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Bone Injury Response 
An Animal Model for Testing Theories of Regulation 

Patricia S. Landry, PhD*; Andrew A. Marino, PhD*·**; 
Kalia K. Sadasivan, MD*; and ]ames A. Albright, MD* 

Therapeutic treatment of bone disease and at
tempts to accelerate normal healing require 
knowledge of the soluble factors that control 
bone repair and the specific effects that they 
produce. To facilitate study of this regulatory 
system, an animal model involving creation of 
a hole in the cortex of the rat tibia was devel
oped. Proliferation, differentiation, and callus 
formation at the injury site were measured 
more precisely than in previous animal models 
by means of autoradiographic, histologic, his
tochemical, and morphometric methods. Sev
eral novel features of bone healing were ob
served, including the following: (1) synthesis of 
bone matrix in the defect occurred only after a 
cambial compartment was established by re
generation of the fibrous periosteum and (2) at 
least 3 kinds of osteoblasts could be distin
guished depending on when and where they 
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deposited calcifiable matrix. The model is well 
suited to evaluating the use of interventional 
strategies that involve chemical or electrical 
agents because the cellular parameters of in
terest can be measured precisely. 

The response of bone to trauma consists of a 
series of specific events that include prolifer
ation of bone stem cells, differentiation into 
osteoblasts, production of osteoid, mineral
ization, and modeling. The nature of the 
healing is influenced by age, extent of injury 
to hard and soft tissues, type of bone af
fected, mobility at the fracture site, local 
pathologic conditions, oxygen levels, prod
ucts of inflammation, and the mechanical 
and electrical properties of bone.s.6,16,22.24 Al
though this broad outline of the fracture 
healing response has been known for many 
years, important questions regarding the 
means by which the response is controlled 
and regulated remain unanswered. The lack 
of such knowledge hampers treatment of 
some bone diseases and prevents rational ex
tension of empirical observations of benefi
cial effects caused by exogenous factors.4,13 

Various animal models have been pro
posed to facilitate study of the regulatory 
system governing bone healing,9.IO,l5,19,28 and 
features that may interfere with attempts to 
isolate the putative role of particular agents 
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have been identified. Micromotion at the 
healing site tends to promote cartilage for
mation that otherwise might not be a con
comitant of healing. The presence of fixation 
devices likewise elicits biologic reactions 
that are beyond those essential for bone heal
ing. Soft tissue trauma , depending on its na
ture and extent, might hinder, accelerate, or 
have no effect on the bone specific events 
that mediate heali ng. 

An important factor in bone healing that 
has not been adequately considered in previ
ous animal models is the possible interaction 
between the regulatory systems governing 
endosteal and periosteal contributions to 
bone heal ing. Trauma can activate the pe
riosteal repair system without affecting the 
endosteal system, but the converse is not 
true. Because periosteal healing constitutes 
the simplest case of regulated osteogenic ac
tivity in response to trauma, it is particularly 
suited to be a model system for studying ba
sic mechanisms. 

The current study described and validated 
a quantitative, reproducible bone injury 
model in the rat in which the identified per
turbing elements were minimized or elimi
nated. Several novel qualitative observa
tions regarding bone healing have also bee·n 
described. 

METHODS 

Animals 
Male F ischer rats (Harlan Sprague-Dawley, Indi
anapolis, I N) were used in a ll studies; they were 
caged indi vidually with a light to dark cycle of 
12: 12 (l ight commenc ing at 6 :00 a.m.) and fed 
and watered on demand . The animals were not 
used unti I they reached a weight o f 200 g (8- 1 0 
weeks old), which required a minimum o f I week 
from the time of acqu isition. 

The antero medi al surface o f the tibia inferio r 
to the sapheno us arte ry bifurcatio n was chosen 
for study because the absence of overl ying mus
cle fac il itated analys is of the periosteal response 
(Fig 1). After an anesthetic was administered 
(sodium pentobarbital , intraperitoneal, 50 mg/kg), 
the hind limb was shaved , and a 1.5-cm incision 
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Fig 1. Location of the region of interest (ROI) 
and the bone defect (blind hole) on the antero
medial s urface of the rat tibia. 

was made through the skin d irectly over the ti bial 
crest, with care taken not to injure the underlying 
bone and adjacent muscle. The superfic ial fascia 
was separated from the overlying skin on all sides 
of the incis ion, and the skin was re tracted to ex
pose the tibia. A defect 0.5-mm deep was created 
in the center of the region of inte rest by slowly 
rotating a hand-operated 1.1-mm jeweler 's burr; 
the depth varied by ± I 0 %, as determined by a 
depth gauge. To e liminate any influe nce of the 
endosteum and marrow on the healing response, 
care was take n to insure that the defect did not 
penetrate the medulla ry cavity. The defect s ite 
was washed with saline to re move bone debris, 
and the skin was closed w ith sutures. 

