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SUMMARY

Treatment of fractured bones involves correction of
displacement or angulation, known as reduction.
However, angulated long-bone fractures in infants
often heal and regain proper morphology spontane-
ously, without reduction. To study the mechanism
underlying spontaneous regeneration of fractured
bones, we left humeral fractures induced in newborn
mice unstabilized, and rapid realignment of initially
angulated bones was seen. This realignment was
surprisingly not mediated by bone remodeling, but
instead involved substantial movement of the two
fragments prior to callus ossification. Analysis of
gene expression profiles, cell proliferation, and
bone growth revealed the formation of a functional,
bidirectional growth plate at the concave side of
the fracture. This growth plate acts like a mechanical
jack, generating opposing forces that straighten the
two fragments. Finally, we show that muscle force
is important in this process, as blocking muscle
contraction disrupts growth plate formation, leading
to premature callus ossification and failed reduction.

INTRODUCTION

Invertebrates, the bone is one of a few organs that possess regen-
erative capabilities. There are two main challenges during the
regeneration of a fractured bone. The first is to realign the bone,
i.e., to correct displacement or angulation between the fragments
of the fractured bone. In orthopedic medicine, this stage of treat-
ment is termed reduction (Brorson, 2009; Court-Brown, 2010;
Sarmiento et al., 1977). The second challenge is to unite the two
fragments without scar tissue in order to restore the integrity
and biomechanical quality of the bone (Giannoudis et al., 2007).
The importance of reduction to fracture healing and bone
regeneration is well appreciated. Orthopedic literature estab-
lishes that reduction accelerates and improves the union pro-
cess (Court-Brown, 2010). Nonetheless, it is common in human
infants that substantially angulated fractures heal and bone
morphology is restored without reduction (Caviglia et al., 2005;
Husain et al., 2008). A possible and intriguing explanation for
this phenomenon is that during infancy there is a natural mech-
anism that facilitates spontaneous realignment. Nevertheless,
while the cellular, molecular, and mechanical factors that regu-
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late fracture union have been extensively studied (Ai-Aql et al.,
2008; Bolander, 1992; Cho et al., 2002; Dimitriou et al., 2005;
Schindeler et al., 2008), a mechanism of natural reduction has
not been described yet.

Past studies have characterized the various stages of the frac-
ture healing process. The first is hematoma formation around the
fracture site. Next, angiogenesis commences, followed by for-
mation of soft, fibrocartilaginous callus. During the subsequent
stages, the soft callus undergoes chondrogenesis and osteo-
genesis as cartilage is mineralized and replaced by hard, ossified
callus. In the last stage, compact bone is formed by remodeling,
and the bone’s morphology is restored through modeling, which
is bone resorption at the convexity and mineral deposition at
the concavity (Einhorn, 1998; Gerstenfeld et al., 2003; Shapiro,
2008; Wilkins, 2005).

The ossification of soft callus bares similarities to the process
of endochondral ossification during skeletogenesis (Ferguson
et al., 1999; Gerstenfeld et al., 2003; Vortkamp et al., 1998). In
this process, longitudinal bone growth is mediated by the growth
plate, which is located at the two ends of the forming bone. The
growth plate is composed of hierarchical layers of chondrocytes
that undergo well-defined and highly controlled stages of prolif-
eration and differentiation to hypotrophy (Karsenty and Wagner,
2002; Kronenberg, 2003; Olsen et al., 2000), which result in elon-
gation. Concurrently, the cartilaginous template is replaced by
ossified tissue.

Interestingly, another type of growth plate known as syn-
chondrosis is located between the bones of the skull base. The
synchondroses exhibit a remarkably organized structure, as
each consists of two mirror-image growth plates facing opposite
directions. These growth plates are fed by a shared resting zone
located between them. The formation of double layers of prehy-
pertrophic and hypertrophic chondrocytes drives growth in
opposite directions, leading to expansion of the skull volume
(Roberts and Blackwood, 1983; Young et al., 2006).

The growth plate mediates growth against substantial forces
exerted by the musculature and by body weight. This suggests
that the growth plate must also be able to generate considerable
forces. Indeed, studies in various animal models as well as in
humans suggest that the different growth plates can generate
forces that range from the equivalent of 40% to 200% of body
weight (Bylski-Austrow et al., 2001; Gelbke, 1951; Sijbrandij,
1963; Strobino et al., 1956; Wilson-MacDonald et al., 1990).

Although it is well known that during fracture healing the callus
undergoes chondrogenesis and then ossification, this process
has not been associated with bone realignment. In this work,
we demonstrate that growth by endochondral ossification plays
a central role in a mechanism whereby fractured bones regain
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their morphology. We show that a bidirectional growth plate that
promotes bone growth forms at the concave side of the fracture
site. The bone growth generates force that drives the movement
of the two bone fragments until alignment is achieved. Finally,
we demonstrate that this “mechanical jack”-like mechanism is
regulated by muscle contraction.

