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Abstract
Connexin 43 (Cx43) is the most abundant gap junction protein in bone and has been demonstrated
as an integral component of skeletal homeostasis. In the present study, we sought to further refine
the role of Cx43 in the response to mechanical unloading by subjecting skeletally mature mice
with a bone-specific deletion of Cx43 (cKO) to three weeks of mechanical unloading via hindlimb
suspension (HLS). The HLS model was selected to recapitulate the effects of skeletal unloading
due to prolonged bed rest, reduced activity associated with aging, and spaceflight microgravity. At
baseline, the cortical bone of cKO mice displayed an osteopenic phenotype, with expanded
cortices, decreased cortical thickness, decreased bone mineral density, and increased porosity.
There was no baseline trabecular phenotype. Following three weeks of HLS, wild-type (WT) mice
experienced substantial declines in trabecular bone volume fraction, connectivity density,
trabecular thickness, and trabecular tissue mineral density. These deleterious effects were
attenuated in cKO mice. Conversely, there was a similar and significant amount of cortical bone
loss in both WT and cKO. Interestingly, mechanical testing revealed a greater loss of strength and
rigidity for cKO during HLS. Analysis of double-label quantitative histomorphometry data
demonstrated a substantial decrease in bone formation rate, mineralizing surface, and mineral
apposition rate at both the periosteal and endocortical surfaces of the femur following unloading
of WT mice. This suppression of bone formation was not observed in cKO mice, where
parameters were maintained at baseline levels. Taken together, the results of the present study
indicate that Cx43 deficiency desensitizes bone to the effects of mechanical unloading, and that
this may be due to an inability of mechanosensing osteocytes to effectively communicate the
unloading state to osteoblasts to suppress bone formation. Cx43 may represent a novel therapeutic
target for investigation as a countermeasure for age-related and unloading-induced bone loss.

Keywords
connexin 43; unloading; hindlimb suspension; gap junction; bone loss

CORRESPONDING AUTHOR: Henry J. Donahue, Ph.D., Division of Musculoskeletal Sciences, Department of Orthopaedics and
Rehabilitation, Penn State College of Medicine, 500 University Drive, Hershey, PA 17033, Telephone: 717-531-4819, Fax:
717-531-7583, hdonahue@psu.edu.
Authors roles: Study design: SAL, YZ, EMP, HJD; Study conduct: SAL, YZ, EMP; Data collection: SAL, YZ, EMP; Data
interpretation: SAL, GSL, EMP, HJD; Drafting manuscript: SAL, GSL, HJD; Revising manuscript content: SAL, GSL, HJD;
Approving final version of manuscript: SAL, HJD. SAL takes responsibility for the integrity of the data analysis.

DISCLOSURES
The authors have no financial interests or conflicts of interest to disclose.

NIH Public Access
Author Manuscript
J Bone Miner Res. Author manuscript; available in PMC 2013 November 01.

Published in final edited form as:
J Bone Miner Res. 2012 November ; 27(11): 2359–2372. doi:10.1002/jbmr.1687.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Gap junctions (GJs) are membrane-spanning protein channels that allow for the passage of
small molecules between adjacent cells (1), or when unopposed as hemichannels, between
the cell and extracellular environment (2). Bone cells have been shown to primarily express
the GJ protein connexin 43 (Cx43) (3). Studies from our laboratory and others have
demonstrated that Cx43 expression and gap junctional intercellular communication (GJIC)
play a critical role in the differentiation and activity of osteoblasts (4), osteoclasts (5), and
osteocytes (6). Aside from its role in transmitting small molecules, Cx43 has also been
shown to interact with various signaling molecules and structural proteins required for
osteoblast and osteocyte function (2,7-9). Cx43 also plays an integral role in skeletal
development, as evidenced by oculodentodigital dysplasia, a rare genetic disorder
manifested in individuals with mutations in the Cx43 gene (Gja1) (10).

Numerous studies have demonstrated a critical role of Cx43 in the skeletal response to
mechanosensing both in vitro (11,12) and in vivo (13,14). Indeed, we recently published
findings of an enhanced anabolic response of Cx43-deficient mice following an in vivo
mechanical loading regimen (14). However, only one study has focused on the role of Cx43
in response to unloading (15). Practical examples of mechanical unloading include that
experienced during periods of bed rest due to neurological injury or trauma (16), in the
elderly due to reduced physical activity (17), or in astronauts exposed to the “weightless”
environment of spaceflight (18). Studies of prolonged head down bed rest have
demonstrated significant loss of bone mineral density (BMD) and cortical bone mass
(19,20). During missions on the International Space Station, astronauts have been found to
experience bone loss on the order of 1% per month in load bearing bones (21). Surprisingly,
even a year after return to Earth, astronaut BMD had not fully recovered (22). Bone loss due
to unloading, whether due to spaceflight or clinically relevant scenarios, may increase
fracture risk and increase individual morbidity and mortality (23,24).

In the present study, we have employed the well-validated, ground-based model of
unloading called hindlimb suspension (HLS). The HLS technique was developed by Morey-
Holton and colleagues at the National Aeronautics and Space Administration (NASA) Ames
Research Center (25). This model has been extensively validated in the literature and is able
to recapitulate the primary aspects of microgravity and bed rest unloading, including a lack
of weight bearing in the hind quarters and a cephalic fluid shift (26). A previous study by
Grimston and colleagues utilized a botox model of muscle paralysis and found attenuated
cortical bone loss in Cx43 deficient mice (15). However, the unique aspects of the HLS
model will allow us to further refine the role of Cx43 in the skeletal response to mechanical
unloading.

We investigated the response of skeletally mature mice with a bone-specific deletion of
Cx43 to three weeks of HLS. Suspension resulted in substantial degradation of trabecular
bone, an effect that was significantly attenuated in cKO mice. In the cortical bone
compartment, Cx43 deficiency prevented unloading-induced suppression of bone formation.
Our results indicate that Cx43 deficiency is protective against unloading induced bone loss,
particularly in the trabecular bone compartment, and may represent a potential therapeutic
target for the prevention of unloading-induced bone loss.