For qua lita ti ve assessment of the healing re
sponse, the injury was administe red to 56 ra ts; 8 
rats were sac rificed at I, 2, 3, 5, 7 , 14, and 2 1 
days after injury, and the regions o f interest were 
processed by means of 4 d ifferent histologic 
methods . The contro ls were 8 no ninjured rats (16 
ti biae) that were otherwise treated the same as the 
injured animals . 

The response of bone to bone injury was stud
ied quanti tati vely in another group of 30 ra ts that 
were sacrificed I, 2, 3, 5, 7, and 14 days after cre
ation of the bone de fect (5 rats at each time inter
val); 10 noni njured anima ls (20 tibiae) served as 
controls. As a positive contro l for the effect of 
soft ti ssue injury, I 0 % o f the lateral most aspect 
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of the anterior tibialis muscle was removed in 10 
rats, with no bone injury; the regions of interest 
were recovered 2 and 7 days later. 

All rats were given tritiated thymidine in
traperitoneally 1 hour before sacrifice (1 11Ci/g of 
body weight, diluted with sterile water to a final 
volume of 0.5 ml, specific activity 2 Ci/mmol; 
ICN Biomedicals, Irvine, CA). All animal proce
dures, including operations, radioisotope injec
tions, and euthanasias (carbon dioxide inhalation) 
were performed between 10:00 a.m. and 2:00 p.m. 
to minimize potential confounding effects due to 
circadian rhythms.12 

Tissue Processing 
After sacrifice, the tibiae were resected and ex
cess muscle was cut away, with special care taken 
not to disturb the anteromedial surface. The prox
imal epiphysis was removed and the marrow cav
ity flushed with fixative (10% neutral buffered 
formalin, 8° C); the tibiae were then fixed, dem
ineralized (Cal-Ex, Fischer Scientific, Pittsburgh, 
PA, unless noted otherwise), dehydrated, and in
filtrated for 2 days in glycol methacrylate (JB-4, 
except JB-4 Plus in enzyme studies; Poly
sciences, Warrington, PA). The region of interest 
was then obtained by cutting the bone trans
versely 5 and 15 mm distal to the tibial crest 
notch. The tibial segments were embedded and 
sectioned completely at 4 11m in the longitudinal 
plane; every lOth section was mounted on a slide. 

In the quantitative study, 9 sections were used 
for analysis (from 250). A set of 3 sections was 
selected in each animal from the middle of the de
fect, from halfway between the middle of the de
fect and its medial edge, and from halfway 
between the middle and the lateral edge. One sec
tion in each trio was processed for autoradiogra
phy and counterstained with van Gieson's, the 
second was stained with methyl-green/thionin, 
and the third was stained with toluidine- blue/ba
sic-fuchsin. 2,23 

In the qualitative study, 4 histologic tech
niques were used (2 rats/technique/day). A gen
eral overview of the repair process was obtained 
with the use of toluidine blue/basic fuchsin. The 
role of cambial cells was studied by means of al
kaline phosphatase localization,17 A simultaneous 
coupling dye technique with the use of naphthol 
AS phosphate as substrate and fast blue BB as the 
coupler was used to localize alkaline phos
phatase.7 Sections incubated without substrate 
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were used as negative controls; the positive con
trols were sections of growth plate, kidney, or 
small intestine. 

Osteoclastic resorption was studied by means 
of tartrate resistant acid phosphatase localization. 17 

Localization was achieved by a simultaneous cou
pling dye method involving hexazotized para
rosaniline as the coupler and naphthol AS-TR 
phosphate as substrate with 10 mM sodium tartrate 
added to the incubation media. 11 Sections incu
bated without substrate served as negative con
trols, and positive controls were sections of growth 
plate; kidney sections were used as a control for 
tartrate inhibition. Mineralization was studied by 
the von Kossa method, with nuclear fast red used 
as the counterstain.27 In the tibiae that lacked the 
bone defect (controls and animals that received the 
muscle injury only), sections were obtained from 
the locations that corresponded to those in the 
bones with defects. 

