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Abstract

The cross-talk between cells is very critical for moving forward fracture healing in an orderly 

manner. Connexin (Cx) 43-formed gap junctions and hemichannels mediate the communication 

between adjacent cells and cells and extracellular environment. Loss of Cx43 in osteoblasts/

osteocytes results in delayed fracture healing. For investigating the role of two channels in 

osteocytes in bone repair, two transgenic mouse models with Cx43 dominant negative mutants 

driven by a 10kb-DMP1 promoter were generated: R76W (gap junctions are blocked, while 

hemichannels are promoted) and Δ130–136 (both gap junctions and hemichannels are blocked). 

R76W mice (promotion of hemichannels) showed a significant increase of new bone formation, 

while a delayed osteoclastogenesis and healing was observed in Δ130–136 (impairment of gap 

junctions), but not in R76W mice (hemichannel promotion may recover the delay). These results 

suggest that gap junctions and hemichannels play some similar and cooperative roles in bone 

repair.
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Introduction

Fracture healing is a complex regeneration process followed bone injury, which is artificially 

divided to four overlapped phases: inflammation, soft callus formation, hard callus 

formation, and remodeling. The dynamic process involves cross-talk of a variety of bone 

cells, inflammatory and vascular cells (Schindeler, McDonald, Bokko, & Little, 2008), also 

well-organized activiation including mesenchymal stem cells proliforation and 

differentiation to chondrocytes and osteoblasts, endochondral bone formation by 

chondrocytes, intramembranous ossification by osteoblasts, bone remodeling driven by 

osteoclasts and osteoblast (Marsell & Einhorn, 2011). But the role of osteocytes (about 90–

95% of bone cells) in the process is still not clear.

Osteocytes are well-known as major orchestrator to regulate the function of various bone 

cells and maintain homeostasis of bone tissue (Bonewald, Kneissel, & Johnson, 2013). And 

the interaction between various bone cells is essential for fracture healing, a form of bone 

regeneration, suggesting that osteocytes may play a vital role in the process. K. Kusuzaki et 

al have shown that woven bone osteocytes may be necessary for attachment and maturation 

of lamellar bone osteocytes at an early stage of bone repair (Kusuzaki et al., 2000). Huang et 

al have shown that osteocytes orchestrate the new bone formation and remodeling in the 

electrotherapy for bone fracture (Huang, Chen, & Chen, 2008). In recent years, some studies 

have shown that antibodies of sclerostin (Sost) enhances fracture healing (Jawad et al., 2013; 

Ominsky et al., 2011), and Sost deficiency mice shows accelerated bone formation and 

strength in the callus (Li et al., 2011; McGee-Lawrence et al., 2013). Now that Sost is 

expressed specifically in osteocytes, these results also indicate the role of osteocytes in bone 

repair.

Also, communication of signal molecules between bone cells is very critical for moving 

forward fracture healing in an orderly manner (Tatsuyama, Maezawa, Baba, Imamura, & 

Fukuda, 2000). In bone tissue, connexin-formed gap junctions and hemichannels permit 

small molecules (<1kDa) to pass through, which play important roles in transfering signals 

between adjacent cells and cells and extracellular environment (Batra, Kar, & Jiang, 2012; 

Plotkin & Bellido, 2013). So connexin-formed channels may involve in regulating the 

communication between bone cells in different phases of fracture healing.

Connexin 43 (Cx43) is the most abundent connexin expressed in osteocytes (Civitelli, 2008). 

We have generated two transgenic mouse models with overexpression of Cx43 dominant 

negative mutants driven by a 10kb-DMP1 promoter: R76W (gap junctions are blocked, 

while hemichannels are promoted) and Δ130–136 (both gap junctions and hemichannels are 

blocked). Using the two mouse models, our previous study has shown the distinctive roles of 

gap junctions and hemichannels in maintaining bone structures, remodeling and material 

properties (Xu et al., 2015).

In the present study, we generated tibial fracture in R76W and Δ130–136 mice, and 

investigated the role of Cx43-formed gap junctions and hemichannels during healing, which 

may explore the clinical potential of Cx43 channels in bone repair.
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Materials and Methods

Animals.

