total number of lacunae present, cortical bone of cKO-Control mice had 84% 

fewer Cx43+ osteocytes vs. WT-Control (p < 0.05; Fig. 2C). In order to account for the 

presence of empty cortical lacunae in cKO mice, we also determined the percentage of Cx43 

+ cells relative to occupied lacunae (Fig. 2D). As a percentage of occupied lacunae, there 

was a 66% reduction in Cx43+ cells in cKO-Control mice relative to WT-Control (p < 0.05).

Relative to the total number of lacunae, WT-Suspended mice had 20% fewer Cx43+ 

osteocytes vs. WT-Control, while cKO-Suspended had 40% fewer compared to cKO-

Control (p < 0.05 for both; Fig. 2C). Accounting for only occupied lacunae, there was a 

similar 17% reduction in Cx43+ cells for WT-Suspended vs. WT-Control (p < 0.05; Fig. 

2D); however, there was no difference between cKO-Suspended and cKO-Control (p > 

0.05).

TUNEL + cells found throughout femur cortical bone sections suggest an apoptotic process 

accounting for the empty lacunae (Fig. 2E). Unfortunately, there were not enough sections 

available to accurately quantify TUNEL + cells. TUNEL staining was not different between 

WT and cKO for trabecular bone in the tibia or femur (Supplementary Fig. 2).

There was a similar pattern of empty lacunae in tibia cortical bone when comparing cKO-

Control to WT-Control (Fig. 2F), although there was no significant effect of unloading on 

the percentage of empty lacunae in WT mice at this site (p > 0.05). TUNEL-positive staining 

was also abundant in tibia cortical bone from cKO mice (data not shown).

Cx43 deficient mice have attenuated whole bone sclerostin following unloading

cKO-Control mice displayed a trend for Sost mRNA levels that were nearly three times 

lower than WT-Control mice, although the difference was not significant (p = 0.36, Fig. 

3A). HLS resulted in Sost mRNA levels in WT mice that were 433% greater than those in 

WT-Control (p < 0.05). There was no difference between cKO-Suspended and cKO-Control 

mice (p > 0.05).

Sclerostin + osteocytes were quantified at the femur midshaft. Relative to the total number 

of lacunae, cKO-Control mice had 72% fewer sclerostin + osteocytes than WT-Control (p < 

0.05; Fig. 3B). Surprisingly, HLS reduced the number of sclerostin + osteocytes by 21% in 

WT mice (p < 0.05), while there was no difference between cKO-Suspended and cKO-

Control (p > 0.05). Excluding empty lacunae, cKO-Control mice had 41% fewer sclerostin + 

osteocytes compared to WT-Control (p < 0.05; Fig. 3C). There was no difference between 

Suspended and Control for either genotype (p > 0.05). A representative image of sclerostin+ 

cells is shown in Fig. 3E.

Serum P1NP, a marker of bone formation, was not different between cKO- and WT-Control 

(p > 0.05; Fig. 3D). P1NP levels in WT-Suspended mice were 45% lower than those in WT-

Control (p < 0.05). P1NP levels did not decrease significantly in cKO-Suspended (p > 0.05).
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Cx43 deficiency attenuates the unloading-induced increase in osteoclast number

There was no difference between WT- and cKO-Control animals with respect to Oc.N (Fig. 

4A) or Oc.S (Fig. 4B) in tibia trabecular bone (p > 0.05 for both). Unloading resulted in 

increased Oc.N (+134%) and Oc.S (+122%) in WT mice (p < 0.05 for both). There was no 

difference between cKO-Control and cKO-Suspended (p > 0.05). Trabecular osteoclasts can 

be seen in Fig. 4H. There was a trend for greater Oc.N along the endocortical surface of 

femurs for cKO-Control vs. WT-Control (+117%, p = 0.08; Fig. 4C). Oc.S, however, was 

85% greater for cKO-Control vs. WT-Control (p < 0.05; Fig. 4D). Similar to trabecular 

bone, unloading resulted in a significant increase in both femur endocortical Oc.N (+259%) 

and Oc.S (+213%) in WT mice (p < 0.05 for both), with no differences in cKO (p > 0.05). 

Cortical osteoclasts can be seen in Fig. 4I.

mRNA levels of Tnsfs11 (encodes RANKL) were not different between WT- and cKO-

Control (p > 0.05; Fig. 4E). Tnsfs11 levels were four-fold greater for WT-Suspended vs. 