METHODS
Transgenic mice

Our strategy for generation of transgenic mice, confirmation of conditional knockout in
osteocytes/osteoblasts, and determination of the specificity of the Cx43 deletion was
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described previously (14). Briefly, mice expressing Cre recombinase under the control of the
human osteocalcin promoter (OC-Cre; Cx43+/+) (27) were bred with mice in which the
Cx43 gene (Gja1) is flanked by two loxP sites (Cx43flx/flx) (28) 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 C43 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 polymerase chain reaction techniques using genomic DNA
isolated from mouse earpieces and primers as described previously (14).

Animal Procedures
The present study utilized skeletally mature, six-month-old male Cx43 cKO and WT mice.
Mice were housed in the central animal facility at the Penn State College of Medicine
(Hershey, PA, USA). Mice were fed standard laboratory rodent chow, maintained at a
constant temperature of 25°C, and kept on a 12 hour light/dark cycle during all experimental
procedures. Mice were housed in standard vivarium enclosures until one-week prior to
experimentation, when they were moved to the hindlimb suspension (HLS) enclosures (2
mice per cage) in order to acclimatize under normal loading conditions. WT and cKO mice
were then divided into normally loaded (i.e., Control) and HLS (i.e., Suspended) groups
(n=10-15/group). The experimental period of unloading was three weeks. This time frame
was selected based on a preliminary study (data not shown) demonstrating significant loss of
both trabecular (~60%) and cortical bone (~15%) in WT mice. This degree of bone loss
would allow us to effectively quantify potentially attenuated bone loss in cKO mice, while
still allowing for additional loss in the event that Cx43 deficiency exacerbated unloading-
induced bone loss.

The HLS method utilized was a modified version of that first described by Morey-Holton
and colleagues (25). Mice were suspended at a 30° elevation. This angle has been previously
demonstrated to keep the forelimbs normally-loaded, while minimizing tail tension and
animal stress (29). The forelimbs of the animal remained on the wire mesh cage bottom,
allowing the animal free access to food and water. Two mice were suspended per cage,
although their placement at opposite ends prevented physical contact. Control mice were
housed in this same cage environment. The health and activity of the animals was assessed
daily throughout the experiment by laboratory and veterinary staff. Mice were detached
from the HLS enclosure and placed in a container with an overhead crossbar that allowed for
measurement of animal mass without reloading. All animal procedures were approved by
the Institutional Animal Care and Use Committee at the Penn State College of Medicine
(Protocol 2010-117).

In Vivo MicroComputed Tomography
In vivo scans of trabecular and cortical microarchitecture were conducted using a Scanco
vivaCT 40 (Scanco Medical AG, Brüttisellen Switzerland). Scans were conducted
immediately prior to the start of the study (baseline; day 0) and at the study endpoint (day
21). The right hindlimb of each animal was extended and held in a reproducible position
using a rodent hindlimb immobilization device provided by Scanco Medical AG. The snout
of the animal was placed in a cone in order to maintain it under anesthesia (2% isoflurane)
during the 28 minute scanning procedure. Trabecular microarchitecture was quantified based
on a 72 slice region of the proximal tibia, immediately distal to the epiphyseal plate. Cortical
parameters were quantified based on a 22 slice region of the femoral midshaft. These
regions were scanned using settings of 55 KVp, 145 μA, and a 200 ms integration time.
Images were reconstructed as a matrix of 2048×2048×76 isotropic voxels measuring 10.5
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μm. Images were gaussian filtered (sigma = 1.5, support =2) and a threshold (27.5% of full
scale) was applied to remove the surrounding soft tissue. The periosteal and endosteal
boundaries of the cortical bone were segmented using the Scanco semi-automated edge
detection algorithm. The region of interest in trabecular bone was manually segmented.
Each mouse was scanned just twice (i.e., baseline and endpoint), thus limiting the potential
effect of microCT-related radiation effects on bone structure (30).

Bone microarchitectural parameters were analyzed and reported as per previously published
guidelines (31). Trabecular parameters included bone volume fraction (BV/TV; %),
trabecular number (Tb.N; 1/mm), trabecular thickness (Tb.Th; mm); trabecular separation
(Tb.Sp; mm), structure model index (SMI; no units), connectivity density (Conn.D; 1/mm3),
and trabecular tissue mineral density (TMD; mg HA/cm3). Cortical parameters included
total cross-sectional area inside the periosteal envelope (Tt.Ar; mm2), cortical bone area
(Ct.Ar; mm2) = cortical volume (Ct.V) ÷ (number of slices × slice thickness), cortical area
fraction (Ct.Ar/Tt.Ar; %), marrow area (Ma.Ar; mm2), average cortical thickness (Ct.Th;
mm), cortical porosity (Ct.Po; %), cortical bone mineral density (BMD; mg HA/cm3), and
polar moment of inertia (pMOI; mm4)

Biomechanical Testing
Right femurs, used for baseline and endpoint microCT scans, were isolated, cleaned of all
non-osseous tissue and stored in phosphate-buffered saline (PBS) at −80°C. Bones were
warmed to room temperature before being mechanically tested to failure via three-point
bending using an MTS MiniBionix 858 testing apparatus (MTS Systems, Eden Prairie, MN,
USA) (32). The flexural support spans were 8 mm, while a loading rate of 1 mm/minute was
applied. Femurs were consistently oriented so the loading occurred in the medial to lateral
direction.

Using the displacement (d) and force (F) data collected by the device during loading to
fracture it was possible to calculate several parameters describing the whole-bone structural
properties. Based on classical beam theory, force was converted to bending moment (M =
FL/4), where L = span length of 8 mm. Displacement was normalized based on the span
length (d’ = 12d/L2) as described previously (33,34). From the resulting plot of M versus d’,
ultimate bending moment, rigidity (slope of the linear portion of the curve), and ultimate
energy (area under the curve) were computed.