Two lines of transgenic models expressing dominant negative mutants of Cx43 in osteocytes, 

R76W and Δ130–136, were generated at the University of Texas Health Science Center at 

San Antonio (UTHSCSA). For R76W mice, function of gap junctions was inhibited, but 

hemichannels was promoted specifically, and for Δ130–136 mice, both of gap junctions and 

hemichannels were inhibited (Xu et al., 2015). Mice were housed on a 12-hour light/dark 

cycle, at 25°C, 40% relative air humidity with free access to water and feed. Genotyping was 

performed by real-time PCR using genomic DNA isolated from mouse toe. All animal 

protocols were approved by the Northwestern Polytechnical University (NPU) Institutional 

Animal Care and Use Committee.

Tibial fracture model

Ten-week-old male R76W, Δ130–136 and wild-type (WT) C57BL/C mice were anesthetized 

using EZ-AF90000 Auto Flow Rolent Anesthesia System, and left tibia was transected at the 

crest point using electric grinder (DREMEL 3000), with the fibula and surrounding tissue 

intact. Syringe needle was inserted into the bone marrow cavity through the tibial plateau to 

ensure the two broken ends of fractured tibia together. Right tibia was as the control. The 

mice were sacrificed at 7, 14, 21 and 28 days postoperatively and bone samples were 

harvested.

Micro-computed tomography analysis

Left tibia was isolated and kept in 80% alcohol at 4°C overnight after removing soft tissues. 

The 1.518-mm-long region of interest (ROI) above and below the fracture line was selected, 

and microarchitecture was detected by a high-resolution micro-CT (μCT) (Locus SP, GE) 

with a scanning resolution at 8 μm. In cortical area, 800 (193 mg/cm3) was set as the 

threshold value of low bone density, and 1600 (385 mg/cm3) was set as the high bone 

density. All analyses were performed using the MicroView program (GE Healthcare). The 

following parameters were analyzed by ABA-specific bone analysis software: Callus volume 

(BV), Bone Volume to Tissue Volume (BV/TV), Tissue Mineral Density (TMD), Trabecular 

Separation (Tb.Sp), Trabecular Thickness (Tb.Th) and Trabecular Number (Tb.N).

Biomechanical testing

Tibia specimen was assessed at 21 and 28 days post fracture. Three-point bending test was 

performed at either the fracture line or the same point of control tibia using the BOSE 

mechanical test system. The lower supports were 8 mm apart and the displacement rate was 

1.2 mm/min to make bone failure. Maximum force and stiffness were calculated to assess 

recovery of tibial mechanical proporty.

Histology and Immunohistochemistry

Tibia was harvested at 7, 14, 21 and 28 days after fracture, and then fixed in 4% 

paraformaldehyde for 48 hours. The samples were decalcified with 10% ethylene diamine 

tetraacetic acid (EDTA) for 6 weeks prior to paraffin embedding. Serial sections (5 μm) were 
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stained with Safranin / Fast green and tartrate-resistant acid phosphatase (TRAP). The 

1.518-mm-long ROI above and below the fracture line was selected, the area of cartilage and 

mineralized bone, and osteoclast number were calculated by Image J software (National 

Institutes of Health, USA).

Also paraffin sections of callus were incubated with appropriate dilutions of antibodies in 

blocking buffer at 4°C overnight, the expression of COL II (GB13021, Servicebio, 1:100), 

Sclerostin (Sost, SAB1307103, Sigma, 1:100), OCN(G11233, Servicebio, 1:500), TNF-α 
(60291–1-Ig, Sanying, 1:500), RANKL (Bs-1134R, Boaosen, 1:100), and OPG (Sc-8468, 

Santa Cruz, 1:200) were evaluated using immunohistochemistry. Horse Reddish Peroxidase 

(HRP)-labeled secondary antibody was used for 50 mins at room temperature. Color was 

developed using diaminobenzidine (DAB, G1211, Servicebio) as substrate. Hematoxylin 

(G1004, Servicbio) was used for nuclear staining. Images were captured under microscope 

(Nikon, #80i), Image-Pro Plus software (Media Cybernetics) was used to analyse mean 

density in each ROI. Integral optical density (IOD) was measured, mean density = IOD/ROI 

area (n=3–9/group).

Statistical analysis

Statistical analysis was performed using GraphPad Prism5 statistics software (GraphPad). 

Data were expressed as mean ± SD. One-way ANOVA was used to compare among the 

three strains followed Tukey’s multiple comparision test. A value of P < 0.05 was 

considered as statistically significant.

