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Abstract

It is well-established that muscle forces are necessary for bone development as well as proper
bone modeling and remodeling. Recent work has also suggested that bone acts as an endocrine
organ that can influence the development of other organs. Connexin43 (Cx43), a gap junction
protein that transduces mechanical signals, is an important determinant of cortical bone modeling.
Using an osteoblast/osteocyte-specific ablation of the Cx43 gene (Gjal) driven by the 2.3 kb
Col1al promoter (cKO) in the mouse, this study confirmed reduced cortical bone thickness and
density with expanded bone marrow cavity in the cKO humerus. Surprisingly, Gjal deletion in
bone cells also affected skeletal muscle development, resulting in lower fast muscle weight, grip
strength, and maximum absolute and specific tetanic forces (60-80%, 85%, and 50%, respectively,
of WT mice). The normally fast twitch extensor digitorium longus (EDL) muscle exhibited
increased slow twitch fibers in cKO mice. These muscle defects were accompanied by a 40-60%
reduction in mMRNA abundance for genes encoding osteocalcin in the humerus, relative to WT
mice. Accordingly, both carboxylated and undercarboxylated isoforms of osteocalcin were
reduced by over 30% in the circulation of cKO mice. Moreover, the active, undercarboxylated
isoform of osteocalcin (glu-OC) promoted myotube formation in C2C12 myoblast cultures, and
glu-OC injections to cKO mice rescued EDL muscle cross section area and grip strength in vivo.
These findings demonstrate that Cx43 in osteoblasts/osteocytes indirectly modulates skeletal
muscle growth and function, potentially via an endocrine effect of glu-OC.
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Introduction

Skeletal muscle contraction generates forces that are transmitted to bone and drive joint
movement. Studies dating back to the 19th century have demonstrated a relationship
between these forces and bone structure.() Specifically, developmental studies have showed
that muscle contraction is necessary for bone morphogenesis and joint formation during
early embryogenesis.(23) Furthermore, muscle forces drive postnatal accrual of bone mass
and structural adaptation for optimal stress transfer and physical performance.-9) In the
adult, muscle forces are essential for maintaining a balance between bone formation and
bone resorption.(78) Recent studies have also suggested that muscle may influence bone
growth by releasing osteogenic myokines such as IGF1 and FGF2.(9

Connexin 43 (Cx43), a gap junction protein that is abundant in osteoblasts (OBs) and
osteocytes (OCYs),(20) plays an important role in mechanotransduction. Gap junctions are
intercellular channels that propagate nutrients and small signaling molecules among
connecting cells to induce coordinated cellular responses.(1) Studies from several
independent groups have shown that Cx43 in bone cells is involved in bone responsiveness
to mechanical unloading 1213) and loading.(14-16)

Biophysical and biochemical cues from muscle are clearly important for bone growth, but
can bone similarly regulate muscle growth? It has been suggested that skeletal elements(?)
and the chondrocytic paracrine factor Indian hedgehog(®) influence myogenesis during
embryonic development. However, after birth, a densely packed mineralized extracellular
matrix separates bone cells from skeletal muscle, so it is unlikely that soluble factors can
diffuse from bone to muscle and regulate muscle growth through a paracrine mechanism. A
more likely mechanism by which bone may regulate muscle growth is through hormones.
Indeed, recent findings have demonstrated that bone might function as an endocrine organ
regulating energy metabolism and reproduction(19:29), providing a putative mechanism of
bone-muscle interaction that we pursued in the current study.

We hypothesized that deletion of the Cx43 gene, Gjal, from bone cells would: i) disrupt the
transduction of the muscle-derived forces to bone and affect the subsequent development of
bone and ii) disrupt the putative bone-to-muscle hormonal feedback and thereby
compromise postnatal muscle formation and function. To test these hypotheses, we
selectively deleted Gjal from OBs/OCY's to examine the role of OBs/OCY Cx43 in
postnatal bone and muscle growth and a possible interaction between the two organs. Our
results demonstrate the involvement of Cx43 in both bone and muscle formation and
function and provide further evidence that bone is an endocrine organ that may regulate
postnatal skeletal muscle growth.
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Materials and Methods

Reagents

Animals

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
specified.