RESULTS

Fractured Bones Realign in Neonate Mice

Little is known about the mechanism that underlies the ability
of neonate bones with angulated fractures to regenerate and
restore proper morphology. To gain insight into this mechanism,
we produced mid-diaphyseal fractures with severe angulation of
20-80 degrees in humeri of postnatal day (P) 0 mice. To examine
spontaneous morphological regeneration, fractured limbs were
not stabilized, and movement of the mice was not restricted.
In vivo micro computed tomography (micro-CT) scans were
performed at P5 and P28 (Figure 1A), and realignment was
examined in both the sagittal and coronal planes. As seen in
Figures 1B and 1C, fractured humeri quickly regained their
typical morphology. In most cases, angulations of up to 40°
were completely realigned, whereas in more severely angulated
bones (60°-80°), the angulation was markedly reduced to less
than 20°. These results strongly imply that in neonate mice there
is a robust mechanism for rapid morphological regeneration of
fractured bones. The results also provided us with an excellent
model system with which to study this mechanism.

Angulated Bones Realign by Movement of the Fracture
Fragments

To uncover the mechanism that underlies natural reduction of
fractured bones in newborn mice, we first sought to recover
the morphological sequence that the fractured humeri undergo
during the initial stages of the realignment process. For that,
we performed daily in vivo CT scans of the same bone from P5
until P12. CT images showed that during that period the angle
between the fracture fragments decreased quickly and substan-
tially (Figures 1D-1F).

The reduction in angulation has commonly been attributed to
massive bone modeling, which is a process that shapes ossified
tissue through coordinated mineral deposition and resorption
(Murray et al., 1996; Wilkins, 2005). However, the observed rapid
day-to-day changes occurred prior to callus ossification (Figures
1G and 1G’). This suggested that the naturally occurring reduc-
tion was accomplished by another mechanism, such as move-
ment of the fracture fragments. To clarify this issue, we analyzed
temporal preservation of mineralized areas during realignment
by labeling newly deposited bone surface with different fluoro-
chromes. Since bone modeling involves substantial mineral
resorption, temporal preservation of fluorochrome-labeled areas
would rule out the possibility of realignment by modeling and
would strongly support the fragment movement hypothesis.
Following fracture induction at PO, humeri were labeled with cal-
cein (green) at P3 or P6 and with alizarin (red) at P5 or P8. At P6 or
P9, when a decrease in angulation was already evident (Fig-
ure 1G’ and Figure S1A’ available online), the bones were exam-
ined histologically. Results showed that calcein-labeled regions
of the endosteum were maintained in both fracture fragments
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(Figures 1G” and S1A”), as in the intact contralateral control
bone (Figures 1H’, 1H”’, and S1B”’). These results demonstrate
that the decrease in angulation of fractured bones is a conse-
quence of fragment movement rather than of modeling. This
finding challenges the traditional view of fracture healing and im-
plies that a previously unknown mechanism of natural reduction
participates in the regeneration process.

Asymmetric Callus Formation at the Fracture Site
Our finding that natural reduction of fractured bones involves
movement of the two fragments raised the question of the
source of the force that drives this movement. The formation of
callus that stabilizes the fracture site is a hallmark of fracture
healing and, as such, an immediate suspect. We therefore
analyzed callus formation during fragment movement. Histolog-
ical analysis of the fracture site showed hematoma at P3 (Figures
2A-2A”). By P5, extensive formation of soft, fibrocartilaginous
callus was seen around the edges of the two fragments (Fig-
ure 2B). Notably, at the concave side, cells that appeared as pre-
chondrocytes were observed; at that stage, there was no sign of
bone formation (Figures 2B’ and 2B”’). At P7, chondrocytes at
various differentiation states where observed at the concave
side, including cells that appeared hypertrophic. Concurrently,
the cells at the convex side of the fracture site maintained a fibro-
cartilaginous appearance (Figures 2C-2C”). By P9, while asym-
metric chondrogenesis in the callus continued, both fragment
ends contained new trabecular bone. The process of bone for-
mation progressed from the edge of the fragments toward the
space between them (Figures 2D-2D"’).

These results show that in unstabilized fractures, the callus
undergoes asymmetric cartilage formation, which might be
involved in the natural reduction mechanism.

Fracture Callus Operates as a Bidirectional Growth
Plate during Natural Reduction

Our finding of asymmetric chondrogenesis in the callus of unsta-
bilized fractures led us to hypothesize that during natural reduc-
tion, the callus functions as an active growth plate to promote
bone formation, which in turn generates the force that drives
the movement of the two fracture fragments. To test this hypoth-
esis, we analyzed the expression patterns of collagen type I
(Col2at), collagen type X (Col10at), Indian hedgehog (/hh), and
Patched (Ptc), which are markers for different stages of chondro-
cyte differentiation in the growth plate. We performed the anal-
ysis at two stages during the alignment process: first at P4,
when formation of soft fibrocartilaginous callus begins, and
then at a stage (P8), when the realignment process was at its
peak, i.e., after a large movement has occurred but before full
straightening was achieved (Figures S2A and S2B). As expected,
results showed that the expression of chondrogenic markers
was much more prominent at the concave side of the fracture,
relative to the opposite side (Figures 3A-3B’). These results sup-
ported the possibility that a growth plate has formed at the
concave side of the fracture site.

