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Axial strain enhances osteotomy repair with a concomitant
INncrease in connexin43 expression

Rishi R Gupta', Hyunchul Kim?, Yu-Kwan Chan’, Carla Hebert', Leah Gitajn’, David J Yoo', Robert V O'Toole’,

Adam H Hsieh? and Joseph P Stains'

The mechanical environment is known to influence fracture healing. We speculated that connexin43 (Cx43) gap
junctions, which impact skeletal homeostasis, fracture healing and the osteogenic response to mechanical load,
may play a role in mediating the response of the healing bone to mechanical strain. Here, we used an
established rat fracture model, which uses a 2 mm osteotomy gap stabilized by an external fixator, to examine
the impact of various cyclical axial loading protocols (2%, 10%, and 30% strain) on osteotomy healing. We
examined the presence of Cx43 in the osteotomy-healing environment and assessed how mechanical strain
modulates Cx43 expression patterns in the callus. We demonstrated that increased cyclical axial strain results in
increased radiographic and histologic bone formation. In addition, we show by immunohistochemistry that
Cx43 is abundantly expressed in the healing callus, with the expression most robust in samples exposed to
increased cyclical axial strain. These data are consistent with the concept that an increase in Cx43 expression by
mechanical load may be part of the mechanisms by which mechanical forces enhances fracture healing.

Bomne Research (2015) 3, 15007; doi:10.1038 / boneres.2015.7; Published online: 28 April 2015

INTRODUCTION

Fracture healing involves a complex array of both cellular
and molecular events that occurin a sequential process to
restore normal structure and function of bone. The rate
and efficacy of repair depends on factors related to the
patient (e.g., age, nutritional status, hormonal milieu) and
factors resulting from the specifics of the injury (e.g., amount
of energy imparted to the bone, fracture geometry and
location).' In addition, the mechanical environment has
long been recognized fo significantly influence the repair
process.* How precisely to optimize the mechanical envir-
onment in order to accelerate fracture healing has been
the topic of intense study in orthopedic surgery for dec-
ades.® More recently, attention has turned toward under-
standing the precise cellular mechanisms associated with
osseous tissue fransformation.

A central tenet of the bone field is that gap junctions
may serve as ‘‘nodes’’ of anintercellular network to medi-
ate the osteogenic response of bone. Connexin43 (Cx43)
is abundantly expressed in bone and facilitates osteoblast
and osteocyte communication, connecting these cells
into a '‘functional syncytium.”” Of critical importance is

the fact that in vivo experiments have indicated that the
osteogenic response of bone cells to increased strainis not
limited to the site where strain is applied, but it is a general-
ized phenomenon affecting a wider area of bone.”> Gap
junctions represent a possible mode of dissemination of
these strain-generated signals among the cells of bone.
Gap junctions are important for bone formation and ac-
quisition of peak bone mass as well as response to numer-
ous growth factors/hormones, including those involved in
mechanical loading and fracture repair.¢” Using a mouse
closed femoral fracture model, conditional genefic dele-
fion of Cx43 in mature osteoblasts and osteocytes resultsin
impaired fracture healing, including diminished bone
formation, remodeling and mechanical properties, indi-
cating animportant role for Cx43 in at least the osteoblast
response following fracture.®

The aim of our study was to examine the impact of cyc-
lical, axial load on fracture healing in our model. As-
suming that our model confirmed that increased cyclic
axial load across an osteotomy gap results in increased
radiographic and histologic bone formation, we hypothe-
sized that gap junctions will be increasedinresponse to the
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mechanical strain that produces an amplified healing res-
ponse. In order to do this, we examined the presence of
Cx43 within the multicellular fracture-healing environment
and determined how mechanical load modulates Cx43
expression patterns.