All animal studies were conducted in accordance with the Public Health Service Policy on
Humane Care and Use of Laboratory Animals and approved and overseen by the Animal
Studies Committee at Washington University in St. Louis. Conditional knockout (cKO)
mice depleted in Gjal in OBs/OCY's were generated as previously described.(21) In brief, the
Gjal cKO mice were produced by crossing homozygous Gjal1fo¢fox mice with mice
expressing Cre recombinase under the control of a 2.3 kb a1(I) collagen promoter
fragment(22) and only one allele of Gjal (Col1Cre;Gjal*/"). The resulting Gjal cKO mice
(Col1Cre;Gja112¢~) and their WT equivalents (Gja112¢*) were studied at postnatal day 14,
28, and 56 (P14, P28, and P56). At least 16 WT and cKO animals per time point were
allocated for initial phenotype characterization. An additional 15 P28 WT and cKO mice
were allocated for further study on skeletal muscle. For osteocalcin (OC) injection
experiments, 16 WT and 12 cKO mice were generated from 8 breeding pairs and received
subcutaneous injections with either OC (60 ng/g, synthetic osteocalcin fragment 1-49,
Sigma-Aldrich, O5761) or a corresponding volume of saline (6 pl/g) every other day from
P5 to P28. The total sample size is summarized in Table 1. This sample size was chosen
based on the expected variation and effect size calculated from previous studies.(12:23.24)
The specificity of Cre expression was verified by crossing Col 1Cre mice with either Ail4
(Jackson Labs)(2) or mT/mG (Jackson Labs)(®) Cre reporter mice. Based on a previous
report, there were no expected differences in food intake between the WT and cKO mice.(23)
No craniofacial abnormalities were found in the cKO mice.

Immunohistochemistry

Mouse shoulders with the supraspinatus (SS) muscles attached to the humeri were fixed in
4% paraformaldehyde (PFA; Electron Microscopy Sciences), decalcified, and sectioned to 5
um in paraffin. After rehydration, antigen retrieval, and peroxidase inactivation, the sections
were blocked and incubated with the following, with thorough washes after each step: rabbit
anti-Cx43 antibodies (1:2000) at 37°C for 60 min, Anti-Rabbit IgG-Biotin antibodies
(1:800) for 50 min, ExtrAvidin-Peroxidase (1:100) for 30 min, DAB-Plus Substrate (Life
technologies) for 2 min, and Meyer’s Hematoxylin Solution for 2 min.

Muscle cryosection and immunofluorescence staining

Freshly dissected extensor digitorium longus (EDL) muscles were orientated longitudinally,
pinned on cork to keep their natural lengths (without visible stretching or curling),
embedded in Tissue-Tek O.C.T, and snap frozen in melting isopentane. The frozen muscles
were then transversely sectioned (7 um) at the belly region at —20 °C. To determine muscle
fiber isotype, the sections were blocked and incubated with the following at room
temperature with thorough washes after each incubation: BA-F8 (Developmental Studies

J Bone Miner Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 4

Hybridoma Bank, DSHB; 1:50) or SC-71 (DSHB; 1:50) antibodies that recognize myosin
heavy chain type | (MyHC 1) or type lla (MyHC Ila) fibers for 2 h, DyLight 488-conjugated
donkey anti-mouse antibodies (Jackson ImmunoResearch; 1:400) for 1 h, 2 ug/ml Alexa
Fluor 594-labeled wheat germ agglutinin (WGA; Molecular Probes) for 15 min. To examine
Cx43 expression, after permeabilization and blocking, the sections were incubated with
rabbit anti-Cx43 antibodies (1:400) at 4°C overnight, followed by Alexa 488-conjugated
goat anti-rabbit antibodies (Invitrogen; 1:400) for 1 h and WGA staining for 15 min. Muscle
fiber cross section area (CSA) was determined with an automated image analysis program
CyteSeer 2.6.1 (\Vala Sciences, Inc.).