Another intriguing observation was that at the concave side,
the expression domains observed at the proximal edge of the
callus were also observed at the distal edge (Figure 3B’). The
mirror expression of chondrogenic markers suggests that unlike
in the epiphyseal growth plate, in fracture callus, a bidirectional
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Figure 1. Natural Reduction of Fractured
Humeri Is Mediated by Fragment Movement

(A) Sagittal plane (left) or coronal plane (right) views of
3D reconstructions from in vivo CT images of four
fractured humeri from different mice and an intact
control bone at P5 (top) and at P28 (bottom).

(B and C) Scatter plots showing the angle between the
two fragments of all fractured humeri (n = 13) as
measured at P5 (blue diamond) and at P28 (red circle)
either in the sagittal plane (B), where positive values
represent caudal shift and negative values represent
cranial shift, or in the coronal plane (C), where pos-
itive/negative values relate to medial or lateral shift,
respectively.

(D) Daily sequence of 3D in vivo micro-CT images
showing dramatic and rapid decrease in angulation
between P5 and P12.

(E) Scatter plots showing the angle between the two
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alizarin (red) and scanned at P9 (G’ and H’), followed by
histological analysis (G’” and H”). In both fractured and
control bones calcein-labeled regions of the endos-
teum were maintained, negating the possibility of
significant bone modeling. Scale bars, 2 mm.

See also Figure S1.
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Figure 2. Asymmetric Callus Formation at the Fracture Site
(A-D) H&E and Safranin O/Fast Green staining of sections through the fracture site during the healing process (P3-P9). Scale bar, 2 mm.

(A’-D’) Magnifications of the boxed areas in the upper panel. Dashed lines separate between the concave side (on the right) and convex side. Red arrow indicates
cells appearing as chondrocytes, and black arrows indicate cells appearing as hypertrophic chondrocytes.

(A”-D”) As indicted by Safranin O staining (pink-to-red colors), as the healing process progresses the soft callus is increasingly composed of cartilage. Scale bar,
200 pm.

growth plate is formed. A presumably similar structure is seen in
the synchondroses, which are located between the bones of the
skull base (Figure S2C) and create movement in opposite direc-
tions to expand the skull volume. To verify this assumption, we
compared the expression of growth plate markers in the syn-
chondrosis to their expression in the presumable callus growth
plate. As can be seen in Figure 3C, expression patterns were
comparable, thus supporting our hypothesis that the callus
growth plate is bidirectional and therefore able to generate force
in opposite directions, as in the synchondrosis (Figures 3B’ and
30C)).

Next, we examined another hallmark of an active growth plate,
namely chondrocyte proliferation, in the callus by BrdU assay.
Results showed high proliferation activity in the callus (Figure 3D),
with significantly higher levels at the concave side relative to the
convex side (Figure 3E). Finally, to establish that a functional
bidirectional growth plate is formed at the concave side of the
fracture site, it was necessary to demonstrate local bone forma-
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tion. For quantitative assessment of bone formation, in vivo CT
images of bone fragments at P7 were superimposed on images
of the same fragments at P9 (Figures 3F-3F”). The superim-
posed images revealed extensive bone growth, which was
most prominent at the presumptive location of the bidirectional
growth plate (Figure 3G).

Taken together, these results demonstrate that an active bidi-
rectional growth plate is formed at the concave side of the callus
to mediate bone growth. This finding strongly supports our
hypothesis that bone growth by the bidirectional growth plate
generates the force required for the movement of the two frac-
ture fragments during reduction, similar to a “mechanical jack”
mechanism.

Callus Ossification Begins after Most of the Angulation
Has Been Reduced

A critical element in our model is the timing of termination of
growth plate activity and ossification of the fracture site. As
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Figure 3. Fracture Callus Operates as an Active Bidirectional Growth Plate
(A and B) Histological staining with H&E and Safranin O/Fast Green of the fracture site and in situ hybridization for growth plate markers Col2a1, Col10a1, Ihh, and

Ptc at P4 and P8, respectively.

(B’) Magnifications of the concave side (dashed rectangle in B). Mirror expression of growth plate markers (arrows; arrowheads in A) indicates the formation of a

bidirectional growth plate.

B’’) Schematic illustration of the mechanical jack-like effect of fracture callus operating as a bidirectional growth plate.
C) Histological, gene expression, and proliferation analyses show comparable patterns in the skull base spheno-occipital synchondrosis. Scale bar, 200 pm.

D) BrdU staining at P8. White dashed line demarcates the callus area, and yellow ellipses demarcate convex (left) and concave sides.