Dynamic Histomorphometry
Immediately prior to suspension, mice were administered an intraperitoneal injection of
Calcein (Sigma-Aldrich; St Louis, MO, USA) at 10 mg/kg body weight and 14 days later
injected with Alizarin Red (Sigma-Aldrich) at 30 mg/kg body weight. Seven days after the
second injection (Day 21, study endpoint) mice were sacrificed and the left femurs were
dissected and embedded using an Osteo-Bed bone embedding kit (Polysciences, Warrington,
PA, USA) following the manufacturer’s protocol. The embedded femur midshafts were then
cut into about 100 μm thick discs followed by abrasive polishing to a thickness of about 50
μm with lapping films (3M, St. Paul, MN, USA). Digital images were obtained using a
confocal microscope (Leica, Bannockburn, IL, USA) at 4× under a UV light source with red
and green filters. The following periosteal (Ps) and endcortical (Ec) bone parameters were
quantified with ImageJ (NIH, Bethesda, MD, USA): total perimeter (B.Pm); single label
perimeter (sL.Pm); double label perimeter (dL.Pm), and double label area (dL.Ar). The
following values were then calculated at both the Ps and Ec surface: bone surface (BS;
mm2), mineralizing surface (MS/BS = [1/2sL.Pm + dL.Pm]/B.Pm x100; %); mineral
apposition rate (MAR = dL.Ar/dL.Pm/14 days; μm/day) and bone formation rate (BFR/BS
= MAR × MS/BS × 3.65; μm3/μm2 per year) (35). Also calculated were total tissue volume
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(Tt.V; mm3), marrow cavity volume (Ma.V; mm3), and cortical bone volume (Ct.V = Tt.V −
Ma.V; mm3) (36).

Muscle Assays
Prior to harvest of the femur, the left and right gastrocnemius muscles were isolated and
weighed separately using an analytical scale, and then averaged.

Nuclear Magnetic Resonance (NMR) Body Composition
In order to detect any phenotypic differences in the relative percentage of lean, fat, and fluid
mass in WT versus cKO mice, body composition was determined noninvasively in
conscious animals (n=16/genotype) using a 1H-NMR analyzer (Bruker LF90 Proton-NMR
Minispec: Bruker Optics, Woodlands, TX, USA) (37). Mice were individually loaded into a
plastic tube and inserted into the device for the one-minute scanning period. Due to
limitations in equipment availability, scans were conducted to assess baseline differences in
body composition only.

Statistical Analyses
Statistical analysis was conducted using GraphPad Prism Version 5.0 (GraphPad Software
Inc., La Jolla, CA, USA). Data are expressed as means ± SEM. Statistical significance was
assessed by Student’s t-test when comparing two groups. Two-way ANOVA was used to
assess multiple group comparisons (percent change from baseline or absolute values) and a
Bonferroni post-hoc test to assess differences between groups. For all comparisons, p<0.05
was considered significant, unless indicated otherwise. In figures or tables with multiple
groups, different letters indicate a significant difference, while the same letters indicate no
difference.

RESULTS
Animal body composition

Average baseline body mass of six-month-old, male Cx43 conditional knockout mice (cKO;
33.99±0.81 g) was not significantly different from wild-type (WT; 32.83±0.70 g) (p>0.05).
Mice in both groups lost approximately 8% body mass following three weeks of HLS
(p<0.05). Qualitative assessment of ambulation, food and water intake, and general body
habitus suggested an initial 2-3 day period of adaptation with reduced feeding, although all
parameters increased and stabilized thereafter. Assessment of baseline body composition
via 1H-NMR revealed no significant differences for WT versus cKO for percent fluid
(7-8%), fat (10-11%), or lean tissue (70-71%) (p>0.05; Figure 1A). Following three weeks
of HLS, mass of the hindlimb gastrocnemius muscle was 20% lower in both WT and cKO
groups (p<0.05, Figure 1B).

Cx43 cKO mice have an osteopenic cortical phenotype
Cortical microstructure was assessed using microcomputed tomography (microCT) scans of
the right femur at the mid-diaphysis. Consistent with our previous findings (14), cKO mice
demonstrated an osteopenic cortical phenotype. When compared to WT, cKO mice had 26%
greater cortical bone area (Ct.Ar; Figure 2A) (p<0.001). Combined with a 57% increase in
total cross-sectional area within the periosteal envelope (Tt.Ar; Figure 2B) (p<0.0001), this
resulted in a 20% lower cortical area fraction (Ct.Ar/Tt.Ar; Figure 2C) (p<0.0001) for cKO
versus WT. Ma.Ar was correspondingly 77% greater in cKO (3.11±0.02 mm2) versus WT
(1.76±0.02 mm2) (p<0.0001). Average cortical thickness (Ct.Th; Figure 2D) and cortical
bone mineral density (BMD; Figure 2E) were also significantly lower for cKO mice versus
WT (p<0.05 and p<0.0001, respectively). Cortical porosity (Ct.Po; Figure 2F) was 159%
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greater in cKO mice versus WT (p<0.01). The significant expansion of the cortical envelope
and degradation of cortical bone microstructure in cKO mice is highlighted in a
representative 2D microCT image (Figure 2G). With respect to total femur length, there was
no difference between WT (15.7±0.1 mm) and cKO (15.8±0.1 mm) (p>0.05).

Cx43 cKO mice have no trabecular phenotype
Trabecular parameters were assessed using microCT scans of the right proximal tibia,
immediately distal to the epiphyseal plate. There were no significant differences between
WT and cKO for any of the trabecular parameters that were assessed (Table 1).