Bone and muscle microCT

Grip test

All samples were scanned with pCT40 (Scanco Medical AG, Switzerland) at 12 pm?3 voxel,
45 kVp, 177 pA, and 250 ms integration time except for the trabecular bone at P28 or
younger, whose voxel resolution was 6 um3, and integration time was 200 ms. Entire SS
muscles were scanned for total muscle volume and maximum CSA. EDL muscles were
scanned for maximum CSA. For cortical bone properties, mouse humeri were scanned
around the mid-diaphysis (1 mm in length) and analyzed for tissue mineral density (TMD),
total CSA inside the periosteal envelope (Tt.Ar), cortical bone area (Ct.Ar), marrow area
(Ma.Ar), cortical area fraction (Ct.Ar/Tt.Ar), and average cortical thickness (Ct.Th).(27)
Humeral heads were scanned to determine trabecular bone properties. The metaphyses
proximal to growth plates were analyzed for bone volume fraction (BV/TV), trabecular
number (Th.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp).(2")

Forelimb grip tests were performed on P28 and P56 mice with grip wire attached to a digital
force gauge (Chatillon DFE 2, San Diego Instruments). The mice were allowed to grip the
pull bar on the grip wire with only their front paws and were steadily pulled back until they
lost their grip with the lowest pull bar. Each mouse was given three trials and at least 5 min
recovery time between trials. The peak tension during each trial was recorded with the
attached force gauge. Mouse grip strength was presented as the average peak tension from
the three trials.

Muscle force measurement

The isometric contractile force of the right gastrocnemius (GS) muscles from P28 mice was
determined using a previously described method(?4) and detailed in the supplemental data.
Optimal muscle length (L) was first established using single 0.5 msec stimulation pulses at
supramaximal stimulation voltages and then measured with a digital caliper. Maximum
isometric tetanic force (P,) was determined at L, with a series of 0.5 msec stimulation
pulses for a period of 450 msec at increasing frequencies (40 Hz—120 Hz). The tested
muscles without their associated tendon and bone were then weighed on an analytical scale.
The muscle fiber length (L¢) was calculated by multiplying L, by 0.45.(28.29) Total fiber
CSA was calculated by dividing muscle weight by muscle density (1.06 g/cm3)(39 and

L¢ (29) Specific P, was calculated by dividing P, by the total fiber CSA.
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Quantitative realtime RT-PCR

Relative abundances of targeted gene expression in EDL, SS, GS, and soleus (SL) muscles
and humeri were determined by SYBR-green based realtime RT-PCR as detailed
previously.(31) All primers used for realtime RT-PCR were purchased from Qiagen.

Osteocalcin assay

All mice were fasted for 5-6 h prior to blood withdrawal. The plasma levels of carboxylated
and under-carboxylated osteocalcin (OC) were determined using Mouse Gla-Osteocalcin
and Glu-Osteocalcin High Sensitive EIA Kits (Takara Bio Inc), respectively.

C2C12 cell culture and immunostaining

C2C12 mouse skeletal myoblasts were kindly provided by Dr. Conrad Weihl at Washington
University School of Medicine. The cells were maintained in growth medium containing
20% fetal bovine serum (Hyclone), 100 units/ml penicillin, and 100 pg/ml streptomycin
(Pen/Strep; Gibco) in DMEM (Gibco) at less than 60% confluency. C2C12 differentiation
was induced by replacing the growth medium with differentiation medium containing 2%
horse serum (Hyclone) and Pen/Strep in DMEM at 90% confluency in the presence and
absence of indicated dosages of OC (synthetic osteocalcin fragment 1-49, Sigma-Aldrich,
05761) for 72 h. The cultures were subsequently fixed, permeabilized, and stained with
MF20 antibodies (DSHB; 1:10) that recognize sarcomere myosin, followed by DyL ight 488-
conjugated donkey anti-mouse antibodies (Jackson ImmunoResearch; 1:400) and
Bisbenzimide H33258 (2 pg/ml). Digital images of two different areas were taken at 10 x
magnification. Approximately 500 cells from each imaged area were quantified blindly for
C2C12 fusion with Image J 1.47v software (National Institute of Health). The average
percentage of C2C12 fusion was calculated as the ratio of the number of nuclei in
multinucleated myotubes (containing at least three nuclei) and the number of total nuclei.

Statistical analysis

When data was normally distributed, two-tailed Student’s t-tests were used to compare two
groups and analyses of variance (ANOVA) followed by Tukey’s posthoc tests (when
appropriate) were performed to compare multiple groups. When data was not normally
distributed, Mann-Whitney Rank Sum Tests were performed to compare two groups.
Normally distributed data are shown as mean + standard deviation bar plots and non-
normally distributed data are shown as median and range (minimum and maximum, 15t and
3 quartile) using box plots. All statistical analyses were performed using SigmaStat 3.5
(Systat Software, Inc.). Statistical significance was set at p < 0.05.