Results

Hemichannels promote the new bone formation of callus during fracture healing

Micro-CT analysis showed that the new bone mass of callus in R76W mice were 

significantly increased compared to WT and Δ130–136 mice at 28th day after fracture, and 

there was no difference between WT and Δ130–136 mice (Fig. 1B). However, BV/TV and 

TMD of Δ130–136 mice were significantly increased compared to R76W mice at 28th day 

after fracture (Fig. 1C,D). Meanwhile, the Tb.Th of callus of Δ130–136 mice were 

significantly increased compared to WT and R76W mice at 14th day after fracture (Fig. 1H), 

and BV, Tb.Sp, and Tb.N were similar in three strains (Fig. 1E-G). Besides, three-point 

bending assay showed that maximal force and stiffness coefficient of tibia at 21st and 28th 

days after fracture were not significantly changed (Fig.1 I,J). Taken together, these results 

suggest that hemichannels promote the new bone formation of callus during the fracture 

healing, but not affect the mechanical property of healed bone.

Cx43 channels don’t affect the area of callus and cartilage during fracture healing

The tibial safranin and fast green staining indicated that the cartilage area was gradually 

decreased, and mineralized bone gradually increased along with the process of fracture 

healing (Fig. 2A). The results of histological analysis revealed that the callus area and 

cartilage/callus ratio were not significantly different in three kinds of mice at all time points 

(7th, 14th, 21st and 28th days after fracture) (Fig. 2B, C). The results suggest that 
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hemichannels and gap junctions don’t affect the ratio of intramembranous and endochondral 

ossification in the fracture site.

Blocking gap junctions delays the bone repair process

To investigate osteoclastogenesis during fracture healing, we measured the number of 

osteoclasts (Oc.S/BS) in callus at different time points (7th, 14th, 21st and 28th days) after 

fracture (Fig. 3A). At 21 days post-fracture, the number of osteoclasts peaked both in WT 

and transgenic mice, and then at 28 days post-fracture there was a significantly increased 

TRAP+ osteoclasts in Δ130–136 mice compared to WT and R76W mice. However, there 

was no obvious difference between R76W and WT mice (Fig. 3B). Observing the whole 

healing process, in R76W and WT mice the osteoclastogenesis reached the peak at 21st, 

then quickly decreased at 28th, but still maintained in a high level in Δ130–136 mice at 28th 

day.

Moreover, immunohistochemistry was used to determine the expression of key factors 

regulating the fracture healing of different phases in the callus. The results showed that no 

significant difference was detected for the expression of RANKL and OPG (Fig. 3C-F), 

however the expression of RANKL/OPG ratio obviously increased in Δ130–136 than WT 

mice at 28th day (remodeling phase) after fracture (Fig. 3G). Besides, expression of 

sclerostin (Sost), a negative regulator of bone formation, was higher in Δ130–136 than WT 

mice at 14th day after fracture (Fig. 3H,I).

These results showed a delay of bone repair process after blocking gap junctions, while the 

promotion of hemichannels in R76W may abrogate the delay.

Key regulatory factors express in advance by promoting hemichannels

The results of immunohistochemistry indicated that at 7th day (inflammatory phase), 

expression of tumor necrosis factor (TNF)-α in R76W mice was significantly increased, and 

then decreased to a similar level at 14th and 21th day post-fracture, which indicated an 

enhancement of inflammatory response (Fig. 4A,B). Col II (collagen II), a key indicator of 

chondrogenesis, showed an increased trend at 7th, and then decreased to a lower level at 14th 

day (cartilaginous callus formation phase) than WT and Δ130–136 mice (Fig. 4C,D). 

Meanwhile, the expression of osteocalcin (OCN), a key regulatory factor of bone formation, 

was significantly increased in R76W mice at day 21 post-fracture (mineralization of callus 

phase), also decreased to similar level at 28 day compared with WT and Δ130–136 mice 

(Fig. 4E,F). Observing the whole curve, these key regulatory factors expressed in advance in 

R76W than WT and Δ130–136 mice, the results suggest an acceleration of fracture healing 

caused by promoting hemichannels in R76W mice.

Discussion

In the study, two transgenic mouse models R76W and Δ130–136 were used to determine the 

function of osteocytic gap junctions and hemichannels in fracture healing.