Cx43 deficiency attenuates the loss of trabecular microstructure during unloading
Three weeks of unloading via HLS resulted in a dramatic deterioration of trabecular bone,
an effect that was attenuated in cKO mice. Trabecular bone volume fraction (BV/TV)
decreased 67% for WT mice following HLS, while cKO mice experienced a significantly
lower 53% decline (Figure 3A; p<0.01). Similarly, trabecular connectivity density (Conn.D)
decreased 64% for WT and just 50% for cKO mice (Figure 3B; p<0.05). Although the effect
was more modest, trabecular TMD experienced a similar result: declining 3% in WT and
just 1% in cKO (Figure 3C; p<0.05). Tb.Th declined 35% in WT mice subjected to HLS,
while cKO experienced a smaller 21% decrease (Figure 3D; p<0.001). There were also
similar statistical trends indicating attenuated increase in trabecular separation (Tb.Sp;
p=0.1) and decrease in trabecular number (Tb.N; p=0.15) for cKO mice (Figure 3E,F). The
deleterious effects of unloading on trabecular microstructure, as well as the attenuated
response in cKO mice, can be seen in the representative 3D microCT reconstructions at
baseline (Day 0) and following three weeks of HLS (Day 21) (Figure 4; left-side images).

Cx43 deficiency has no effect on loss of cortical microstructure during unloading
The effect of HLS on cortical bone was modest compared to findings in the trabecular
compartment. There was also no difference in loss of cortical microstructure between WT
and cKO for any of the parameters assessed by microCT techniques. There was no
significant effect of HLS on Tt.Ar for either genotype (Figure 5B; p>0.05). The other
cortical parameters assessed, including Ct.Ar, Ct.Ar/Tt.Ar, and Ct.Th all decreased by
approximately 14% for both WT and cKO following three weeks of unloading (Figure
5A,C,D; p>0.05 for WT vs. cKO). During unloading, cortical Ma.Ar increased by a
significant 9.1±1.1% for cKO and a similar 9.4±0.5% for WT (p<0.05), with no change for
control animals of either genotype. There was a difference in cortical BMD between Control
and Suspended animals in the WT group, which was not present in cKO (Figure 5E;
p>0.05), although the change in cortical BMD for WT versus cKO mice subjected to
unloading was not significantly different (p>0.05). Changes in Ct.Po were highly variable
for all groups, resulting in no significant differences detected between WT and cKO (Figure
5F; p>0.05). There was no difference in femur length between WT and CKO for control or
suspended mice (data not shown). The relatively modest effects of unloading on cortical
microstructure can be seen in representative microCT reconstructions at baseline (Day 0)
and following three weeks of HLS (Day 21) (Figure 4; right-side images).

Cx43 cKO mice have greater femur strength at baseline, but similar strength to WT
following unloading

At baseline, Cx43 cKO mice had significantly greater geometric resistance to torsion, as
highlighted by the 96% greater polar moment of inertia (pMOI) (Figure 6A p<0.0001).
Mechanical testing of femurs via three-point bending at the study endpoint revealed that
normally loaded, control cKO mice had 23% greater ultimate bending moment (i.e., whole-
bone strength) and 24% greater ultimate bending energy than control WT mice (Figure
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6C,E; p<0.05 for both). There was no difference in bending rigidity between control cKO
and WT (Figure 6D; p>0.05).

Mechanical testing of femurs from mice subjected to HLS revealed a relatively greater
decrease in strength in cKO compared to WT. Ultimate bending moment in unloaded cKO
mice was 24% lower than control cKO, whereas the difference between unloaded and
control for WT mice was 18% (Figure 6C). There were similar findings for bending rigidity
(Figure 6D) and ultimate bending energy (Figure 6E), which saw relatively greater decreases
in parameters for suspended versus control in cKO mice. There was a similar 13% decrease
in pMOI for both WT and cKO mice subjected to unloading via HLS (Figure 6B, I; p>0.05).

Cx43 deficiency attenuates unloading-induced suppression of cortical bone formation
Cortical morphological parameters as assessed via quantitative histomorphometry
techniques (Table 2) followed a similar pattern as those acquired via microCT techniques at
baseline (Figure 2). cKO mice had expanded cortices as indicated by the significantly
greater total tissue volume (Tt.V), cortical bone volume (Ct.V), and marrow cavity volume
(Ma.V) for control cKO versus control WT (p<0.05). There was also correspondingly
greater endocortical bone surface (Ec.BS) and periosteal bone surface (Ps.BS) for control
cKO versus control WT (p<0.05).

The reduced resolution and increased variability in measurement with this methodology,
however, prevented resolution of the modest changes that occurred to cortical bone
parameters during unloading as detected by microCT (i.e., 10-15% changes in Ct.Ar, Ct.Ar/
Tt.Ar, and Ct.Th in Figure 5). As a result, there were no detected differences in these
parameters between control and suspended for either genotype, although there were trends
suggesting a reduction for Ct.Ar.

With regards to normally loaded control animals, there was no significant difference
between WT and cKO at the endocortical surface with respect to mineralizing surface
normalized to bone surface (MS/BS; Figure 7A), mineral apposition rate (MAR; Figure 7B),
or bone formation rate normalized to bone surface (BFR/BS) (Figure 7C) (p>0.05 for all).
Conversely, at the periosteal surface, MAR of cKO mice was 43% lower than WT (Figure
7B; p<0.05) and BFR/BS was 33% lower than WT (Figure 7C; p<0.05). There was no
difference in Ps.MS/BS between WT and cKO (Figure 7A; p>0.05).

Unloading resulted in significant suppression of bone formation in WT mice, an effect that
was not observed in cKO. This is illustrated rather vividly by representative black-and-white
micrographs (Figure 7G), which demonstrate prominent incorporation of Calcein and
alizarin red bone labels (white areas indicated by solid arrows at the periosteal surface and
hatched arrows at the endocortical surface) in control WT animals, but not in suspended
WT. Similar levels of incorporation are observed in both control and suspended cKO mice,
indicating preservation of bone formation during unloading.