Results

Gjal was selectively deleted in OBs/OCYs

To selectively delete Gjal in bone cells, a 2.3 kb a1(l) collagen promoter fragment was
used to drive the expression of Cre recombinase in OBs and OCYs.(22) The specificity of
Cre expression was verified by crossing the Col1Cre mice with Ai14 Cre reporter mice. (%)
The resulting Col1Cre;Ai14 mice revealed the expression of Col1Cre in bone but not
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surrounding muscle tissues at P1.5 (Fig. 1A and 1B). This finding was corroborated via a
second strain of mTmG Cre reporter mice.(26) Col1Cre expression was only seen in OBs and
OCYs in humeral bone (Fig. 1C, 1E, and 1G) but not in the adjacent SS muscle (Fig. 1D,

1F, and 1H). No expression was seen in the SS tendon, its insertion into the humeral head, or
the cartilage of the proximal humeral head of Col1Cre;mTmG mice at P14, P28, and P56
(Supplemental Fig. 1).

Using the Col1Cre/loxP recombination system, cKO mice with selective deletion of Gjal
from OBs/OCYs were generated and validated using Cx43 immunostaining. Consistent with
reports in the literature,19) widespread Cx43 signals were detected in OBs and OCYs
(including their processes) at the humeral diaphysis of WT P14 (Fig. 11), P28 (Fig. 1K), and
P56 (Fig. 1M) mice. Besides bone cells, Cx43 expression has also been reported in
developing and regenerating muscle, but rarely in normal adult muscle.(3233) Accordingly,
localized Cx43 staining were detected at the boundaries of EDL muscle fibers in P28 WT
mice (green; Fig. 10). As expected, in the cKO mice, Cx43 expression was mostly absent in
OBs and OCYs at the three postnatal ages investigated (Fig. 1J, 1L, and 1N) and remained
unchanged in the skeletal muscle (Fig. 1P).

Cx43 deficiency in OBs/OCYs altered cortical bone architecture

Changes in humeral structure of Gjal cKO mice were examined in comparison to their WT
littermates at P14, P28, and P56 by microCT analysis. Consistent with previous studies on
adult mouse hindlimbs,(12) Gja1 deletion in OBs/OCYs resulted in apparent defects in
cortical bone structure in mice of all ages studied, including enlarged total and marrow area
and reduced cortical bone thickness, density, and bone area fraction (Fig. 2A, B), but no
detectable changes in cortical bone area (Fig. 2) and indexes for trabecular bone properties
(Supplemental Tab. 1). These data confirmed that Cx43 function is involved in control of
cortical bone modeling during postnatal bone growth.

Cx43 deficiency in OBs/OCYs led to reduced muscle mass and strength

Gjal cKO mice were noticeably thinner but not shorter than their WT littermates. The
average body weights of cKO mice were significantly lower than their WT counterparts, and
this difference was more apparent in P28 (p < 0.001) and P56 (p = 0.006) mice than in P14
mice (p = 0.619; Fig. 3A). SS muscles were scanned to determine if the lower body weights
of cKO mice were associated with lower muscle volumes. As showed in Fig. 3B, although
the SS muscles from both WT and cKO mice grew significantly during the first 56 days in
their life, the muscle volumes of cKO mice were significantly lower than those of WT mice.
Consistent with the trends in body weights, the differences in muscle volumes between cKO
mice and WT mice were larger at P28 (p = 0.042) and P56 (p < 0.001) than at P14 (p =
0.851). To determine whether the muscle abnormalities were muscle type specific, the wet
weights of P28 GS, EDL, SL, and SS muscles were measured. All but the SL muscles
showed lower weights in Gjal cKO mice compared to WT mice (Fig. 3C). Of note, EDL,
SS, and GS muscles primarily consist of fast twitch fibers,(24:34.35) while the SL muscle
contains a higher percentage of slow twitch fibers.(243% Thus, Gjal deletion in bone impairs
muscle mass accrual during postnatal development, specifically for fast twitch muscles.
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To determine if Cx43 deficiency in bone affected muscle function, forelimb grip tests and
single muscle ex vivo force generation tests were performed. Gjal cKO mice possessed only
87% and 85% of grip strength of their WT counterparts at P28 and P56, respectively (Fig.
3D). Isometric force generated by isolated GS muscles was also lower in cKO mice.
Specifically, the maximum absolute (Fig. 3E) and specific tetanic forces (Fig. 3F) of cKO
muscle were both 50% of those of WT muscle. Therefore, Cx43 deficiency in bone affected
both the mass and function of skeletal muscle during postnatal development.