WT-Control (p < 0.05), whereas Tnsfs11 levels in cKO-Suspended mice were just two-fold 

greater than cKO-Control (p < 0.05); however, there was no significant difference in Tnsfs11 

mRNA levels between WT- and cKO-Suspended. There was no difference between any 

groups with respect to Tnsfs11b (encodes OPG) (p > 0.05; Fig. 4F) or serum CTX (p > 0.05; 

Fig. 4G).

Discussion

In the present study, we found that cortical bone in the tibia and femur of Cx43 deficient 

mice contained numerous empty lacunae and abundant TUNEL staining, suggestive of an 

apoptotic process. These findings are similar to a previous study by Bivi et al., which 

documented increased osteocyte apoptosis in cortical bone from Cx43 deficient mice [30]. 

Unloading of WT mice led to increased Sost mRNA expression and decreased serum P1NP. 

Conversely, Sost expression and P1NP levels were not different between control and 

unloaded Cx43 deficient mice, nor was cortical bone formation rate, as demonstrated in our 

previous study [20]. There was a large increase in cortical osteoclast indices in unloaded WT 

mice, while Cx43 deficient mice saw no increase. These results suggest that a baseline 

decrease in cortical osteocyte viability induced by Cx43 deficiency may lead to increased 

bone formation and reduced bone resorption, relative to WT mice, during mechanical 

unloading. Attenuated trabecular osteoclast indices, despite no change in osteocyte viability 

in this compartment, suggest that an alternative mechanism may also be important in 

trabecular bone.

Osteocyte-derived sclerostin is the primary mediator of unloading-induced bone loss [21]. 

Consequently, a paucity of osteocytes would be expected to desensitize bone to the catabolic 

effects of unloading. Tatsumi et al. found that acute osteocyte ablation was able to prevent a 

rise in sclerostin expression during HLS [32]. Similarly, we did not observe an increase in 

Sost expression with unloading in Cx43 deficient mice. We also noted fewer sclerostin-

positive cortical osteocytes in unloaded cKO mice compared to WT. These findings are 

consistent with our previous report of preserved endocortical and periosteal bone formation 

rate in cKO mice subjected to HLS [20] and suggest that the de-sensitization of cortical bone 
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to unloading is at least partly the result of a fewer viable osteocytes leading to lower whole 

bone sclerostin.

Mechanical unloading has been documented to result in increased osteocyte apoptosis [33]. 

Indeed, we noted an increased proportion of empty lacunae in cortical bone of WT-

Suspended vs. WT-Control mice. In addition, we found that WT mice subjected to 

unloading had fewer sclerostin-positive cortical osteocytes compared to WT control mice; 

however, sclerostin-positive osteocytes as a fraction of occupied lacunae remained the same. 

This finding suggests that unloading dramatically increases individual osteocyte expression 

of Sost, rather than increasing the total number of sclerostin-positive cells. Consistent with 

this finding, Robling et al. found increased Sost levels in whole tibias following HLS, with 

no change in sclerostin-positive osteocytes relative to occupied lacunae [34].

There was no difference in empty lacunae or TUNEL staining within the trabecular bone of 

cKO mice. Similarly, Plotkin et al. found no change in osteocyte apoptosis in trabecular 

bone of the lumbar vertebrate from Cx43 deficient mice [31]. Despite this, we have 

previously documented attenuated trabecular bone loss following unloading of Cx43 

deficient mice [20]. These findings suggest the involvement of another mechanism, 

independent of osteocyte apoptosis, in the attenuated response of these mice to unloading. 

An intriguing possibility is that sclerostin from more abundant cortical osteocytes could be 

influencing trabecular bone, overriding the effects of trabecular osteocytes. However, while 

sclerostin secreted by cortical osteocytes is able to traverse the canalicular network to act on 

effector cells on cortical bone surfaces [35], it is unclear if it could influence more distant 

trabecular bone cells.

The specific mechanism by which Cx43 deficiency affects sclerostin and possibly RANKL 

levels in a manner that protects against unloading induced changes in cortical and trabecular 

bones is unknown. However, emerging evidence suggest a link between Cx43 and the 

sclerostin/Wnt/β-catenin pathway. For example, binding of β-catenin by Cx43 has been 

documented in non-bone tissues [4,7,36]. Recently, Bivi et al. found that β-catenin protein 

expression is increased in Cx43 deficient bone and there is increased expression of several 

β-catenin target genes in Cx43 knockdown MLOY-4 osteocytic cells [37]. Thus, during 

Cx43 deficiency, more β-catenin would be available for subsequent transcriptional 

activation of osteogenic genes [38]. Regardless, the current evidence suggests that osteocyte 

apoptosis is likely not the sole factor mediating the protective effect of Cx43 deficiency.