At the endocortical surface in WT mice, bone formation was essentially obliterated
following three weeks of unloading. MS/BS of WT suspended animals was 75% lower than
WT control (Figure 7B; p<0.05), while Ec.MAR and Ec.BFR/BS were reduced to zero due
to the lack of any observed double labels. Conversely, there were no significant differences
between control and suspended cKO mice with respect to Ec.MS/BS, Ec.MAR, or Ec.BFR
(Figure 7A,B,C; p>0.05). The effects of unloading at the periosteal surface were more
modest, although a similar trend was apparent. In WT mice subjected to unloading, Ps.MS/
BS was 38% lower than WT control (Figure 7D; p<0.05). Ps.MS/BS was 41% lower in WT
suspended versus control (Figure 7E; p<0.05), while Ps.BFR was 60% lower (Figure 7F;
p<0.05). Similar to findings at the endocortical surface, these parameters were not
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significantly different between suspended and control for cKO mice (Figure 7D,E,F;
p>0.05).

DISCUSSION
Mechanical unloading via HLS results in dramatic deterioration of trabecular bone
microstructure as well as suppression of periosteal and endocortical cortical bone formation
in WT mice. These effects were significantly attenuated in mice with conditional knockout
of the Cx43 gene Gjal. The effects of unloading on cortical bone microstructure were
modest, with no detected difference in cortical bone loss between genotypes. At baseline,
femurs from skeletally mature cKO mice have greater mechanical strength but similar
rigidity compared to WT; however, they tended to lose a greater proportion of these
parameters during unloading. Taken together, these results indicate that a deficiency of
Cx43 in osteocytes and osteoblast is protective against trabecular bone loss during
mechanical unloading, while the effects on cortical bone are more complicated, resulting in
preservation of bone formation, while potentially allowing relative structural and material
changes that ultimately produce an exaggerated decrease in mechanical properties.

Cx43 cKO mice were generated via an osteocalcin promoter-driven deletion of the gene
Gja1 specifically in osteocytes and osteoblasts (14,28,38). In a previous study, we defined
an osteopenic cortical phenotype of these mice characterized by expanded total cross-
sectional and marrow area and reduced bone mineral density (14). In the present study, we
have confirmed these phenotypic findings and, with a much larger sample size, determined
that Cx43 cKO mice also have significantly reduced cortical bone thickness and increased
cortical porosity (Figure 2D,F). A comprehensive analysis of baseline trabecular bone
parameters revealed no differences, suggesting that a deficiency of Cx43 has a preferential
effect on the structural development of cortical bone. This is consistent with other
investigations of this model of osteocalcin-driven Cx43 conditional knockout (39), but not
those driven by the α1-collagen promoter, which shows reduced trabecular bone mass
(15,40). The differential effect on trabecular structure may be due to the timing of Cx43
deletion in osteoblasts/osteocytes, which occurs later in cell maturation in the osteocalcin-
driven model (38). Regardless, the lack of a baseline trabecular phenotype is intriguing,
given our findings of selective attenuation of bone loss in this compartment during
unloading (Figure 3). It is clear that there are site-specific and loading-specific dependencies
of Cx43 on bone structure. The effect of loading environment is highlighted by studies
examining the response of Cx43 deficient mice to application of external load: a study
examining three point loading of the tibia, to a degree that resulted in woven bone
formation, revealed an attenuated anabolic response in Cx43 deficient mice at the
endocortical surface (13). However, a more physiological cantilever-loading regimen
resulted in increased bone formation and responsiveness in Cx43 deficient mice at the
periosteal surface (14). More recently, a study examining the effect of compressive loading
confirmed an increased sensitivity to load in Cx43 deficient mice at the periosteal surface
(41). These findings highlight the complex nature of Cx43’s role in bone homeostasis and
the complications inherent in selecting an appropriate animal model.

A recent study by Grimston and colleagues utilized a botulinum toxin (botox) model of
muscle immobilization and studied the effects of α1-collagen-driven Cx43 deficiency on
bone loss (15). The investigators demonstrated attenuated cortical bone loss, with no
difference in trabecular bone loss. Botox does provide a reasonable model for bone loss
associated with immobilization (42), such as that experienced during spinal cord injury or
trauma (43). However, unlike the botox model, HLS recapitulates skeletal unloading similar
to that experienced during spaceflight, in that it 1) completely eliminates hindlimb ground
reaction forces, 2) still allows for passive muscular contractions, and 3) produces a cephalic
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fluid shift (25). The latter point is particularly important considering that deleterious changes
occur to the vasculature during HLS (44) which result in a reduction in perfusion
concomitant to changes in bone mass (45). In addition, differences in the site of attenuated
bone loss may be due to differences in the unloading of cortical versus trabecular bone
during botox immobilization versus HLS. We observed a much larger ~70% loss of
trabecular BV/TV during HLS (Figure 3A), versus ~40% loss during botox immobilization
(15); conversely, maximal cortical bone loss (e.g., Ct.Ar) was ~15% for HLS (Figure 5A)
versus ~20% botox. From the clinical perspective, reduced physical activity has also been
shown to preferentially result in trabecular bone loss, perhaps making the HLS model more
applicable to age-related bone loss (17). Regardless, it would be interesting to document the
response of animals of the same age and genetic background to both unloading paradigms to
determine if these findings represent a model- or genetic-dependent effect, or some
combination thereof.