(
(
(C’) Schematic of a synchondrosis, where two mirror-image growth plates face opposite directions.
(
(

E) Comparison of BrdU-stained cell numbers shows significantly higher proliferation at the concave side of the fracture, relative to the convex side. Significant
differences (p < 0.05) are marked with asterisks; data are presented as mean + SEM.
(F and F’) Triangulated grid of the external surfaces of the two fragments of a P9 bone (white) superimposed on the corresponding isosurfaces at P7 (orange)

shows callus growth during this interval.

(F’") Transverse slice from the superimposed proximal bone fragments at the location marked by a dotted yellow line in F.
(G) The surface of the bone was color-coded to indicate level of bone formation between P7 to P9; the color bar indicates growth in millimeters. Extensive bone

growth is seen exclusively at the concave side of the fracture.
See also Figure S2.

long as the bone is not properly aligned, growth-plate-medi-
ated fragment movement must continue. In addition, delay in
callus ossification is necessary to maintain flexibility of the
fracture area in order to allow movement. However, once
alignment is achieved, the growth plate must undergo rapid
ossification to stabilize the bone at the correct position. To
test these assumptions, CT images were analyzed to deter-
mine the time point at which fracture callus undergoes ossifi-

Developmental Cell 37, 159-170, October 27, 2014 ©2014 Elsevier Inc.

cation and compare it with the sequence of reduction in
angulation.

CT images of fractured bones were taken every other day from
P5 (Figure 4A) until P17 and at P28. At P9, when substantial
straightening has already occurred (Figure 4B), the space be-
tween the two fragments was still unmineralized (Figure 4B’).
Only between P11 and P15 we observed ossified callus in this
domain (Figures 4C and 4C’). Histological examination and
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expression analysis of chondrocyte marker Col70a1 and osteo-
blast marker bone sialoprotein (Bsp) supported the CT results,
demonstrating callus ossification through the center of the
fracture site (Figures 4D-4F). Next, we examined changes in
angulation during this period. As seen in Figure 4G, in all exam-
ined samples (n = 13), most of the angulation was reduced prior
to ossification, whereas from the ossification stage until P28
there was relatively little change. These results indicate the major
contribution of natural reduction to fractured bone regeneration.
Moreover, they imply the importance of maintaining the callus
unossified, as premature ossification would restrict movement-
induced natural reduction.

Muscle Contraction Temporally Regulates Callus
Ossification

Having established the main characteristics of the natural reduc-
tion mechanism, we proceeded to explore how it is controlled.
As mentioned, temporal control of callus ossification is essential
to prevent premature loss of the bidirectional growth plate activ-
ity. It is generally accepted that during fracture healing, instability
and motion at the site of the fracture lead to the formation of
cartilaginous callus, whereas rigid stabilization leads to reduced
cartilage formation and direct repair by intramembranous
ossification (Thompson et al., 2002). Skeletogenesis and embry-
onic physeal growth require viable contracting skeletal muscles
(Germiller and Goldstein, 1997; Shwartz et al., 2012, 2013).
Therefore, we hypothesized that muscle forces play a role in
the control of growth plate formation and activity in the callus.
To test this assumption, we removed the contractile force of
muscles from the fracture area during regeneration by injecting
botulinum toxin type A (Botox) at P5 into the muscles around
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Figure 4. Callus Ossification Progresses
after Most of the Realignment Has Occurred
(A-C) 3D in vivo CT images of a fractured humerus
at P5 (A), P9 (B), and P11 (C).

(B’ and C’) 2D in vivo CT images of the same bone
at P9 and P11, respectively. Scale bar, 2 mm.
(D-F) Magnifications of the concave side of the
fracture, demarcated by a red dashed box in (C’).
The presence of chondrocytes (indicated by black
arrows) is demonstrated by H&E staining (D) and
by in situ hybridization for Col10a1 (E). The pro-
gression of the mineralization process from the
convex toward the concave side is shown by the
osteoblastic marker Bsp (F). Scale bar, 200 pm.
(G) Scatter plot showing the angle between the
two fragments of all fractured humeri (n = 13), as
measured at P5 (blue diamond), during callus
ossification (P11-P15, green X) and at P28 (red
circle).

the fracture site. Botulinum toxin inhibits
acetylcholine release by preventing vesi-
cles from anchoring to the neuromuscular
membrane, thereby paralyzing the mus-
cle (Huang et al., 2000). Comparative
in vivo CT imaging of P5 to P17 mice
with a fractured humerus (n = 5) revealed
that in the absence of muscle activity,
natural reduction failed (Figure 5A). To
quantify the effect of muscle contraction on natural reduction,
the level of angulation was measured in bones of Botox-treated
mice (n = 13). The results showed that unlike in the control,
Botox administration at P5 leads to reduction arrest by P7 (Fig-
ures 5B-5E).

