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Abstract. A model of cortical bone repair has been es-
tablished for use in mice. The cortical defect consisted of
a hole drilled through the entire diameter of the tibial
diaphysis. The hematoma that initially filled the drill site
was invaded by cells of mesenchymal appearance within
5 days of injury. Trabeculae of mineralized woven bone
were present throughout the drill site by day 9. A re-
action in the periosteum adjacent to the drill site, con-
sisting of both new bone and cartilage formation,
preceded deposition of bone tissue in the drill site. New
woven bone was modeled to restore the marrow cavity
to normal by 4 weeks after injury, and almost normal
cortical structure was achieved by 6 weeks after injury.
Immunohistochemical studies indicated that type III
collagen was expressed within the drill site by day 5,
reached a peak at day 7, and was diminished by day 9.
In contrast, type I collagen was first detectable in the
drill site at day 7, and staining was more intense by day
9. Osteopontin expression in the drill site coincided with
the process of mineralization of new bone in this loca-
tion. The model of bone repair described here provides a
method for inducing reproducible bone lesions in a
readily identifiable location in mice. It will be useful in
the investigation of bone cell function in mouse strains
that have been subjected to genetic manipulation.
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The availability of genetically modified mice in recent
years has led to a demand for mouse models of patho-
logical conditions in which the roles of specific gene
products can be investigated. In many cases, genetically
manipulated mice have shown surprisingly normal
phenotypes during development and growth, but re-
sponded abnormally when subjected to pathological
interventions [1-3].

Bone repair is a process involving several cell types
undergoing accelerated activity in a variety of biological
processes with a specific sequence. For example, osteo-
blast precursors undergo migration, proliferation and
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differentiation before laying down the osteoid necessary
for new bone formation. Osteoclasts, blood vessels,
bone marrow cells and chondrocytes are also involved
to varying degrees, depending on the nature of the in-
jury. Thus, bone repair represents a useful set of events
through which to investigate the role of proteins ex-
pressed in bone in regulating cellular activity.

Experimental models of bone repair have been de-
veloped for a variety of purposes, including the inves-
tigation of factors influencing fracture repair, and
development of improved methods of managing frac-
tures in humans and animals. The majority of these
models have made use of the larger experimental animal
species such as rabbits and sheep. Mice have been used
infrequently; they are too small to provide a useful
model of fracture repair where biomechanical condi-
tions similar to those in humans are required, and be-
cause of their size it is technically difficult to obtain
reproducible fractures in this species. Previously pub-
lished models of bone repair in mice include a model
involving an unstabilized fracture 4] and others involv-
ing a fracture stabilized by internal [5] or external fixa-
tion [6, 7].

We were interested in investigating the process of
bone repair in a particular genetically manipulated
(‘knockout’) mouse strain, and undertook some prelim-
inary studies using an internally fixed fracture of the
tibia, as described by Hiltunen et al. [5]. We observed
that there were large differences between individuals in
the nature of the fracture produced, and concluded that
this method was inappropriate for our purposes, since we
expected that differences between knockout and wildtype
mice may be subtle. The aim of this work was to develop
a means of investigating bone repair in mice that could
be used in genetically manipulated mouse strains to in-
vestigate the role of specific proteins in bone cell func-
tion. The following criteria were considered important
for achieving such an outcome: the method should be
technically relatively simple; it should not lead to distress
in the animals; the defect should be produced in a readily
identifiable anatomical location; and the defect should be
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highly reproducible. The current paper describes the
characterization of a method of investigating bone repair
in mice that satisfies all of these criteria.

Materials and Methods
Animals and Surgery

Male 129/Sv mice were bred at the School of Veterinary Science
Animal House and subjected to surgery at 12-14 weeks of age.
All work involving animals was approved by the Animal Ex-
perimentation Ethics Committee of the School of Veterinary
Science and was in compliance with the Guiding Principles in
the Care and Use of Animals endorsed by the American
Physiological Society. Mice were anesthetized, then a skin in-
cision was made over the medial aspect of the proximal end of
the tibia. Soft tissue was cleared away and a single hole (500 pm
diameter) was drilled through the tibia with a 25-gauge needle
in a cordless drill. The hole was drilled at the level of the distal
end of the tibial crest through the entire diameter of the tibia,
i.e., through medial and lateral cortices and the intervening
medulla. The skin was sutured closed following drilling. The
same procedure was then carried out on the opposite leg. The
mice were examined daily for any abnormal behavior, weight
loss or diminished feed intake, but none of these was observed.
Mice were randomly allocated to groups (n = 5) and euthan-
ased at 3, 5, 7,9, 14, 28, and 42 days postoperatively.