Previous studies have shown that Cx43 expression is significantly elevated in callus of WT 

mice(A. E. Loiselle, Lloyd, Paul, Lewis, & Donahue, 2013), and loss of Cx43 in mature 
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osteoblasts/osteocytes, both in osteocalcin-Cre+ and Col1-Cre+ Cx43 mice, results in 

delayed bone formation and fracture healing(A. E. Loiselle et al., 2013; Alayna E. Loiselle, 

Paul, Lewis, & Donahue). These studies identify that osteoblastic Cx43 involves in 

regulating the process of bone repair. However, the role of osteocytic Cx43 in fracture 

healing is not very clear.

Our previous studies have illustrated that Cx43 formed gap junction channel and hemichnnel 

in osteocytes show distinctive roles for the development and homeostasis of bone. Δ130–136 

mice show significant increase in bone mineral density and corrtical thickness compared 

with WT and R76W mice, whereas R76W mice express higher serum bone remodeling 

markers (Xu et al., 2015). In the study, we generated tibial fracture, and observed an obvious 

promotion of new bone formation in the callus of R76W mice, whereas a delayed expression 

of factors regulating bone repair process in Δ130–136 mice. These results show promotion 

of hemichannels play some positive role, while inhibition of gap junctions play some 

negative role in fracture healing in vivo.

Consistent with increasing of new bone formation, the peak expression of TNF-α and OCN 

were in advance in R76W fractures relative to WT and Δ130–136 mice, which means the 

promotion of inflammation and osteogenesis phase in fracture healing. Because there was 

not obvious difference between WT and Δ130–136, we think that the main reason should be 

the promotion of hemichannel function in R76W. Our previous study has shown that in 

R76W mice the bone remodeling markers P1NP and CTX are elevated(Xu et al., 2015). 

Many in vitro studies have also shown that the increased opening of hemichannel promotes 

the release of ATP(Genetos, Kephart, Zhang, Yellowley, & Donahue, 2007) and 

prostaglandin E2 (PGE2)(Cherian et al., 2005; Siller-Jackson et al., 2008) in osteocytes, 

which can directly regulate downstream signaling and affect the function of osteoblasts to 

promote osteogenesis (Burra & Jiang, 2009; Jiang & Cherian, 2003).

Also, we observed an increase of Tb.Th at 14th day and BV/TV and TMD in whole callus in 

Δ130–136 mice at 28th day post fracture in this study. We think that is due to the higher 

baseline of tibial cortical BMD and BV/TV in Δ130–136 mice than WT and R76W(Xu et 

al., 2015), the lower baseline neutralized the influence of increased new bone in R76W on 

the whole callus.

In addition to bone formation, bone resorption is also important for the remodeling of 

impaired bone. In the study, Δ130–136 showed an obvious increased osteoclast area at 28th 

day after fracture, which was consistant with the increase of RANKL/OPG, the principal 

mediators of osteoclastogenesis(Yasuda et al., 1998). The peak osteoclast area in callus of 

WT and R76W mice was at 21 days post fracture, then declined to lower level at 28 days, 

however in Δ130–136 the osteoclast area still remained in a high level till 28 days. We think 

that may indicate a delay of osteoclast-drived-remodeling phase in healing process in Δ130–

136. Alayna E. Loiselle et al have also showed that the peak osteoclast number appear at 28 

days in WT, but at 35 days in Col1-Cre Cx43cKO fractures(A. E. Loiselle et al., 2013). 

Osteocytes send signals to the osteoclasts providing information on where to resorb and 

repair(Schaffler, Cheung, Majeska, & Kennedy, 2014). Osteocyte apoptosis precede and 

recruit osteoclasts and initiate bone resorption(Aguirre et al., 2006; Verborgt, Gibson, & 
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Schaffler, 2000). Osteocytic Cx43-formed channels are important for communication 

between osteocytes and osteoclasts and subsequent osteoclastogenesis and 

remodeling(Middleton, Al-Dujaili, Mei, Gunther, & You, 2017; Wu, Zhou, Huang, Ji, & 

Kang, 2017). We think that inhibition of Cx43-formed-channels influences the release of 

regulatory factors and then the function of osteoblasts and osteoclasts(Buo, Tomlinson, 

Eidelman, Chason, & Stains, 2017), in turn retard the bone healing. Moreover, in the study, 

no significant difference was found in osteoclast area between WT and R76W, which may 

be owing to that promotion of hemichannels in R76W counteracts the delay of 

osteoclastogenesis caused by gap junction inhibition. Also, we have found that PGE2 release 

in serum of R76W significantly increased than that of WT and Δ130–136 mice (data not 

shown).