To gain histological and molecular understanding of the fail-
ure in natural reduction in Botox-treated mice, we compared
callus differentiation state at P7 and P9 between control and
treated mice. Expression analysis of SRY box containing gene
9 (Sox9), Col2a1, and Col10a1l revealed that the absence of
muscle contraction led to symmetric chondrogenesis and loss
of the bidirectional growth plate organization (Figures 6A-6G’).
Instead, accelerated osteogenesis was observed in the central
region of the fracture (Figure 6D’), evident also by the expression
of collagen type | (Col1a1) (Figure 6H’). Finally, BrdU staining
showed a decrease in cell proliferation relative to the control,
without noticeable differences between the two sides of the
fracture site (Figures 61 and 6J). To rule out the possibility that
reduced proliferation of callus cells was a consequence of a
direct Botox effect, we examined proliferation in two other
tissues near the fracture site, namely bone marrow cells and
muscle cells. Results showed no effect on marrow cells and a
moderate effect on muscle cell proliferation (Figure S3), unlike
the intense effect observed in callus cells.

Together, these results imply that in the absence of muscle
contraction the callus fails to organize and act as a growth plate
and undergoes early ossification; consequently, the fracture re-
mains angulated (Figures 6K and 6L). These findings strongly
imply that muscle contraction controls the establishment of the
bidirectional growth plate and thereby the reduction process
during bone regeneration.
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Figure 5. Natural Reduction Fails in the
Absence of Muscle Contraction

(A) 3D reconstructions of in vivo CT images of
fractured humeri from mice injected with Botox to
paralyze the triceps brachii muscle (bottom row)
and from control mice injected with PBS (top row).
Scale bars, 2 um.

(B and C) Scatter plots showing the angle between
the two fragments of all fractured humeri in the
control (B, n = 13) and Botox-treated groups (C,
n = 13) as measured at P5 (blue diamond), P7 (red
box), and P9 (green triangle). Samples with an
initial angle higher than 30 degrees are ordered
from left to right by severity of angulations at P5.
There were no statistically significant differences
between the groups in angulation at P5.

(D and E) Box plots of angulation reduction from
P5 to P7 (D) and from P7 to P9 (E) in Botox-treated
(B) and control (P) groups. A statistically significant
difference (p < 0.001) between the groups was
measured during the second interval (marked by
an asterisk), but not in the first.
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2005). The second process is reorienta-
tion of the growth plates, which leads to
DISCUSSION asymmetric epiphyseal growth and thereby to bone alignment
(Karaharju et al., 1976; Wallace and Hoffman, 1992). Although
The importance of morphology to the function of bones is well  the contribution of these mechanisms is unquestionable, it is
appreciated. It is therefore reasonable to assume that mecha- also limited. Modeling starts to act only after the fracture callus
nisms of bone regeneration should include morphogenetic capa- has undergone ossification, implying that it cannot expedite
bilities. Indeed, several lines of evidence have suggested the the union process. Realignment by asymmetric epiphyseal
existence of a robust mechanism for morphogenetic regenera- growth depends on substantial elongation of the bone and is
tion. At the beginning of the 20" century, studies of skeletons therefore a slow process.
of different kinds of primates were conducted. Those studies re- Here, we present a mechanism of natural reduction that acts
vealed a relatively high rate of animals (up to 30%) that exhibited  rapidly and efficiently prior to callus ossification and does not
evidence of healed fractures (Bramblett, 1967; Duckworth, 1911;  depend on epiphyseal growth. Natural reduction relies on move-
Schultz, 1939, 1944). Interestingly, the fractures were suggested  ment of the two parts of the fractured bone toward alignment.
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Figure 6. Muscle Contraction Regulates Bidirectional Growth Plate Formation and Callus Ossification
(A and A’) H&E-stained histological sections of fracture callus at P7 in control (A) and Botox-treated (A’) mice show symmetric chondrocyte distribution through

the fracture site in treated mice.
(B-C’) In situ hybridization for the chondrocyte marker Col2a1 (B and B’) and immunostaining for the prechondrogenic marker SOX9 (C and C’) at P7 demonstrate

symmetric callus formation through the fracture site in treated but not in control mice. Red arrows indicate callus differentiation at the convex side.
(legend continued on next page)
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Figure 7. The Concept of Natural Reduction Expands the Traditional Four-Stage Classification of Fracture Healing

(A) Healing begins with hematoma and inflammation at the fracture site.

(B) Soft callus (purple) is formed, which we show to organize as a bidirectional growth plate at the concave side of the fracture site.
(C) The two growth plates drive growth in opposite directions. The result is a jack-like mechanical effect that moves the fragments toward straightening (red

arrows).
(D) Ossification produces hard callus (orange).
(E) The shape of the bone is fine-tuned by remodeling.

The evolutionary advantage of this strategy is that realignment
is fast and therefore conditions for bony union are optimized
(Sarmiento et al., 1977), much like the rationale behind orthope-
dic reduction. Our results clearly demonstrate that most of
the realignment is achieved by fragment movement, whereas
modeling and growth plate reorientation have only minute contri-
butions. The finding of this program implies an expansion of the
four-stage classification of bone repair introduced by John Hunt-
er in 1768 (Hunter, 1837). We suggest that for young animals, a
stage of natural reduction be added between the second stage
of soft callus formation and the third stage of hard callus forma-
tion (Figure 7).