We found increased endocortical osteoclast activity in cKO-Control mice, consistent with 

the cortical thinning and expansion of the marrow cavity documented previously by our 

laboratory [18,20] and others [24,30]. We did not find any difference in trabecular osteoclast 

indices between WT- and cKO-Control, which is consistent with the lack of baseline 

differences in trabecular bone microstructural phenotype in this model of Cx43 deficiency. 

Following unloading of WT mice, we noted significantly greater osteoclast surface at both 

cortical and trabecular bone compartments, with the response being attenuated in cKO mice. 

These findings indicate that Cx43 deficiency reduces the induction of osteoclast activity 

during unloading. Similarly, Grimston et al. detected attenuated osteoclast indices following 

hindlimb immobilization of mice with an α1(I)-collagen-driven deficiency of Cx43 [19].
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In our previous study, we did not detect a difference in cortical bone loss between WT and 

Cx43 deficient mice using in vivo pre- and post-unloading MicroCT [20]. Despite this, we 

did find preservation of histomorphometric cortical bone formation rate following unloading 

of cKO mice, consistent with the attenuated Sost expression and higher serum P1NP levels 

we documented here. These findings suggested that a similar level of osteoclast-mediated 

bone resorption must dominate the response to unloading in these mice. Therefore, we were 

surprised to find attenuated cortical osteoclast parameters in cKO-Suspended mice in the 

present study. This may be due to the fact that osteoclast indices represent a single endpoint 

measurement, and do not reflect accumulated microstructural changes occurring over the 

course of the three-week unloading period. There may have been increased cKO osteoclast 

activity that subsequently declined following a period of initial acclimation to unloading. 

Indeed, previous studies have shown that osteoclast activity peaks early during HLS [39]. 

Future studies should sacrifice mice at multiple time points (e.g., days 3, 5, 7, 14) in order to 

determine the early effects of Cx43 deficiency on cortical microstructure and osteoclast 

indices during HLS. In addition, suppression of bone formation, rather than increased 

osteoclast activity, tends to dominate the response to unloading in younger mice [11]. It may 

be possible to detect the maintenance of cortical microstructure with unloading in younger 

mice if preservation of bone formation rate is the most important effect of Cx43 deficiency. 

Indeed, younger, 4-month-old Cx43 deficient mice have attenuated cortical bone loss as 

assessed by MicroCT following botox immobilization [19].

Following three weeks of unloading, Tnsfs11 (encodes RANKL) mRNA levels in WT mice 

were not significantly different from cKO. In addition, we detected no difference in the 

levels of Tnsfs11 (encodes OPG). This is surprising, considering our aforementioned finding 

of reduced osteoclast indices in cKO-Suspended versus WT-Suspended and that RANKL is 

a critical mediator of osteoclast differentiation and activation during unloading [32]. At first 

glance, these findings suggest that Cx43 deficiency affects osteoclast activity through a non-

RANKL/OPG-dependent mechanism. For example, sclerostin has been shown to directly 

regulate osteoclast activity and bone resorption in vitro [22] and in vivo [12,40]. In addition, 

osteocyte apoptosis has been shown to precede bone loss during unloading [33] and the 

release of cell contents during this process is a critical step in osteoclast recruitment [30,41]. 

Given that osteocytes are significantly reduced in number at baseline in Cx43 deficient 

cortical bone, there are not likely to be as many osteocytes undergoing active apoptosis 

during unloading to recruit additional osteoclasts for bone resorption. Supporting this, the 

proportion of empty cortical lacunae increased significantly following unloading of WT 

mice, with no change for Cx43 deficient mice. However, it is also important to note that, 

despite the lack of a significant difference in expression of Tnsfs11 at day 21, there was a 

trend for lower levels in cKO-Suspended. As was the case for CTX, it may be that Tnsfs11 

levels have begun to return to baseline following three weeks of unloading. Thus, 

measurement of gene expression at earlier time points may allow us to observe significant 

attenuation of Tnsfs11 expression in cKO mice. This would not be unexpected, given our 

finding of reduced baseline osteocyte viability and that osteocytes are the primary source of 

RANKL mediating bone remodeling and resorption during unloading [42].
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Conclusions

Previously, we documented attenuated trabecular bone loss and preservation of cortical bone 

formation in Cx43 deficient mice following mechanical unloading via hindlimb suspension. 