Using an innovative approach, Tatsumi and colleagues were able to demonstrate that
diphtheria toxin-induced ablation of osteocytes was able to completely prevent trabecular
bone loss in an HLS model of unloading (46). Although the protective effects of Cx43
deficiency presented here were not as complete as the osteocyte ablation model, it is likely
that a certain amount of compensatory GJIC from non-Cx43 gap junctions was present. In a
previous study, we demonstrated a decrease in gap junction coupling of 80% in primary
osteoblasts isolated from cKO mice (14). In addition to GJIC, conditional knockout of Cx43
in this study would have resulted in deletion of Cx43 hemichannels (i.e., “undocked” gap
junctions) from osteocytes and osteoblasts (2). Hemichannels have been previously shown
to play an important role in mechanotransduction by mediating release of prostaglandins
(47) and ATP (48). Cx43 also modulates the MAPK/ERK and PLC pathways (49) and has
been shown to interact with structural and signaling molecules such as kinase Src (7,50),
protein kinase C-delta (51), and zona occludens-1 (52). Thus, while defective GJIC is
certainly an obvious consequence of Cx43 deficiency, and likely to at least partly explain
our results, it is possible that alterations in other Cx43 functions contributed to the bone
changes that were observed.

There are many parallel pathways mediating skeletal homeostasis during unloading. In
addition to completely abolishing osteocyte-osteoblast GJIC, total osteocyte ablation by
Tatsumi et al. also removed the source of sclerostin (46), an inhibitor of the Wnt/β-catenin
pathway (53) that has been implicated as an important mediator of unloading-induced bone
loss (54,55). Cx43 is a known target of Wnt/β-catenin signaling (54,56); however, two
recent studies have highlighted an additional link between Cx43 and this pathway: a study
by Bivi and colleagues found that osteocyte/osteoblast knockout of Cx43 resulted in
increased apoptosis of sclerostin-expressing osteocytes (57), while Watkins et al. found
decreased expression of sclerostin in cortical bone isolated from mice with deletion of Cx43
in the chondro-osteogenic lingeage (58). Thus, the attenuated bone loss seen during
unloading in Cx43 deficient mice, whether via botox immobilization or HLS, may be due to
decreased expression of sclerostin. Further study of the influence of Cx43 deficiency on the
Wnt/β-catenin pathway in the context of unloading will provide additional insight into the
mechanisms underlying these findings.

As mentioned, HLS allows for free movement of the hindlimb, similar to the freedom of
movement in the “weightless” environment during spaceflight (25,26,59). This movement
subjects bony attachments to forces generated during muscle contractions. HLS induces
significant muscle atrophy (60), which could contribute to bone loss in this model due to a
reduction in muscle contractile forces. Indeed, preservation of muscle mass via exercise (61)
or using transgenic animals models (62,63) has been shown to reduce bone loss during
unloading. As expected, there was no difference in muscle loss at the gastrocnemius
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between genotypes, suggesting that this did not influence the difference in skeletal response
between WT and cKO. In addition, we previously quantified ambulation of cKO mice and
found no difference in activity level compared to WT (14). Food and water intake and
weight loss were also not different between WT and cKO. There were also no baseline
differences in body mass or overall body composition between WT and cKO mice, which is
consistent with previous studies using the osteocalcin-driven Cx43 cKO model (38).

Despite their cortical osteopenic phenotype, femurs from cKO mice were found to exhibit
greater structural strength and ultimate bending energy than those from WT at baseline
(Figure 6C, E). Analysis of microCT data revealed a greater cortical bone area and
calculated pMOI for cKO versus WT (Figure 6A). Although tissue stiffness was not directly
measured, it is likely that this was decreased in the cKO animals consistent with the lower
cortical BMD. Whereas the increased cortical area and pMOI appear dominant in increasing
ultimate moment and energy withstood by the cKO bones, bending rigidity was similar to
WT, consistent with the decreased tissue stiffness combined with the aforementioned
increased pMOI. These findings stand in contrast to those we documented in this same strain
of mice at eight weeks of age, where cKO were significantly weaker than WT (14). It
appears that cortical expansion, a natural consequence of aging (64,65), occurs more rapidly
in cKO mice, ultimately resulting in greater equalization of bone strength. Study of older
cKO mice is necessary to document changes in the cortical and trabecular phenotype with
more advanced aging and to determine concomitant changes in strength, structural, and
material properties.

Compared to trabecular bone loss, cortical bone loss as assessed by microCT was modest
and similar between genotypes (Figure 5). Despite these similar structural changes, there
was a greater relative difference between normally loaded and unloaded femurs with regards
to strength, bending rigidity, and ultimate energy (Figure 6C-E). These findings suggest that
the relationship between structural change and strength outcomes are non-linear, resulting in
a greater decrease in strength in cKO mice. It is important to note that the structure of cKO
femurs starts out in a much different state from that of WT (Figure 2). With expanded
cortices, cortical thinning, and increased porosity, it is clear that losing a similar amount of
bone resulted in a relatively greater effect on cKO mechanical properties in this test
paradigm. In addition, it may be that there was a differential effect of unloading on the
material properties of cKO mice. Although not measured, greater changes in the collagen
content or the ratio of lamellar to woven bone could have all contributed to the effects that
were observed (65,66). For example, although it was not significant, it does appear that
cortical BMD decreased to a greater degree during unloading of cKO mice versus WT
(Figure 5E). Bivi and colleagues have shown increased baseline osteocyte apoptosis in cKO
deficient bones (57), while HLS itself has been shown to reduce osteocyte number (67).
Reduced osteocyte viability has been correlated to impaired bone repair (68), the
accumulation of microcracks (69,70), and the increased fracture risk (71). It may be that in
this age and strain of mice the effect of osteocyte deficiency was not enough to result in
lower baseline strength, but did contribute to greater deleterious changes in bone quality and
material properties, and thus mechanical properties, during unloading. Finally, we cannot
discount that the aforementioned convoluted endocortical surface of cortical bone in cKO
mice (Figure 2G) created stress concentrations that contributed more negatively to bone
integrity following unloading.