The similarities between fracture healing processes and
endochondral ossification were previously recognized (Fergu-
son et al.,, 1999; Gerstenfeld et al., 2003; Vortkamp et al.,
1998). However, it has been assumed that unlike in develop-
ment, during fracture healing, cartilaginous callus only serves

as a template for ossification and is not involved in promoting
bone growth. Now our work demonstrates that all of the char-
acteristics of an active growth plate exist in the callus at the
concave side of the fracture site, including gene expression
profiles, cell proliferation, and bone growth. We therefore
argue that the growth plate in the callus serves not only for
intermediate stabilization, but also to actively promote bone
reduction. However, unlike the epiphyseal growth plates and
similar to the synchondroses that mediate cranial base expan-
sion, the bidirectional growth plate at the fracture site drives
growth in opposite directions. This generates force that moves
the fragments toward straightening in a mechanical jack-like
effect. The formation of a bidirectional growth plate at the frac-
ture site raises several interesting questions. The first regards
the signals that control the formation of a growth plate. Sur-
prisingly, little is known about these signals not only during
fracture healing but during development as well. Another

(D and D’) Higher-resolution (5 pm), postsacrifice 2D micro-CT images of control (D) and Botox-treated (D’) fractured bones at P9. Unlike in control mice,
mineralized fragments are seen in the callus of treated mice (indicated by green arrows). Scale bar, 2 mm.

(E and E’) H&E-stained histological sections of fracture callus at P9 from control (E) and Botox-treated (E’) mice show in the latter reduced and less organized
cartilage and patches of apparently mineralized tissue.

(F-H) In situ hybridization for growth plate markers Col2a1 and Col10a1 and osteoblast marker Col71a1. There are far less differentiated (Col2a7-positive, F’) and
hypertrophic (Col710a1-positive, G’) chondrocytes at the two bone-callus interfaces in Botox-treated mice relative to control mice (F and G, respectively); in
addition, the distinctive spatial organization is lost. Expression patterns of Col7a1 indicate more osteoblasts in the callus of treated mice (H’), as compared with
control mice (H).

(Iand I’) BrdU immunostaining illustrates a striking difference in cell proliferation at the concave side between control (l) and treated mice (I’). Scale bar, 200 pm.
(J) Comparison of BrdU-stained cell count between the concave and convex sides of the fracture in control and Botox-treated mice. Significant differences (p <
0.05) are marked with asterisks; data are presented as mean + SEM.

(K) When the two growth plates induce growth in opposite directions, the resulting jack-like effect moves the fragments toward straightening (red arrows).

(L) In the absence of muscle contraction, the callus fails to organize and act as a growth plate and undergoes premature ossification; consequently, the bone
remains deformed.

See also Figure S3.
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interesting question relates to the regulation of the formation of
different types of growth plates, namely epiphyseal or bidirec-
tional. Finally, the signals that terminate the activity of the
bidirectional growth plate at the fracture site are yet to be
uncovered.

Mechanical forces exerted by muscles have been demon-
strated by us and others to play a variety of important roles in
skeletogenesis (Hall and Herring, 1990; Kahn et al., 2009; Now-
lan et al., 2008; Sharir et al., 2011; Shwartz et al., 2012, 2013).
Here, we demonstrate a role for muscle contraction in bone heal-
ing. Through a yet-unknown mechanism, the musculature regu-
lates the formation and the activity of the bidirectional growth
plate. This finding correlates well with previous works that
demonstrated the involvement of movement in determining
callus chondrogenesis (Giannoudis et al., 2007; Le et al,
2001). Moreover, finite element analysis of local strains and
stresses at the fracture site suggested that compressive forces
promote endochondral ossification, whereas tensile forces
lead to fibrocartilage and connective tissue differentiation (Claes
and Heigele, 1999). The latter report fits well with our findings
since at the concave side, where compressive forces are
high (Tencer 2010), chondrogenesis was seen to take place,
whereas at the convex side, where tensile forces are high, we
observed reduced chondrogenesis and cells that appeared as
fibrocartilage.

To conclude, we present in this work a paradigm for fractured
bone regeneration. We show that untreated angulated fractures
undergo a realignment process that we term natural reduction.
We provide evidence that a bidirectional growth plate is the
cellular entity that generates the force required for this process.
We then demonstrate the significance of muscle contraction in
the temporal regulation of the bidirectional growth plate during
natural reduction. Our findings underscore the robustness of
bone regeneration mechanisms. From an evolutionary perspec-
tive, the mechanism we uncover increases the chances of verte-
brates to survive traumatic injury. Our findings may also have
implications for bone fracture treatment. For that to happen,
several fundamental questions need to be addressed. These
relate to the genetic program and signaling networks that control
the establishment, activity, and termination of a growth plate in
the fracture callus and to how the fractured bone “knows” its
orientation.