METHODS

All procedures and protocols were reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC)
at the University of Maryland. Fifty-three, six-month-old, male,
Sprague-Dawley rats, each weighing approximately 500 g,
were used. The rats were maintained on rodent chow and
water ad libitum and were caged in pairs prior to surgery. One
rat was excluded due to the development of a deep infec-
tion. Ten rats were excluded due to technical failure of fixation
postoperatively. Lastly, five animals were excluded from the
analysis because after fixation their osteotomy distance was
greater than 2.5 mm, at which we consistently observed a
complete failure of healing. A total of 37 rats remained for
subsequent analyses, with 3-5 animals per group.

Small animal fracture model
Rats were anesthetized with isoflurane prior fo undergoing a
unilateral 2 mm mid-diaphyseal segmental osteotomy of the

femur. The rats had a 2 cm incision and after blunt dissection
between the hamstring and quadriceps muscles, the femur
was exposed. A custom-made drill guide was then aftached
to the femur and four pre-cut 0.062-inch diameter partially
threaded K-wires were inserted through pre-drilled bi-cortical
holes in the mid-diaphysis. An external fixation device made
of PEEK (a radiolucent biomaterial) was then affached to
the K-wires with an offset of 6 mm in order to provide rigid
fixation. The external fixator was stabilized by an aluminum
locking plate. A 2 mm osteotomy was created in the stabi-
lized area using a Hall Surgical Micro 100 oscillated saw
(ConMed Linvatec, Utica, NY, USA) under constant saline
irigation (Figure 1A). Radiographs were faken immediately
post-operatively using an analog faxitron machine (Faxitron
X-ray, Lincolnshire, IL, USA) to ensure adequate fracture
reduction and proper pin alignment. After surgery, the ani-
mals were housed individually and allowed activity ad libi-
fum in the cage. Baytril (Enrofloxacin), a fluoroguinolone
antibiotic (Bayer HealthCare), was given subcutaneously
for prophyloxis against infection. Banamine (Flunixin

Meglumine) was given to each animal for post-operative
analgesia. Three fimes per week the animals had the pin
sites on their external fixators cleaned with a diluted 2% chlor-
hexidine gluconate solution.

Figure 1. The osteotomy model, external fixator and axial-compression load rig. (a) Representative image showing the osteotomy, including the pin
placement for the external fixation device. (b and c¢) Images of the load device, which interfaces with the external fixator and the material testing system
to deliver cyclic axial compression across the osteotomy gap. (d) Image of a rat placed in a sling adapted to align the rat with the material testing system.
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Mechanical stimulation
Axial mechanical stimulation was performed with a cus-
fom-made fixture (Figure 1B-C) attached to a material
testing system (LM-1 TestBench, Bose-Electroforce, Eden
Prairie, MN, USA). Rats were anesthetized using isoflurane
and the external fixators were attached to fixtures prior to
removal of the locking plate (Figure 1D). Eachrat wasran-
domized to one of three strain groups (2%, 10%, and 30%).
This micromotion was defined relative to the fracture gap
(e.g.. 30% strain indicated 0.6 mm of motion across the
2 mm osteotomy gap). These strains were chosen based
on previous levels of strain associated with differences in
healing response.”'°

Axial load was applied to the limb three times per week
starting 1 week after surgery. In order to create a more
uniform osteotomy-healing environment, we chose axial
loading in contrast to other studies that have examined
the effects of a bending moment across the osteotomy
gap. Bending moments create a tensile force on one side
and a compressive force on the other, and greater callus
formation and better healing occurred on the compres-
sion side,''™'2 which is not a difficulty experienced with
axial loading. Each loading exposure was performed at
0.5 Hz for 17 min under isoflurane anesthesia using one of
the three strain magnitudes (2%, 10%, and 30%). The fre-
quency of loading was based on prior studies and accord-
ing fo Goodship and Kenwright, a frequency of loading of
0.5 Hz is approximately that of physiologic walking.'® In
addition, 500 cycles of loading applied contfinuously over
17 min on each freatment day was within the range found
to be most osteogenic when stimulating bone. ' The stimu-
lation continued until 19 days post-operatively. Animals
were euthanized at 10, 21, and 42 days post-operatively.
The 10- and 21-day fime points were chosen to assess early
and later effects of loading, respectively. The 42-day fime
point was chosen to assess whether there is a sustained
response to mechanical load.