Cx43 deficiency in OBs/OCYs altered muscle fiber quantity and composition

To determine how Cx43 bone deficiency affected skeletal muscle growth, the whole muscle
CSA of SS muscles were compared between WT and cKO mice by microCT. In accordance
with their muscle mass, Gjal cKO mice showed reduced maximum whole muscle CSA at
P28 and P56 but not at P14 (Fig. 4A). Similarly, reduced maximum whole muscle CSA was
detected in the EDL muscle of P28 cKO mice compared to that of WT mice (Fig. 4B). We
further examined the muscle fiber CSA in P28 EDL muscle by immunofluorescence
staining. Interestingly, despite the reduction in whole muscle CSA, no changes in average
fiber as well as MyHC I- and MyHC Ila-specific fiber CSAs were detected (Fig. 4C). As
muscle mass is directly related to muscle fiber numbers and CSA, these results indicated that
cKO EDL muscles possessed fewer muscle fibers.

We next evaluated the relative abundance of Mhy4 and Mhy7 mRNA in P28 mouse muscles
by quantitative realtime RT-PCR. Mhy4 and Mhy7 encode MyHC I1b and MyHC | proteins
that compose the fast 2B and slow fibers, respectively.(3%) Although Gjal deletion in OBs/
OCYs did not affect Mhy4 mRNA abundance in any of the muscles studied (Fig. 5A), the
expression of Mhy7 mRNA in EDL muscles from Gjal cKO mice was increased nearly
threefold (Fig. 5B). Accordingly, an increased percentage of slow MyHC | fibers was
detected by immunostaining in the cKO EDL muscle compared to the WT muscle (Fig. 5C
and Supplemental Fig. 2). In addition, the percentage of fast MyHC lla fibers tended to be
higher in the cKO EDL muscle than in the corresponding WT muscle (Fig. 5C and
Supplemental Fig. 2). Of note, both MyHC | and MyHC lla fibers possess much lower
contractile force and velocity than other fast fibers.(3%) These results support the conclusion
that deletion of Gjal from bone cells leads to an increase in slow twitch fibers in muscles
that are normally made up of fast twitch fibers.

Cx43 deficiency in OBs/OCYs reduced circulating OC

We next considered possible endocrine mechanisms that could explain how bone specific
deletion of Gjal can lead to changes in muscle development and growth. Among the soluble
factors produced by bone cells, prostaglandin E2 (PGE2) may be released by OCYs via
Cx43 hemichannels (i.e., half of a gap junction) after mechanical stimuli36 and has been
reported to facilitate myogenesis and muscle function.(29) However, prostaglandin E
metabolites (PGEM) in the urine of Gjal cKO mice was nearly three-fold higher than in WT
mice (Supplemental Fig. 3A); similarly, plasma PGEM was increased in cKO mice. Cox1
and Cox2 are enzymes required for the synthesis of prostaglandins. Surprisingly, no
significant changes in Cox1 and Cox2 mMRNA abundance were found in the humeri of cKO
mice (Supplemental Fig. 3B). As PGEZ2 is produced by many different cell types, the higher
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amount of systemic PGEM detected in the Gjal cKO mice may reflect a secondary effect of
bone-specific Gjal deletion.

OC is an osteoblastic honcollagenous bone matrix protein. In mouse bone, OC is encoded by
bglapl and bglap2 genes.(”) While most OC is carboxylated on three glutamic acid residues
(gla-OC), a small amount of OC is undercarboxylated (glu-OC).(!9 This glu-OC is
considered the active form of OC that can act as a multifunctional hormone in
circulation.(9) Gjal cKO mice expressed 40-60% less bglap1 and bglap2 mRNA than their
WT counterparts (Fig. 6A). Accordingly, reduced circulating glu-OC and gla-OC were
detected in these cKO mice (Fig. 6B).