Histology

Tibiae were excised with some surrounding soft tissue. Right
tibiae were processed for embedding in plastic, and left tibiae
were processed for preparation of cryosections. For plastic
embedding, tissues were fixed in 70% ethanol. Some tissues
were then demineralized in 0.33 M EDTA (pH 7.4), whereas
others were processed undemineralized. Tissues were embed-
ded in LR White-Hard (London Resin Company, Reading,
UK) according to the manufacturer’s instructions. Transverse
sections (5 pm) were cut using a slab microtome with a tung-
sten knife. Sections of undemineralized bone were fixed to
slides using double-sided adhesive tape. Demineralized sec-
tions were stained with Masson’s trichrome stain, and unde-
mineralized sections were stained with von Kossa and
counterstained with toluidine blue and basic fuchsin.
Cryosections were prepared as described [8]. Briefly, left
tibiae were fixed in 4% paraformaldehyde in phosphate-buff-
ered saline (PBS) for 90 min, then washed in PBS and incu-
bated in 0.33 M EDTA (pH 7.4) at 4°C until demineralized.
Bones were incubated overnight in 25% sucrose in PBS then
embedded in OCT compound, frozen rapidly in liquid nitro-
gen, and stored at —80°C. Sections (10 um) were cut in a
freezing microtome, placed on slides coated with 3-amino-
propyltriethoxysilane (Sigma) and stored at —80°C. Sections
were stained for the presence of tartrate-resistant acid phos-
phatase (TRAP) to assist in the identification of osteoclasts;
sections were incubated in 0.1 M sodium acetate buffer (pH
5.2) containing naphthol AS-TR phosphate (0.7 mg/ml) and
fast red TR salt (0.7 mg/ml) in the presence of 10 mM sodium
tartrate for 5 min at 37°C, then counterstained with hema-
toxylin and mounted with Aquamount (BDH). Sections used
for immunohistochemistry were incubated with bovine testic-
ular hyaluronidase (Sigma; 500 U/ml in 0.15 M NacCl, 0.02 M
sodium acetate, pH 5.0, 30 min at room temperature). Slides
were washed in PBS, incubated in 1% hydrogen peroxide in
methanol for 20 min, then washed again in PBS. Sections were
blocked in normal sheep serum (5% in PBS) then incubated
overnight with primary antibody diluted in PBS containing 5%
sheep serum. Rabbit anti-collagen type I, kindly provided by
Drs J. Bateman and S. Lamandé (Department of Pediatrics,
University of Melbourne), was prepared against a synthetic
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peptide corresponding to the mouse collagen o2(I) N-te-
lopeptide, and was used at a dilution of 1:4,000. Rabbit anti-
rat collagen type III (Chemicon, Temecula, CA, USA) was
used at 1:1,000. Rabbit anti-human osteopontin (LF-123;
kindly provided by Dr L.W. Fisher, NIH, Bethesda, MD,
USA) was used at 1:2,000. Normal rabbit serum at the ap-
propriate dilution was used as control. Primary antibodies
were detected by the avidin-biotin-peroxidase complex proce-
dure (Immunopure ABC peroxidase staining kit, Pierce) and
diaminobenzidine (tablets from Sigma), according to the
manufacturers’ instructions. Sections were mounted with
Aquamount. Background staining with normal rabbit serum is
only shown at the dilution appropriate for osteopontin
(1:2,000) (Fig. 5B), but similar levels of backgound were ob-
tained for collagen type I and III staining.

Results
Morphological Observations

Following surgery, the mice recovered from anesthesia
and started moving normally around their cages. They
appeared to tolerate the procedure extremely well. Drill
sites were visible grossly as a reddened area in excised
tibiae in animals killed up to 7 days after drilling. The
site of the lesion could still be identified until day 14 as a
result of the adjacent soft tissue reaction, but was no
longer visible from day 28.

The process of bone repair following drilling was
examined microscopically in transverse sections through
the drill site. Low power images of an undrilled tibia at
the site of drilling, as well as drill sites from animals
killed at various stages up to day 42, are shown in
Figure 1.