Radiographic analysis

Both femora were excised immediately following sacrifice.
Soft tissue wasremoved from the femur while carefully pre-
serving the fracture callus on the side with the osteotomy.
Two orthogonal radiographs of both femurs were then
taken using a digital faxitron machine. Three independent
observers were blinded to freatment group and given a
radiographic scoring system, as previously reported.'* A
score of 5indicatesradiographic evidence of callusresorp-
fion after solid union. A score of 4 indicates radiographic
evidence of mature callus with interfragmentary bridging.
A score of 3 indicates radiographic evidence of bridging
periosteal callus. A score of 2 indicates radiographic evid-
ence of abundant callus without bridging. A score of 1
indicates radiographic evidence of little-to-moderate cal-
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lus. A score of 0 indicates no radiographic evidence of
callus. Using this discrete scale, the animals at the 42-day
time point were analyzed and the scores were averaged
for each individual animal per treatment group.

Histomorphometry and immunohistochemistry (IHC)
Immediately post-mortem, femurs were removed, fixed
in 10% neutral buffered formalin, decalcified in 14% EDTA
(pH 8.0), and then embedded in paraffin. We fook
longitudinal cross sections through the bone and deter-
mined the depth of the cut by examining when both ends
of the femoral canal were visible in the osteotomy gap.
We chose this as it was a reliable means of assessing when
we were centered at the osteotomy site. Serial sections
were used for histologic grading, quantitative histomor-
phometry and IHC.

Histologic grading was done on Masson’s tfrichrome
stained sections, using a previously published scale.'> '
A score of 4 indicates complete bony union with the
fracture site bridged by well-formed trabecular or cor-
tical bone. A score of 3 indicates less than complete
bony union as evidenced by the presence of a small
amount of cartilage in the fracture callus. A score of 2
indicates complete cartilaginous union. A score of 1 indi-
cates less than complete cartfilaginous union with evid-
ence of fibrous tissue in the callus. A score of O indicates
nonunion.

Quantitative histomorphometry was performed on a
minimum of three sections per sample in the area compris-
ing the osteotomy callus, using the OsteoMeasure Bone
Histomorphometry System (OsteoMetrics, Inc.) software.
The following parameters were used to assess osteotomy
healing and bone remodeling: cartilage volume (CV),
bone volume (BV) and fibrous tissue volume (FV), each
as a percentage of fotal volume of the callus (TV).

For IHC, slides were incubated at 60°C for 1 h prior to
deparrafinization in xylene and rehydration through a ser-
ies of alcohol baths. Slides were then placed in 10 mM
sodium citrate buffer at 95°C for 20 min for antigenretrieval.
A solution of 3% hydrogen peroxide in methanol was used
fo block endogenous peroxidase activity. An additional
blocking solution (5% normal goat serum in TBS + 0.1%
Tween 20) was used prior to incubating the slides in primary
anfibody to rabbit antfi-Cx43 (1:100 dilution; Sigma) over-
night at 4C. After the slides were incubated in biotinylated
anti-mouse secondary antibody atroom temperature, the
VectaStain ABC reagent (Vector Labs, Burlingame, CA,
USA) was used per manufacturer’s directions. Slides were
incubated in diaminobenzidine and counterstained with
Mayer's hematoxylin. Slides underwent progressive dehy-
dration and were coverslipped. Negative confrol slides
were stained with non-immune rabbit IgG and secondary
antibodies as above (data not shown).
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For IHC analysis, two blinded reviewers evaluated the
relative amount of Cx43 staining in the periosteum, bone,
and cartilage of the fracture callus at days 21 and 42 of
healing. A scoring system was developed in order to com-
pare the qualitative observations of Cx43 positive staining
in the fissues/cells of the fracture callus. A score of 0 indi-
cated that there were no cells that stained with Cx43 anti-
bodies. A score of 1 indicated that there were only a few
of the cells present (<33%) that were stained. A score of 2
indicates that a moderate percentage of the cells present
(33-66%) were positively stained. A score of 3 indicates
that nearly all of the cells present (66-100%) were positively
stained for Cx43. The results were pooled and averaged
according to strain group to indicate an overall response
of Cx43 expression to strain.
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Statistical analysis