Cx43 deficiency in OBs/OCYs caused little change in insulin and energy homeostasis in

fasting mice

Because OC enhances insulin secretion, sensitivity, and energy expenditure,3® which are
essential for normal muscle growth and function, we measured blood glucose and insulin
levels in P28 and P56 mice after morning fast and found no significant differences between
WT and cKO group (Supplemental Fig. 4A and 4B). Consistent with this, the mMRNA
abundance of Insr, Irsl, Irs2, and Glut4 in SS muscle was not different between WT and
cKO mice (Supplemental Fig. 4C); and mitochondrial oxidative capacity evaluated by
mitochondrial volume density(3% in P28 EDL muscle was also comparable between WT and
cKO mice (Supplemental Fig. 5). These results suggest that the muscle phenotypes seen in
the Gjal cKO mice are not associated with disorders in insulin and energy metabolism, but
further study is needed to confirm this.

glu-OC promoted myotube formation in vitro and rescued fast muscle CSA and grip
strength of cKO mice in vivo

We then tested the effect of glu-OC on myaoblast differentiation and myotube formation in
vitro using the C2C12 myoblast cell line. A synthetic human OC consisting of amino acids
1-49 was used, representing the full mature sequence of unmodified glu-isoform OC. As
shown in Fig. 6C—6H, glu-OC treatment led to a dose-dependent increase in myoblast
fusion, an index of myotube formation, at doses of 10 to 100 ng/ml.

To establish a mechanistic link between the low circulating osteocalcin and muscle defects
in cKO mice, we injected synthetic glu-OC subcutaneously in P5 mice, and measured body
weight, EDL muscle CSA, and grip strength at P28. Although glu-OC injections did not lead
to a full recovery of total body weight in cKO mice, the treatment did rescue EDL CSA and
grip strength in cKO mice (Fig. 6l).

Discussion

Using the bone-specific Gjal cKO mice, this study explored bone-muscle crosstalk during
postnatal development. We observed robust expression of Cx43 in OBs, OCYs, and OCY
processes at P14, P28, and P56. Removal of Cx43 in OBs/OCYs resulted in cortical bone
structural abnormalities consistent with accelerated endocortical bone resorption, as
previously reported.(124041) Results also revealed that Cx43 deficiency in OBs/OCYs
during postnatal growth compromises skeletal muscle formation and function. Importantly,
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we provide evidence that systemic OC stimulates muscle formation. These findings support
the hypothesis that bone regulates muscle formation and reveal a novel role of OC in
endocrine regulation of muscle growth.

Gjal deletion in bone cells affects postnatal muscle growth and function, leading to ~30%
and ~50% less than normal muscle mass and strength, respectively. The defect in muscle
mass accrual was associated with lower number of muscle fibers, which may have resulted
from either loss of existing muscle fibers (muscle degeneration) or from a defect in
generating new muscle fibers (myogenesis). However, cKO muscles showed neither
morphological signs of muscle degeneration (e.g., atrophy/reduction in muscle fiber CSA,
centralized nuclei) nor apparent changes in mMRNA abundances of genes that regulate
myogenesis and muscle growth (Supplemental Fig. 6). The latter may be related to the time
points studied, as muscle fiber numbers are determined before birth.(4243) Accordingly,
OB/OCY Cx43 deletion may have affected muscle fiber formation during embryonic
development but not postnatally. This explanation may account for the lower body weight
observed in mice with Gjal deletion driven by the Col1 but not bglap promoter,13) which
targets fully differentiated OBs and OCYs.

Although muscle mass is often considered an indicator of muscle health, it is not necessarily
correlated with muscle strength and performance.(2944) Muscle fiber type, on the other hand,
is closely related with muscle force and performance: fast twitch fibers generate greater
force than slow twitch fibers.(33:44) OB/OCY Gjal deletion led to a reduction in muscle
specific isometric force, and this reduction was accompanied by an increase in slow twitch
fibers. These results are further corroborated by the findings that Cx43 deletion
preferentially affected fast- but not slow-twitch muscle, and Gjal cKO mice exhibited
weaker upper limb grip strength in vivo (an outcome that could be rescued by OC injection).
Collectively, these findings strongly support a role of bone Cx43 in muscle formation and
function.