In the study, we observed an obvious increase of Sost expression at 14th day in Δ130–136, 

which was also observed in Cx43cKO fractures(A. E. Loiselle et al., 2013). Sost have a 

catabolic action on bone through the promotion of osteoclast formation(Wijenayaka et al., 

2012) and the inhibition of bone formation(Qin et al., 2015) by regulating Wnt signaling. 

Cx43 is involved in regulating(Bivi et al., 2012) and also being regulated by Wnt/β-catenin 

signaling(Xia et al., 2010). Alayna E. Loiselle et al have shown the attenuated β-catenin 

expression in the case of Cx43 deficiency(A. E.Loiselle et al., 2013), which should be 

another reason for the delay of healing in Δ130–136 mice.

In conclusion, we have shown that impairment of Cx43-formed-gap junctions in osteocytes 

delays osteoclastogenesis of fracture repair, while promotion of hemichannels increases new 

bone formation of callus by accelerating healing process. The delay of healing caused by 

gap junctions may be recovered by hemichannel promotion. These results show that gap 

junctions and hemichannels may play some similar and cooperative roles in bone repair. 

Maintaining normal function of Cx43-formed channels is important for fracture healing.

Also, we think the shortcomings of the present study are that more time-points after 28 days 

(such as 35 days post fracture) should be analyzed to observe whether the dalayed healing 

can be restored in Δ130–136 mice. That will be better for understanding the roles of 

channels in bone repair.
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Figure 1. 
Hemichannels promote the new bone formation of callus during fracture healing. (A) Micro-

CT images of tibial callus, yellow area shows the region of interest (ROI) above and below 

the fracture line. (B) Micro-CT analysis showed that the new born bone mass in R76W mice 

were significantly increased compared to WT and Δ130–136 mice at 28th day after fracture. 

BV/TV (C) and TMD (D) of Δ130–136 mice were significantly increased compared to 

R76W mice at 28th day after fracture. Tb.Th (H) was significantly increased in Δ130–136 

compared with that of WT and R76W mice at 14th day after fracture. BV (E), Tb.Sp (F) and 

Tb.N (G) were similar in all of three groups. Three-point bending assay showed that 

maximal force (I) and stiffness coefficient of tibia (J) at 21st and 28th days after fracture 

were not significantly different in three kinds of mouse models. Data shown are mean ± SD. 

*p < 0.05; ** p < 0.01. n=5–7. BV = Callus bone volume; BV/TV = Bone Volume to Tissue 

Volume; TMD = Tissue Mineral Density; Tb.Sp = Trabecular Separation; Tb.Th = 

Trabecular Thickness; Tb.N= Trabecular Number.
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Figure 2. 
Cx43 channels didn’t affect the area of callus and cartilage during fracture healing. (A) 

Representative images of safranin and fast green staining in callus of WT, R76W and Δ130–

136 mice at 7, 14, 21 and 28 days after fracture. (B) Quantification of callus area and (C) 

cartilage/callus ratio. Data shown are mean ± SD. n=3–6. Scale bars = 50μm.
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Figure 3. 
Blocking gap junctions delayed the bone repair process. (A) Representative images of TRAP 

staining in callus of WT, R76W and Δ130–136 mice at 7, 14, 21 and 28 days after fracture. 

(B) Quantification of TRAP+ osteoclasts (Oc.S/BS) in callus. Representative images of 

RANKL (C), OPG (E) and Sost (H) immunostaining in callus of WT, R76W and Δ130–136 

mice after fracture. Quantification of RANKL (D), OPG (F), Sost (I) expression and ratio of 

RANKL/OPG (G). Data shown are mean ± SD. *p < 0.05. n=3–9. RANKL = Receptor 
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Activator for Nuclear Factor-κB Ligand; OPG = osteoprotegerin; Sost = sclerostin. Scale 

bars = 50μm.
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Figure 4. 
Key regulatory factors express in advance by promoting hemichannels. Representative 

images of TNF-α (A), Col II (C), OCN (E), immunostaining in callus of WT, R76W and 

Δ130–136 mice after fracture. Quantification of TNF-α (B), Col II (D) and OCN (F) 

expression. Data shown are mean ± SD. *p < 0.05. n=3–9. TNF-α = tumor necrosis factor-

α; Col II = Collagen II; OCN = osteocalcin. Scale bars = 50μm.
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