EXPERIMENTAL PROCEDURES

Animals and Bone Fracture Induction

Imprinting control regions mice were purchased from Harlan Laboratories.
Humeral fractures were induced at PO by surgical incision through the middle
area of the bone shaft (for more details, see Supplemental Experimental Pro-
cedures). All experiments were approved beforehand by the Institutional Ani-
mal Care and Use Committee of the Weizmann Institute.

The induction of fractures by incision was expected to produce high varia-
tion in fracture morphology and angulation. Therefore, in order to standardize
the experimental process, mice with substantial initial displacement or with
fractures located distantly from the mid-diaphysis were excluded from the
study. Another issue that had to be addressed was the complexity of the 3D
morphology of fracture callus. To simplify the analysis, only bones angulated
mostly in one plane were included in the histological and gene expression
analyses (Figures S4A and S4B). However, mice exhibiting more morphologi-
cally complex fractures (Figure S4C) were subsequently included in gross
morphology analyses, such as assessments of angulation and reduction.

Developmental Cell
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Computed Tomography Analyses

To visualize the process of bone healing, mice were anesthetized with isoflur-
ane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane) and scanned in vivo
by micro-CT. Scans were performed with TomoScope 30S Duo scanner (CT
Imaging) equipped with two source-detector systems. The operation voltage
of both tubes was 40 kV. Integration time was 90 ms, and the isotropic reso-
lution was 76 mm. Data were analyzed using the MicroView software (GE
Healthcare, v.5.2.2). A Detailed description of ex vivo CT analysis is provided
in Supplemental Experimental Procedures.

Histology, In Situ Hybridization, BrdU Assay, and
Immunofluorescence Staining

For section preparation, see the Supplemental Experimental Procedures.
Hematoxylin and eosin (H&E) and Safranin O/Fast Green staining was per-
formed following standard protocols. In situ hybridization on paraffin sections
was performed as described previously (Murtaugh et al., 1999; Riddle et al.,
1993) using digoxigenin-labeled probes. All probes are available on request.
For BrdU assay, which was performed as described previously (Blitz et al.,
2009), mice were injected intraperitoneally with 100 mg/kg body weight of
BrdU labeling reagent (Sigma) and sacrificed 2 hours later. For immunofluores-
cence staining for SOX9, primary anti-SOX9 antibody (1:200; AB5535;
Millipore) was used.

Evaluation of Bone Deposition and Resorption
See the Supplemental Experimental Procedures.

Bone Registration and Appositional Growth Calculations
See the Supplemental Experimental Procedures.

Measurement of Fracture Angulation

To measure the angle between fracture fragments, the isosurface was first
extracted to generate a 3D representation of the ossified bone. Next, the
formed surface was manually repositioned and rotated to align the sagittal
and coronal planes of the bone with the (x,z) and (y,z) planes of the image
grid, respectively. Then the angle between proximal and distal fragments
was measured manually in each plane, and the fracture angle was calculated
using a mathematical equation. For further details, see Supplemental Experi-
mental Procedures.

Muscle Paralysis by Botox

Mice were injected with botulinum toxin A (Botox, Allergan; 0.15 U, 10 pl final
volume) into the left triceps muscle group every 2 days continuously. Control
mice were given intramuscular injections of PBS. Botox-treated mice exhibited
weight growth retardation, an observation consistent with a previous report
(Thomopoulos et al., 2007).

Statistical Analysis

To assess the realignment of fractured bones, angulations at P5 and the reduc-
tion in angulations between P5 and P7 and between P7 and P9 were compared
between the Botox treatment group (n = 13) and control group (n = 13) using
Student’s t test or unequal variance t test when prompted. To quantify the
rate of cell proliferation, serial images of callus from the same sectors were
collected, and BrdU-positive chondrocytes were counted in four control and
four Botox-treated mice from two different litters. At least three sections
were counted for each sample. Statistical significance was determined by Stu-
dent’s t test; p values of 0.05 or less were considered significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2014.08.026.
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Figure S1

Figure S1. Natural reduction of fractured humeri is mediated by fragment
movement (related to Figure 1). Fractured left humeri and corresponding intact right
humeri were labeled at P3 with calcein (green) and scanned at P4 (A,B), then labeled at
P5 with alizarin (red) and scanned at P6 (A’,B’), followed by histological analysis
(A”’,B”’). In both fractured and control bones calcein-labeled regions of the endosteum

were maintained, negating the possibility of significant bone modeling. Scale bar: 2 mm.