Data are presented as mean =+ standard deviations. For
contfinuous measurements, results were compared using
an analysis of variance (ANOVA) and Newman Keuls post
hoc test. For discrete measurement, results were compared
using an ANOVA on Ranks followed by a Bonferroni post
hoc test or by chi-squared, as appropriate. A P-values less
than 0.05 was interpreted as significant.

RESULTS

Radiographic and histologic evaluation

Osteotomy healing was initially assessed by analysis of
plain radiographs made at the fime the animals were
euthanized. Radiographic analysis of mineralization in
the callus at the 42-day time point demonstrated an
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Figure 2. Radiographic and histologic analyses of mineralization in the callus at the 42-day time point. (a) Relative score for radiographic healing is
shown for animals loaded at 2%, 10%, and 30% strain at 42-day time point (n = 3, 5, and 4, respectively). Data shown are mean = SD. An * indicates a
P < 0.05 relative to the 2% strain group. (b) Representative orthogonal radiographic images from two experimental groups at 42-day post-fracture: 2%
strain (left) and 30% strain (right). (c) Relative score for histologic healing is shown for animals loaded at 2%, 10% and 30% strain at 42-day time point
(n = 3, 5, and 4, respectively) (d) Representative Masson’s trichrome stained section of the osteotomy gap. F, fibrous tissue; C, cartilaginous tissue; B,
bony tissue. The scale bar represents 0.5 mm. The respective boxed areas are magnified in e.
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impact of the mechanical loading on the healing res-
ponse. As expected, animals that were loaded at 30%
strain throughout the loading protocol had a more than
twofold numerical increase in radiographic and histologic
osteotomy healing compared to the animalsloaded at 2%
strain (Figure 2). The animals in the 10% strain group af 42
days after surgery showed radiographic osteotomy heal-
ing that was intermediate to the 2% and the 30% strain
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groups but was not statistically different from either group.
The radiographic scores generated for each of the ani-
mals were based on a continuous numerical scale. These
numbers may not represent an actualincrease in healing,
but rather provide a means for quantitative assessment
and stafistical comparison in healing parameters. Thus,
the twofold increase in radiographic osteotomy healing
between the 2 and 30% strain groups indicates that the
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Figure 3. Histomorphometric analysis of healing in the callus. (a) Measurements for total callus volume, bone volume/ total volume (BV/TV), cartilage
volume/total volume (CV/TV), and fibrous volume/ total volume (FV /TV) within the osteotomy callus is shown for animals loaded at 2%, 10%, and
30% strain at the 10-, 21-, and 42-day time points. Data shown are mean * SD. A indicates a P < 0.05 relative to the 2% strain group, Bindicatesa P < 0.05
relative to the 10 day, strain-matched data. C indicates a P < 0.05 relative to the 21-day, strain-matched data. (b) Bar charts display the composition of

the healing callus at each time point and for each strain group.
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loading conditions resulted in visible and measurable
changes in the healing response.