Three days after drilling, it could be seen that a cyl-
inder of tissue consisting of medial and lateral cortices
and the intervening bone marrow had been removed by
the drill and replaced by a hematoma (Fig. 1B). Very
few cells were visible within the drill site, and those that
were present appeared morphologically to be white
blood cells. Bone chips resulting from the drilling were
visible within the marrow cavity adjacent to the drill site,
as well as in the muscle mass on the lateral side of the
tibia. By day 5, numerous cells had appeared in the drill
site but no mineralized matrix was visible within the drill
site in sections stained with von Kossa; some periosteal
new bone growth was seen adjacent to the drill site (Fig.
2A). By day 7, the drill site tissue had become denser,
with a fibrillar extracellular matrix interspersed among
cells of mesenchymal appearance (Figs. 1C, 3A). New
bone formation on periosteal surfaces adjacent to the
drill site was more advanced, and some cartilaginous
tissue was visible in this region (Figs. 1C, 3B). In von
Kossa-stained sections, small islands of mineralized
matrix were present in the drill site (not shown).

The drill site was filled with new bone tissue by day 9.
This tissue consisted of spicules of woven bone lined by
osteoblasts, with spaces between spicules containing
loosely arranged stromal and hemopoietic cells (Fig. 3C).
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Fig. 1. Repair of cortical defect of tibia. Transverse sections of
a normal mouse tibia (A) day 0 and of mouse tibiae 3, 7, 14, 28,
and 42 days after drilling (B-F). Arrows indicate the edges of
the drill site in the medial cortex; black arrowheads indicate
bone chips left in the marrow cavity as a result of drilling;

Sections stained with von Kossa demonstrated that new
bone within the drill site was well mineralized at day 9
(Fig. 2B). Some osteoclasts had appeared within the drill
site at this stage, indicating that the new bone was be-
ginning to be modeled (Fig. 3D). Further modeling was
apparent at day 14. Some of the trabecular bone occu-
pying the region of the drill site within the marrow
cavity had been removed, whereas the trabeculae within

white arrowhead (C) indicates periosteal new bone formation.
Demineralized plastic sections stained with Masson’s tri-
chrome. Bar (F) represents 200 pm; magnification the same for
all figure parts.

the cortical bone defect had become thicker (Figs. 1D,
3E); osteoclasts were now abundant in the drill site (Fig.
3F). Spaces between trabeculae contained dense hemo-
poietic tissue with the appearance of normal bone
marrow (Figs. 1D, 3E).

Four weeks after drilling (day 28), the cortical defect
had been largely filled in through deposition of lamellar
bone on the woven bone trabeculae (Fig. 1E). Some
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edges of the drill site in the lateral cortex, and arrowheads indicate new bone formation in the periosteum adjacent to the drill site.
Undemineralized plastic sections stained with von Kossa and epoxy stain. Bar = 200 pm.

excessive bone remained within the marrow cavity and
on periosteal surfaces adjacent to the drill site. By day
42, the drill site could only be identified by the presence
of some remaining woven bone and increased porosity
within the cortex (Fig. 1F).

Immunohistochemistry

The patterns of expression of two important bone
extracellular matrix proteins, collagen type I and oste-
opontin, as well as that of a protein associated with
tissue repair, collagen type III, were investigated by
immunohistochemistry in the repairing drill site. Colla-
gen type III was undetectable in cortical bone adjacent
to the drill site, but was weakly detectable within the
drill site at day 5 (Fig. 4B). Expression of collagen type
III reached a maximum at day 7, and was becoming
weaker by day 9 (Fig. 4D, F). In contrast, collagen type
I was present in undamaged cortical bone and bone
chips adjacent to the drill site, but was absent from the
tissue filling the drill site at day 5 (Fig. 4A). Collagen
type I was detectable in a fibrillar distribution
throughout the drill site at day 7 (Fig. 4C). At day 9,
collagen type I staining was strong, but restricted to the
bone trabeculae, where it was almost homogeneously
distributed in the matrix (Fig. 4E). Osteopontin staining
was strong in undamaged bone and bone chips at all
time points, but first appeared in the drill site in scat-
tered islands at day 7 (Fig. 5). By day 9, strong staining
for osteopontin was present in a fibrillar distribution
throughout the new bone filling the drill site (Fig. 5D).