Both bglapl and bglap2 expression and circulating glu-OC were significantly reduced in
Gjal cKO mice. These most likely reflect abnormalities in OB differentiation and function
caused by OB/OCY Cx43 deficiency.(145) Indeed, previous results have demonstrated that
Runx2, a transcription factor that controls OB differentiation and bglap expression,“®) is
downregulated in Cx43-deficient OBs, (4> and the expression of other osteoblastic genes
controlled by Runx2 (e.g., Collalphal and Opn) is also downregulated in Cx43-deficient
OBs.(49)

The reduction of bglap expression in bone and OC in circulation coupled with induction of
myotube formation by glu-OC in C2C12 cells supports the notion that glu-OC influences
postnatal muscle growth and function via an endocrine mechanism. This is further supported
by the results from our in vivo rescue experiment, which showed that OC injection to
postnatal cKO mice increased fast muscle CSA and rescued grip strength. Alternatively, glu-
OC may regulate muscle growth and function via its roles in insulin secretion, sensitivity,
and energy metabolism.(38) Based on this homeostatic mechanism, we would have predicted
cKO mice to be hyperglycemic because of the lower circulating OC. However, we show that
this is not the case; in fact, cKO mice showed normal glucose and insulin levels in the

J Bone Miner Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 10

fasting state. Thus, the muscle defects of Gjal cKO mice cannot be explained by disordered
insulin and energy metabolism in the fasting state. However, we cannot exclude a role of
energy metabolism on muscle function in conditions of increased glucose intake or energy
expenditures in cKO mice.

A forward muscle-bone interaction model is proposed to describe the results of this study
(Fig. 6J). In this model, muscle regulates bone modeling and function through mechanical
stimulation and possible myokines. In return, bone influences muscle growth and function
via the release of bone hormones such as glu-OC. Cx43 in bone cells is involved in
elaboration of biophysical and biochemical signals from the muscle and for production of
paracrine and endocrine signals. Removal of Cx43 from bone cells compromises bone-
muscle cross talk. Others have demonstrated that signals from muscle affect bone
homeostatic responses.(2-46.7.9) Here, we show that signals also flow in the opposite
direction, from bone to muscle.

In summary, this study reveals that Cx43 is involved in bone-muscle cross talk and provides
evidence for a novel role of OC in postnatal muscle formation and function. The later
supports the notion that glu-OC could be a potential therapeutic approach to sarcopenia in
elderly and frail patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Selective deletion of Cx43 gene Gjal from OBs/OCYs. A and B, Representative

fluorescence plus phase contrast (A) and phase contrast (B) images from lower hindlimb
transverse section of P1.5 Col1Cre;Ai14 mice. Col1Cre (in red) was detected in the tibia (T)
and fibula (F) bones but not in the nearby tibia anterior (TA), tibia posterior (TP), and fibula
longus (FL) muscles. Bar, 50 um. N = 2. C — H, Representative fluorescence images of
humeral diaphysis (C, E, G) and SS muscle (D, F, H) from coronal sections of P14 (C and
D), P28 (E and F), and P56 (G and H) Col1Cre;mTmG mouse shoulders. Col1Cre (in green)
was detected in OCYs (white arrows) and OBs (white arrow heads) but not in SS muscles
counterstained with DAPI (in blue). N = 3 at each time point. Bar, 200 um. I — N,
Representative images of Cx43 immunohistochemistry staining (in dark brown) on the
coronal sections of humeral diaphysis of WT (I, K, M) and Gjal cKO (J, L, N) mice at P14
(land J), P28 (K and L), and P56 (M and N). Bar, 50 um. N = 3 for each condition. O and
P, Representative immunofluorescence staining for Cx43 expression (in green) on the
transverse sections of P28 EDL muscle from WT (O) and Gjal cKO (P) mice. Cx43
positive signals (white arrows) were detected at the junctions of neighboring muscle fibers
(labeled in red with WGA) in both WT and cKO muscles. Bar, 25 um. N = 3 and 4 for O
and P, respectively.
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Cx43 deficiency in OBs/OCYs altered cortical bone microarchitecture. A and B,
Representative 3D microCT images (A) and analyses of cortical bone indexes (B) at the
mid-diaphysis of WT and Gjal cKO humeri. Bars, 500 um in A. p < 0.001 for both
genotype and age for all indexes, except for Ct.Ar, where p = 0.493 for genotype, 2-way
ANOVA followed by Tukey’s test. The sample sizes for A and B are indicated in the first

plot of B. *, p < 0.05.
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Fig. 3.