Histology and immunohistochemistry

Histomorphometric analysis was performed at 10-, 21-, and
42-day post-osteotomy for animals that had been exposed
to 2%, 10%, and 30% strain (Figure 3). Callus volume was not
statistically different at any strain or time point tested,
although it frended toward a reduction in total volume at
42 days as the callus matured. At 10-day post-osteot-
omy, the callus composition was almost exclusively made
up of fibrous tissue (FV/TV) among all the strain groups, with

the exception of a single 2% animal with remarkable bony
and cartilaginous callus formation at day 10. By day 21, the
10% and the 30% strain groups showed a marked increase in
the cartilaginous (CV/TV) and bony composition (BV/TV)
of the callus relative to the 2% strain group. The differences
caused by cyclical axial load were most apparent at day
42, when the callus in the 30% group was primarily com-
posed of bony tissue, which was significantly elevated
compared to the time matched 2% group. Additionally,
the fibrous component of the 30% groups callus was mark-
edly decreased relative to either the 2% or 10% strain
groups.
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Figure 4. Connexin43 expression in the callus. (a) Representative immunostaining for Cx43 in the periosteal reaction of the callus is shown for a 10-day,
10% strain animal. Arrows, periosteum; C, cortical bone; CA, cartilaginous tissue; WB, woven bone. Scale bar indicates 250 um. (b) The mean score for
the presence of Cx43 in the osteotomy callus is shown for animals loaded at 2%, 10%, and 30% strain at the 21- and 42-day time points. An * indicatesa P
< 0.05 relative to the 2% strain, time point-matched data. (c) Representative immunostaining for Cx43 in the rat fracture callus is shown. Note the
abundant Cx43 detected in the chondrocyte and osteoblast populations of the 10% and 30% strain group are not observed in the chondrocytes in the 2%

strain group. Scale bar indicates 50 pm.
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In order to examine the presence of Cx43 in the callus
and to assess the responsiveness of Cx43 expression to
mechanical loads, IHC was completed on histologic sec-
fions of specimens from animals derived from each of the
strain groups. Cx43 was robustly detected in the callus
(Figure 4). Cx43 staining clearly outlined the entire fracture
callus from the adjacent tissue and was present at varying
levels throughout most of the cell types present in the heal-
ing callus (Figure 4A). Cx43 staining was abundant in the
cells of the periosteum, bone and cartilaoge. The one
exception was that Cx43 was consistently not detected
in the fibrous tissue component of the callus. Uniformly,
there was intense staining for Cx43 at the osteotomy site
relative to distal skeletal areas, suggesting that Cx43 is
markedly increased in the areas closer to the osteotomy
site. Indeed, there was some staining for Cx43 that progres-
sively tapered off further from the site of the actual osteot-
omy. The conftralateral femurs showed considerably less
evidence of Cx43 staining (lower abundance and infens-
ity) and tended to be present in discrete packets rather
than the infense, confinuous staining observed in the
injured bone (data notf shown). In 10-day specimens,
Cx43 is robustly detected in the periosteal cells, osteo-
blasts, and chondrocytes independent of strain group. In
stark confrast to the 10% and 30% strain groups, Cx43 stain-
ing in the 2% strain group is nearly absent from the osteo-
blast and chondrocytes at 21 and 42 days despite the
presence of these cells in the callus (Figure 4B-C).

DISCUSSION

This study demonstrated that there was an impact of cyc-
lical, axial load on osteotomy healing and further estab-
lished the presence of Cx43 within the fracture callus. The
animals in the 30% strain group showed a significant
increase in the mineral content on radiographic analysis
relative to the 2% strain groups. This finding was confirmed
by histological analysis. Previous studies have shown that
increased strain in early callus leads to greater tissue pro-
liferation and increased callus sizes, as opposed to more
rigid immobilization, which leads to an overall smaller frac-
ture callus.'” The fracture-healing response to mechanical
strain, however, is governed by complex array of factors.
Timing of stimulus, gap size, number of cycles, fracture
geometry, and stiffness of the construct are just some of
the mechanical factors that affect the healing res-
ponse.> 17121820 Congistently, anincrease in the cartilage
fraction of the callus is seen with greater mechanical
deformation, as was demonstrated in our study. This
may, in part, be due to decreased oxygen tension as a
result of microdamage to blood supply as aresult of mech-
anical strain or it could be an intrinsic response of the
mesenchymal cells o mechanical strain in the envir-
onment.?'23 An improved understanding of the biologic

© 2015 Sichuan University
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and mechanical factors that can impact fracture repair
on the tissue level has had a significant impact on the
clinical management.® A precise understanding of the
cellular mechanisms associated with Wolff's law and osse-
ous tissue transformation, may synergize with biomechani-
cal principles in the development of appropriate and
effective tfreatments for people with difficult fractures.