In the present study, we observed profound suppression of bone formation, particularly at
the endocortical surface, in mice subjected to unloading (Figure 7). Deficiency of Cx43 was
able to completely ameliorate this effect and preserve bone formation. The total perimeter
undergoing active mineralization as well as the mineral apposition rate was also preserved in
cKO mice subjected to unloading. There findings are consistent with similar studies of HLS
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unloading in mice with osteocyte ablation (46) or sclerostin knockout (54), as well as Cx43
deficiency during botox immobilization (41). Despite the dramatic preservation of bone
formation, we did not observe preservation of cortical bone structure during unloading of
cKO mice. It is important to note, however, that the labeling technique utilized only allows
for quantification of new bone formed between administration of the Calcein and alizarin
red labels (i.e., 2 weeks). In the case of skeletally mature mice, such as those with a C57BL/
6 background used presently, baseline bone formation is substantially lower than that found
in younger animals (54). As a result, even though bone formation was preserved in cKO
mice, the resultant difference in cortical bone structure was apparently not enough to meet
the detection threshold of the imaging techniques utilized. This is evident by the finding of
little to no changes in cortical bone parameters due to natural growth of WT or cKO
normally loaded control mice over the experimental period (Figure 5). Indeed, the fact that
bone loss still occurs despite the maintenance of bone formation in cKO mice indicates that
bone loss was predominantly the result of increased bone resorption. Such a conclusion is
not unexpected, and was indeed one of the primary reasons for selecting skeletally mature
animals. Ultimately, we sought to simulate spaceflight or bed rest disuse occurring in a
skeletally mature astronaut or clinical population, rather than focusing on inhibition of bone
formation and growth as would be expected with use of younger animals (e.g., 8-12 weeks)
(72). Quantification of eroded surface in these mice could have provided insight in to the
bone resorption dynamics, however, the presence of the highly convoluted endocortical
border of cKO mice prevented accurate assessment of this parameter. This scalloped surface
is similar to that observed in a previous study of Dermo1 promoter-driven Cx43 knockout
(58), and is likely due to increased endosteal osteoclast-mediated bone resorption. In
addition, it is worth noting that there were no differences between WT and cKO control
mice in regards to endocortical bone formation parameters, while at the periosteal surface
we observed lower MAR and BFR/BS in cKO mice versus WT (Figure 7E,F). These
findings are opposite of those found in the ulna of Cx43 cKO mice from a previous study we
conducted (14). Aside from the different bone investigated, our previous study also utilized
a shorter labeling period (6 vs. 14 days). In addition, mice in the present study were housed
in wire-bottom cages that may have induced changes in animal activity, behavior, and
loading versus standard vivarium cages, such as that observed in ground-based use of
spaceflight animal enclosures (73,74). Regardless, these contrasting findings highlight the
potential for bone-specific and site-specific effects of Cx43 in bone homeostasis.