C343 deficiency in OBs/OCYs led to defects in muscle mass and strength accrual. A,
Changes in mouse body weights. p < 0.001 for both genotype and age, 2-way ANOVA
followed by Tukey’s test. B, Changes in SS muscle volumes. p < 0.001 for both genotype
and age, 2-way ANOVA followed by Tukey’s test. C, Comparison of wet muscle weights
between P28 WT and cKO mice. p =0.014, 0.026, 0.777, and 0.039 for GS, EDL, SL, and
SS muscle, t-test. D, Changes in mouse forelimb grip strength. p < 0.001 for both genotype
and age, 2-way ANOVA followed by Tukey’s test. E and F, Comparison of maximum
absolute (E) and specific (F) tetanic forces of GS muscles between P28 WT and Gjal cKO
mice. p = 0.012 and 0.040 for E and F, respectively, t-test. Sample sizes are indicated at the
bottom of each column plot. *, p < 0.05.
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Fig. 4.

Cx43 deficiency in OBs/OCYs reduced muscle but not muscle fiber CSA. A and B,
Maximum whole muscle CSA of SS (A) and EDL (B) muscle determined by microCT. p =
0.563, 0.048, and <0.001 at P14, P28, and P56 in A, 2-way ANOVA followed by Tukey’s
test; p=0.032 in B, t-test. C, Average CSAs of all, MyHC I, and MyHC lla fibers evaluated
by immunofluorescence staining. p = 0.772, 0.963, and 0.999, respectively, t-test. Sample
sizes are indicated at the bottom of each column. *, p < 0.05.
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Cx43 deficiency in OBs/OCYs altered muscle fiber composition. A and B, Changes in
mMRNA expression of Mhy4 (A) and Mhy7 (B) in P28 mouse skeletal muscles. p = 0.496,
0.406, 0.335, and 0.857 for GS, EDL, SS, and SL muscle, respectively in A; p = 0.655,
0.014, 0.411, and 0.911 for GS, EDL, SS, and SL muscle, respectively in B, t-test. C,
Changes in the composition of MyHC | and MyHC Ila fibers in P28 EDL muscles. *, p =
0.019, a, p=0.161, t-test. Sample sizes are indicated at the bottom of each column.
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Fig. 6.
Bone Gjal deletion led to a decrease in osteoblastic osteocalcin, which is also myogenic. A,

Relative abundance of bglapl and bglap2 mRNA in humeri of WT and Gjal cKO mice.
bglapl, p = 0.002 and 0.264 for genotype and age; bglap2, p = 0.002 and 0.688 for genotype
and age; a, p=0.065, b, p=0.144, *, p < 0.05, two-way ANOVA followed by Tukey’s test.
B, Changes in plasma glu-OC and gla-OC in WT and Gjal cKO mice. glu-OC, p < 0.001 for
both genotype and age; gla-OC, p = 0.006 and <0.001 for genotype and age; ¢, p = 0.292, *,
p < 0.05, 2-way ANOVA followed by Tukey’s test. Sample sizes for A and B are indicated
at the bottom of each column plot. C—H, Representative fluorescence images (D-H) and
quantifications (C) for the effects of glu-OC on C2C12 myaoblast differentiation. C2C12
differentiation was induced in the presence of 0 (D), 1 (E), 10 (F), 100 (G), and 1000 (H)
ng/ml of glu-OC for 72 h. The culture was stained with MF20 antibody and Bisbenzimide
H33258 for sarcomere myosin (in green) and nuclei (in blue), respectively. Bar, 50 um.
Three independent experiments were performed for each treatment. p = 0.005 for glu-OC
concentration; a, p < 0.05 compared to 0; b, p < 0.05 compared to 1; one-way ANOVA
followed by Tukey’s test. I, Changes in body weight, maximum EDL muscle CSA, and grip
strength in P28 mice after subcutaneous injection of glu-OC. a, b, ¢, and d, p = 0.002, 0.040,
0.007, and 0.036, respectively, compared to WT+saline, Mann-Whitney rank sum test; *, p
= 0.032 compared to cKO+saline, t-test. Sample size for each group is indicated at the
bottom of the first three boxes from the left. J, Model for Cx43-mediated bone-muscle
interaction. CC, circulation; F, muscle force; GJ, gap junction; HC, hemichannel; MF,
muscle fiber; SC, satellite cell; SM, skeletal myoblast.
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Table 1

Summary of animal numbers.

N P14 P28 P56

WT 16 48 17
ckO 21 43 25
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