Figure S2




Figure S2. CT images of humerus and skull base bones (related to Figure 3). (A)
pCT image showing a sagittal view of a severely angulated fractured humerus at P4. (B)
UCT coronal views of a fractured humerus show that the bone undergoes substantial
realignment between P5 and P8. (B) Bird’s eye view pCT image of the skull base bones
at P8. The sphenooccipital synchondrosis is demarcated by a rectangle and other

synchondroses are indicated by red arrowheads. Scale bar: 2 mm.
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Figure S3. Cell proliferation in tissues surrounding the Botox injection site (related
to Figure 6). (A) BrdU immunostaining of the fracture site of a P9 Botox-treated mouse.
In the right lower corner is a magnification of the boxed area of muscle tissue.
Abbreviations: c, callus; bm, bone marrow; m, muscle. (B) Comparison of cell
proliferation (BrdU-positive cell count) in the boxed areas in A between Botox-injected
and control mice. Proliferation of bone marrow cells was not affected by Botox
treatment. In the muscle tissue, a small but statistically significant (P<0.05, marked with
an asterisk) reduction in proliferation was detected in Botox-treated mice. Data are

represented as mean + SEM.



Figure S4

 ps | Pr | Ps | Sections | Callus morphology
A > Cor : =

)

R

Figure S4. Morphological variation and complexity of fracture sites (related to
Experimental Procedures, subsection ”Animals and bone fracture induction”).
(A,B) Simple fractures angulated mostly in the coronal (Cor) or sagittal (Sag) planes,
respectively, during realignment from P5 to P9; section orientation is shown on the right.
On the extreme right, Safranin O-stained sections indicate formation of a bidirectional
growth plate at the concave side. (C) A complex fracture angulated in both planes is
shown at P5 and during natural reduction until P9. Sagittal section demonstrates the more

complex morphology of the fracture callus. Scale bars: 200 pm.



Supplemental Experimental Procedures

Bone fracture surgery

Humeral fractures were induced at postnatal day (P) 0. Mice were anesthetized by
hypothermia and a lateral incision was made in the left limb near the mid-length of the
bone. Using forceps, the triceps muscle was divided and the exposed bone was cut in the
middle with small scissors. Then, the incision was closed with biological skin glue.
Buprenorphine (2 mg/kg body weight) was used as analgesic, first during the procedure
and then every 8-12 hours as needed. After surgery, mice were monitored daily by
external examination and body weight was compared with control animals at the same

age.

Ex vivo computed tomography (CT) analyses

To prepare samples for ex vivo CT analysis, harvested bones were fixed overnight in 4%
paraformaldehyde (PFA/PBS) at 4°C. Then, tissues were rinsed three times in PBS and
stored at 4°C until scanning. Samples were scanned using a microfocussed X-ray
tomographic system (Micro XCT-400, Xradia) at 40 kV and 200 lA. One thousand
projection images were taken at a total integration time of 5 ms, with a linear
magnification of X2 and a final pixel size of 5 pm. The volume was reconstructed using a
back projection filtered algorithm (XRadia). 2D and 3D image data processing and

analysis were carried out using MicroView software.

Preparation of histological sections

For all section analyses, limbs were fixed overnight in 4% PFA-PBS and decalcified at



4°C in 19% EDTA (pH 7.4) for 7-14 days, depending on the mouse age. Then, tissues
were dehydrated to 100% ethanol, embedded in paraffin and sectioned at a thickness of 7
pm.

Evaluation of bone deposition and resorption

Bone deposition and resorption were assessed by intraperitoneal injections of calcein
(Sigma # CO0875; 2.5 mg/kg body weight) into P3 or P6 mice and alizarin complexone
(Sigma # a3882; 7.5 mg/kg) at P5 or P8. Limbs were harvested 24 hours after the second
injection, fixed overnight in 4% PFA-PBS and dehydrated to 100% ethanol. Tissues were
then embedded in JB-4 plastic resin (JB-4 Embedding Kit, Electron Microscopy
Sciences, 14270-00) according to the manufacturer's protocol and sectioned at a
thickness of 5 um. Fluorescence was visualized using LSM510 laser-scanning confocal

microscope (Carl Zeiss, Jena, Germany).

Bone registration and appositional growth calculations

Registration of micro-CT images was done manually using the free and open source
software package 3D Slicer v. 3.6 (Pieper et al., 2006). To calculate appositional growth
between consecutive developmental stages, external surfaces of both images were first
isolated based on isosurface corresponding to Hounsfield value of 1500. Next, for each
vertex on the surface of the later-stage bone, the closest vertex on the surface of the
younger bone was found. Then, the absolute distance between the two vertices was
calculated and the obtained value was color-coded using MATLAB software version

R2013a (MathWorks Inc., Natick, MA).



Measurement of fracture angulation

To measure the angle between fracture fragments, the isosurface corresponding to
Hounsfield value of 1500 was first extracted, thus generating a 3D representation of the
ossified bone. Next, the formed surface was manually repositioned such that the distal
fragment of the bone was placed vertically, i.e. in parallel to the z-axis of the image grid.
The bone was further rotated about the vertical axis such that the formed (x,z) and (y,z)
planes of the image grid would correspond with the sagittal and coronal anatomical
planes. Then, the orthogonal projections of the isosurface on both sagittal and coronal
planes were calculated and the angle between proximal and distal fragments was
measured manually in each plane. Lastly, the fracture angle was calculated based on the

measured angles using the following equation:

— -1 2 2
Arracture = tan <\/tan (aSagittal) + tan (aCoronal)>
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