The results of the present study demonstrate, for the first time, the response of Cx43
deficient mice to the HLS unloading paradigm. We have demonstrated that a lack of Cx43 in
bone cells protects against trabecular bone loss and suppression of cortical bone formation
during unloading. Cortical bone structure, however, was not protected during unloading and
there was observed a relatively greater decrease in the mechanical properties of femurs from
cKO mice. This observation may be the result of a differential effect of unloading on the
material properties of bone from cKO mice. Combined with previous studies demonstrating
increased responsiveness of Cx43 deficient bone to mechanical loading (14,41), a model of
Cx43 deficiency is emerging whereby it reduces sensitivity to unloading (15) and increases
sensitivity to loading (14,41). This may have important implications in the development of
Cx43 as a therapeutic target for the prevention of bone loss associated with unloading,
disuse, or aging.
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Figure 1.
(A) Comparison of baseline body composition between 6-month old, male wild-type (WT)
and Cx43 conditional knockout (cKO) mice as assessed by H1-NMR. There were no
significant differences with respect to fluid mass (7-8%), fat mass (10-11%), or lean mass
(70-71%) (p>0.05 of WT versus cKO via t-test). (B) Gastrocnemius muscle wet mass of WT
and cKO mice under control and suspended conditions. There was no difference between
genotypes within the control group, while muscle mass in mice following suspension was
~20% less than their respective normally loaded control (p<0.05 via two-way ANOVA).
Mean±SE. Different letters indicate significant difference, while similar letters indicate no
difference.
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Figure 2.
Comparison of baseline cortical bone structure between 6-month-old, male wild-type (WT)
and Cx43 conditional knockout (cKO) mice assessed by a microCT scan of the mid-shaft of
the femur (n=25-30 per genotype). (A) Cortical bone area (Ct.Ar) and (B) total cross-
sectional area (Tt.Ar) were both increased in cKO versus WT, although the latter to a greater
extent, resulting in relatively lower (C) cortical area fraction (Ct.Ar/Tt.Ar) (p<0.0001 for
all). (D) Cortical thickness (Ct.Th) was lower in cKO versus WT (p<0.05), as was (E)
cortical bone mineral density (BMD) (p<0.0001), and (F) cortical porosity (Ct.Po) (p<0.01).
(G) A representative 2D microCT image highlights the aforementioned osteopenic
phenotype. Comparisons via t-test. Mean±SE.
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Figure 3.
Change in trabecular bone parameters 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). Significant decreases were seen in all
measured parameters in WT Suspended animals, with the effect significantly attenuated in
cKO for (A) trabecular bone volume fraction (BV/TV; p<0.01), (B) connectivity density
(Conn.D; p<0.05), (C) trabecular bone mineral density (BMD; p<0.05), (D) trabecular
thickness (Tb.Th; p<0.001). The difference between Suspended WT and cKO for (E)
trabecular separation (Tb.Sp) and (F) trabecular number (Tb.N) was not significant,
although there were statistical trends (p=0.1 and p=0.15, respectively) suggesting a similar
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attenuated loss of trabecular microstructure in cKO mice subjected to unloading.
Comparisons via two-way ANOVA. Mean±SE. Different letters indicate significant
difference, while similar letters indicate no difference.
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Figure 4.
Trabecular (left) and cortical (right) microstructure in wild-type (WT) and Cx43 conditional
knockout (cKO) mice at baseline (Day 0) and following three weeks of mechanical
unloading via hindlimb suspension (Day 21). Representative 3D microCT reconstructions
were selected based on mean loss of trabecular BV/TV and cortical thickness for each
genotype. Trabecular images represent 72 slices (756 μm) of the proximal tibia,
immediately distal to the epiphyseal plate. Cortical images represent 22 slices (231 μm) of
the femur midshaft. Significant degradation of trabecular microstructure can be observed in
WT following unloading, with an attenuated response in cKO. The effect of unloading on
cortical microstructure is subtler, with similar effects on both WT and cKO.
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Figure 5.
Change in cortical bone parameters 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 was degradation of cortical
microstructure with unloading, as indicated by significant decreases in several measured
parameters, although there was no difference between WT and cKO for any measured
parameters. (A) cortical area (Ct.Ar), (B) total cross-sectional area (Tt.Ar), (C) cortical area
fraction (Ct.Ar/Tt.Ar), (D) cortical thickness (Ct.Th), (E) cortical bone mineral density
(BMD), (F) cortical porosity (Ct.Po). Comparisons via two-way ANOVA. Mean±SE.
Different letters indicate significant difference, while similar letters indicate no difference.
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Figure 6.
Geometric and mechanical properties of wild-type (WT) and Cx43 conditional knockout
(cKO) mice as assessed by MicroCT and mechanical testing. At baseline, femurs from cKO
mice have significantly greater (A) polar moment of inertia (pMOI) (p<0.0001). Femurs
were collected from mice following three weeks of normal loading (Control) or mechanical
unloading via hindlimb suspension (Suspended) and tested to failure in a three-point
bending paradigm. As a result of unloading, WT and cKO experienced a similar decrease in
(B) pMOI (p>0.05 via two-way ANOVA). (C) Ultimate bending moment (i.e., strength) was
significantly lower in Suspended versus Control, although the difference was greater for
cKO mice. There were similar findings for (D) bending rigidity and (E) ultimate bending
energy (p<0.05 via two-way ANOVA). Mean±SE. Different letters indicate significant
difference, while similar letters indicate no difference.
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Figure 7.
Quantitative histomorphometry parameters for wild-type (WT) and Cx43 conditional
knockout (cKO) mice following three weeks of normal loading (Control) or mechanical
unloading via hindlimb suspension (Suspended). At the endocortical surface, (A)
mineralizing surface normalized to bone surface (MS/BS) was significantly lower for WT
mice subjected to unloading compared to control (p<0.05); however, this effect was not
observed in cKO mice. (B) endocortical mineral apposition rate (MAR) and (C) endocortical
bone formation rate normalized to bone surface (BFR/BS) were essentially obliterated with
unloading in WT mice (p<0.05), and yet preserved in cKO. The periosteal surface
experienced a similar attenuated suppression for cKO mice, although the magnitude was
more modest. (D) Periosteal MS/BS, (E) periosteal MAR, and (F) periosteal BFR/BS. (G)
Representative micrographs of femur sections used for quantification were taken under UV
light at 4x magnification. The solid arrows indicate Calcein and alizarin red bone label
incorporation at the periosteal surface, while the hatched arrows indicate label at the
endocortical surface. Label incorporation is dramatically reduced in WT Suspended animals,
and maintained in cKO Suspended. Comparisons via two-way ANOVA). Mean±SE.
Different letters indicate significant difference, while similar letters indicate no difference.
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Table 1

Summary of baseline trabecular bone parameters as assessed via microCT of wild-type (WT) and connexin 43
conditional knockout (cKO) mice (male, aged 6-months).

Parameter WT cKO

BV/TV (%) 16.24 ± 1.19 16.47 ± 1.29

Conn.D (1/mm3) 70.39 ± 6.04 74.95 ± 7.86

Tb.Th (mm) 0.058 ± 0.001 0.061 ± 0.001

Tb.Sp (mm) 0.231 ± 0.008 0.234 ± 0.010

Tb.N (1/mm) 4.22 ± 0.12 4.16 ± 0.14

SMI (no units) 1.99 ± 0.11 2.15 ± 0.12

TMD (mg HA/cm3) 239 ± 9 232 ± 11

Bone volume fraction (BV/TV); connectivity density (Conn.D); trabecular thickness (Tb.Th); trabecular separation (Tb.Sp), trabecular number
(Tb.N), structure model index (SMI), trabeculartissue mineral density (TMD).

Data are presented as the mean±SE; n=25-30/group.

No significant difference observed for any parameter (p>0.05 via t-test).
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Table 2

Summary of femur cortical morphological parameters as assessed via quantitative histomorphometry of wild-
type (WT) and connexin 43 conditional knockout (cKO) mice (male, aged 6-months) under both control
(normally loaded) and suspended (unloaded) conditions.

Parameter WT cKO

Control Suspended Control Suspended

Tt.V (mm3) 3.022 ± 0.092a 3.003 ± 0.089a 4.534 ± 0.180b 4.432 ± 0.131b

Ct.V (mm3) 1.146 ± 0.052a 0.961 ± 0.015a 1.321 ± 0.089b 1.214 ± 0.062b

Ma.V (mm3) 1.875 ± 0.076a 2.042 ± 0.093a 3.213 ± 0.121b 3.217 ± 0.138b

Ec.BS (mm2) 5.196 ± 0.114a 5.378 ± 0.132a 6.834 ± 0.175b 6.725 ± 0.124b

Ps.BS (mm2) 6.487 ± 0.085a 6.453 ± 0.092a 7.743 ± 0.156b 7.698 ± 0.107b

Total tissue volume (Tt.V), cortical bone volume (Ct.V), marrow cavity volume (Ma.V), endocortical bone surface (Ec.BS), periosteal bone surface
(Ps.BS).

Data are presented as the mean±SE.

Different letters indicate significant difference (p<0.05 via two-way ANOVA), while the same letter indicates no difference.
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