In addition, this is the first study to our knowledge to exam-
ine the effects of cyclical axial strain on Cx43 expression
during osteotomy healing. A critical role for gap junctional
communication in skeletal homeostasis and bone-forming
cell function has been demonstrated both in vivo and in
vitro. Data from Cx43 knockout mouse models establish that
interference with Cx43 expression in the postnatal skeleton
leads to low bone mass with an aftendant defect in osteo-
blast function.2#2 Further, Cx43-deficient mice do not
mount the same osteoanabolic response as wild-type mice
to intermittent parathyroid hormone (PTH) administration?
or mechanical loads.?” Importantly, conditional deletion of
Cx43 in osteoblasts has recently been shown to impair frac-
ture healing.® This is consistent with our data, indicating a
dynamic and strain-specific regulation of Cx43 in the heal-
ing callus. These data suggest that Cx43 may facilitate some
of the effects of mechanical strain on the healing fissue.
Thus, it would be inferesting to determine whether Cx43
deletion may also impair the mechanoresponsivness of
the healing callus. Furthermore, it would be useful to deter-
mine whether the importance of Cx43 to fracture healing is
limited to just osteoblasts and osteocytes or if it also extends
to chondrocytes and periosteal cells.

Results of this study are subject to several limitations. One
limitationis that the animals received Banamine during the
study period, which is a non-steroidal anti-inflammmatory
medication. The inhibitory effects of non-steroidal medi-
cations on fracture healing are well known.?® This could
partially explain the fact that there was evidence of
incomplete healing at 42 days. The distribution of the
anti-inflammatory agent was equal across groups and
thus would not affect our infergroup comparisons; how-
ever, it may affect theresultsin the context of other studies.
Further, the calculation for mechanical strain at the frac-
fure site was based on pin displacement rather than an
actual measurement of the relative displacement of the
bone ends at the fracture site. As the strain was motion-
confrolled rather than force-controlled, the actual amount
of force to create the desired amount of displacement
could have changed throughout the course of healing.
The actual amount of displacement could also have chan-
ged slightly over time as the loading apparatus depended
on the external fixator pins to create the desired move-
ment. Despite having two pins on each side of the osteot-
omy to help create a more rigid construct, there could be
slight variation in how much displacement occurs at the
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actual fracture site over time. As such, the actual amount
of strain across the fracture site in each of the treatment
groups may have varied slightly from the numbers indi-
cated. However, the amount of strain seen between ani-
mals within tfreatment groups should have theoretically
remained consistent.

While these limitations are important in the context of
understanding the healing process at the osteotomy
gap, they do not necessarily change our conclusions
based on the original hypothesis. Our aim was to establish
the presence of Cx43in the fracture-healing environment
and determine how mechanical strain modulates Cx43
expression pafterns. The osteotomy healing confirmed
that increased cyclic axial strain across the osteotomy
gap resultsin increased radiographic and histologic bone
formation. This allowed us to study our hypothesis that Cx43
is present and possibly modulated by varying strain.

In summary, we have demonstrated that increasing
axial strain across a fracture gap results in increased bone
formation both radiographically and histologically and
Cx43 expression is indeed present throughout the callus.
Understanding the precise cellular mechanisms assoc-
iated with osseous fissue fransformation and further, the
limitations of host responsiveness to exiracellular cues,
allow for another avenue to potentially augment osteot-
omy healing.
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