In the present study, we show that Cx43 deficient mice do not experience many of the 

deleterious cellular and molecular changes induced by mechanical unloading. At baseline, 

Cx43 deficient mice have abundant empty lacunae and increased TUNEL staining 

throughout the cortical bone, suggesting increased osteocyte apoptosis. When subjected to 

unloading, these mice have reduced whole bone Sost expression and attenuation of 

osteoclast indices. Additional studies are needed to define the role of Cx43 deficiency in the 

trabecular compartment, given that trabecular bone loss and osteoclast indices are reduced 

with unloading, yet there is no difference in trabecular osteocyte viability. Regardless of the 

specific mechanism, these data demonstrate that Cx43 deficiency desensitizes bone to the 

effects of unloading by modulation of both arms of bone remodeling.
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Fig. 1. 
(A) Change in body weight from baseline (day 0) in wild-type (WT) and Cx43 conditional 

knockout (cKO) mice following three weeks of normal loading conditions (Control) or 

mechanical unloading via hindlimb suspension (Suspended). There were no significant 

differences between any of the groups with respect to the length of the (B) femur or (C) 

tibia. Comparisons via two-way ANOVA. Mean ± SE. For body weight, * indicates a 

significant difference (p < 0.05) between Control and Suspended within a genotype at a 

given time point, while † indicates a significant difference (p < 0.05) between that 

experimental group and the equivalent group at day 7. n = 5/group.

Lloyd et al. Page 13

Bone. Author manuscript; available in PMC 2015 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
(A) Quantification of the relative number of empty lacunae within femur cortical bone 

obtained from wild-type (WT) and Cx43 conditional knockout (cKO) mice following three 

weeks of normal loading conditions (Control) or mechanical unloading via hindlimb 

suspension (Suspended). (B) Representative H&E section of femur cortical bone. Cx43+ 

osteocytes were quantified relative to both (C) total lacunae and (D) occupied lacunae. (E) 

TUNEL staining of femur cortical bone. (F) Empty lacunae quantified in tibia cortical bone. 

In both images, the black bar represents 100 μm. Comparisons via two-way ANOVA. Mean 
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± SE. * indicates a significant difference (p < 0.05) between Control and Suspended within a 

genotype, while † indicates a significant difference (p < 0.05) between WT and cKO within 

a loading condition. n = 3–5/group.
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Fig. 3. 
(A) mRNA levels of the gene encoding sclerostin (Sost) were determined from whole tibias 

and femurs obtained from wild-type (WT) and Cx43 conditional knockout (cKO) mice 

following three weeks of normal loading conditions (Control) or mechanical unloading via 

hindlimb suspension (Suspended). Quantification of the number of sclerostin + osteocytes 

was performed in femur cortical bone relative to (B) total lacunae and (C) occupied lacunae. 

(D) Serum levels of P1NP. (E) A representative section of femur cortical bone. The black 

bar represents 25 μm. Comparisons via two-way ANOVA. Mean ± SE. * indicates a 

significant difference (p < 0.05) between Control and Suspended within a genotype, while † 

indicates a significant difference (p < 0.05) between WT and cKO within a loading 

condition. n = 5/group, measured in triplicate, for RT-PCR. n = 3–5/group for serum and 

osteocyte quantification.
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Fig. 4. 
(A) Osteoclast number (Oc.N/BS) and (B) osteoclast surface (Oc.S/BS) were determined in 

proximal tibia trabecular bone from wild-type (WT) and Cx43 conditional knockout (cKO) 

mice following three weeks of normal loading (Control) or mechanical unloading via 

hindlimb suspension (Suspended). Osteoclast parameters were also quantified along the 

endocortical surface of femur, including (C) Oc.N/BS and (D) Oc.S/BS. mRNA levels of (E) 

Tnsfs11, the gene encoding RANKL, (F) Tnsfs11b, the gene encoding OPG, and (G) serum 

levels of CTX. Representative images show (H) trabecular and (I) cortical osteoclasts. The 

black bars represent 50 μm. Comparisons via two-way ANOVA. Mean ± SE. * indicates a 

significant difference (p < 0.05) between Control and Suspended within a genotype, while † 

indicates a significant difference (p < 0.05) between WT and cKO within a loading 
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condition. n = 5/group, measured in triplicate, for RT-PCR. n = 3–5/group for serum and 

osteoclast quantification.
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