Discussion

Here we describe a new method for experimental in-
vestigation of bone repair in mice. The method proved
to be relatively simple to perform and was well tolerated
by the animals. From the point of view of animal wel-

fare, the method is clearly preferable to the fracture
methods previously described in mice. The fact that the
defect does not involve bone fracture not only ensures
that it is less painful but also means that it can be ap-
plied bilaterally, thus providing more material per ani-
mal and the possibility of reducing animal numbers. The
method provided much more reproducible lesions than
the internally stabilized fracture method previously at-
tempted in our laboratory; this will allow the use of
fewer animals for the observation of differences between
treatment groups. The drilling method is easier and can
be carried out more rapidly than methods involving
external fixation. Because the drill site was adjacent to a
readily identifiable anatomical landmark (the distal
end of the tibial crest), it was easy to locate the
lesion during microtomy. Thus, the mouse bone repair
model described here satisfies all of the objectives of our
study.

The process of bone repair in the model described
here occurred primarily through the deposition of wo-
ven bone throughout the drill site, followed by modeling
to remove bone from the marrow cavity and consolidate
the new bone in the cortex. Expression of type III col-
lagen, which is known to be upregulated during early
fracture repair [9], was detectable in the drill site at day
5, and preceded expression of type I collagen. Type I
collagen was homogeneously expressed throughout the
drill site at day 7 when sparse islands of osteopontin
staining and mineralization first appeared. The associ-
ation of osteopontin expression with the mineralization
phase of bone repair is in agreement with the observa-
tions of Yamazaki et al. [10], who investigated osteo-
pontin transcript expression in a rat femoral fracture
repair model. Trabeculae of well-mineralized woven
bone, which stained strongly for the presence of type I
collagen and osteopontin, were present throughout the
drill site at day 9. Osteoclasts in the drill site were pre-
sent at day 9, and in larger numbers at day 14, by which
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Fig. 3. Cellular composition of repair tissue. Transverse sec-
tions through the drill site (A, C—F) or adjacent periosteum
(B), 7 (A, B), 9 (C, D) or 14 (E, F) days after drilling. De-
mineralized plastic sections stained with Masson’s trichrome
(A-C, E), and demineralized cryosections stained for the
presence of TRAP and counterstained with hematoxylin (D,

time significant modeling of bone had occurred in this
location. Modeling continued until a relatively normal
structure was achieved by 6 weeks after injury.

When the study described here was close to com-
pletion, descriptions of two models of trabecular bone
repair in the mouse were published [11, 12]. One of
these involves a drill hole in the third caudal vertebra,
repair of which was analyzed by noninvasive imaging
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F). Arrowhead in B indicates the periosteal surface of preex-
isting cortical bone; ca — cartilage; pb — periosteal new bone.
Arrowheads in D and F indicate TRAP-positive osteoclasts.
Bar (F) represents 50 pm; the magnification is the same for all
figure parts.

methods rather than histology [11]. The other method
involves a defect in the femoral metaphysis induced by
insertion of a wire to create a hole, followed by ex-
pansion of the hole manually using a drill bit, and the
repair process has been analyzed histologically [12, 13].
Although this model investigates metaphyseal (trabe-
cular) repair whereas ours involves diaphyseal (cortical)
repair, there are some similarities between the two



54

Fig. 4. Expression of type I and III collagen in repair tissue.
Transverse sections of the tibia through the drill site 5 (A, B), 7
(C, D) or 9 (E, F) days after drilling. Adjacent demineralized
cryosections stained for the presence of type I collagen (A, C,

models. At day 7 in both models, the defect is filled
with new woven bone, and small areas of cartilage are
present on the adjacent periosteal surface. A return to
virtually normal structure has been achieved within 6
weeks in both models.

The mouse model of cortical bone repair described
here will provide a useful means of investigating this
process in mice. The drill site provides a readily identi-
fiable lesion of defined size and location, which under-
goes an orderly and predictable series of events, leading
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E) or type III collagen (B, D, F). Arrows indicate the edge of
the drill site, and arrowheads indicate bone chips resulting

from drilling. Images in this figure are rotated 90° clockwise
with respect to those in Figure 1. Bar = 100 pm.
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to the return to normal tissue structure. This model will
be of particular value in the investigation of bone repair
in transgenic mice in which expression of proteins
thought to be important in bone cell function has been
manipulated.
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Fig. 5. Expression of osteopontin in repair tissue. Transverse
sections of the tibia through the drill site 5 (A, B), 7 (C) or 9
(D) days after drilling. Demineralized cryosections stained
with anti-osteopontin (A, C, D) or with normal rabbit serum
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