Identification of the Cells of Bone 
A system for identification of pertinent cell types 
based on morphologic and histochemical proper
ties was adopted.3,18,21,22 (Fig 2). Briefly, cambial 
cells are alkaline phosphatase positive cells with 
a spindle shaped, darkly staining nucleus, typi
cally 5 x 10 11m, with scanty cytoplasm at 400x. 
Two phenotypes are distinguished on the basis of 
location and response to injury. Bone lining cells 
cover the bone surface and activate after injury to 

Fig 2. Schematic representation of functional 
relationships of the cells of bone. AP = alkaline 
phosphatase; TRAP = tartrate resistant acid 
phosphatase. All cell types are AP positive un
less indicated otherwise (negative sign), except 
for the osteoclast (whose AP status was not as
certained). 
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Fig 3. Representative photomicrographs of the 
resting periosteum. (Top) Toluidine-blue/basic
fuchsin; (middle) alkaline phosphatase (dark 
staining) was localized in the membranes of the 
cambial cel ls (van Giesen's). (Bottom) von 
Kossa, counterstained with nuclear fast red ; the 
80-!lm dark staining band of cortical bone and 
the more superficial 20-!lm nonstaining region 
were characteristic of noninjured bone. CB = 
cortical bone; C = cambium; FP = fibrous pe
riosteum; LCT = loose connective tissue. Bars 
are 20 IJm. 

become osteoblasts without undergoing prolifera
tion. An activated bone lining cell is identified by 
its uniform dark stain ing nucleus juxtaposed to a 
prominent Golgi apparatus. The osteoprogenitor 
cell is located above the bone lining cells; when ac
tivated, it exhibits a light staining nucleus with I to 
2 nucleoli and then deactivates, d ivides, or differe n
tiates into an osteoblast. The osteoblast is an alka
line phosphatase positive cell approximately 15 11m 
in its longest dimension, sometimes cuboidal, that 
contains a nucleus with nucleoli , exte nsive ba
sophilic cytoplasm, and a prominent Golgi appara
tus . The osteocyte is an alkaline phosphatase 
negative cell found in bone lacunae, and the osteo
clast is a tartrate resistant acid phosphatase posi
tive, multinucleated cell located on a bone surface. 
The fibroblast is an alkaline phosphatase negative 
cell found in the fibrous periosteum and loose con
nective ti ssue; it is morphologically indistinguish
able from the cambial cell. 
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Quantitative Measurements 
Quantitative measure ments were made w ithin 
±3 mm from the center of the defect; in the tib
iae that lacked the defect, the 6-mm le ngth was 
centered in the region of interest. Proli ferati on 
was assessed by counting the number of ce lls 
w ith 5 or more g rains per nucleus, because pre
liminary s tudies demonstrated that this concen
tration was sufficient to distinguish a 
pro liferating ce ll from background (a concentra
tion of 5 grains was not encountered except over 
a nucleus). Labeled cells were counted in the 
cambium, fibrous periosteum, loose connective 
tissue, and within the defect; the counts were 
normalized by the le ngth of the cortical bone 
surface along whic h the labeled cel ls were lo
c ated, and the value used in all subsequent cal
culations was the mean of the 3 representative 
sections, expressed as ce ll count per mill imeter 
of bone. The quantitative results were expressed 
as a cell linear density rather than a ratio of the 
number of 2 cell types (the mitotic index, for ex
ample) , as in previous stud ies, 14.26 because cel l 
ratios contain 2 paramete rs that can be con
founded by the experimental manipulations. The 
distance of each labeled cell in the cambium 
above the intact cortical bone surface was also 
measured. 

Differentiation was assessed by counting the 
number of osteoblasts in the cambium and within 
the defect in methyl-green/thionin stained sec
tions; an osteoblast was identified as a cell con
taining a g reen nucleus, a prominent but 
unstained Golgi, and purple cytoplasm; all 3 fea
tures were required before accepting a particular 
cell as an osteoblast. The osteoblast count was 
also normalized to the length of the bone surface 
and was expressed as the number of osteoblasts 
per mil li meter of bone . As described previous ly, 
the results were averaged over 3 sections, and the 
mean was used in all stati stical evaluations. 

Periosteal callus thickness was measured from 
the original bone surface to the superficial edge 
of the callus at 200-!lm intervals along the corti
cal surface. With in the defect, the average area 
fraction of callus was measured and expressed as 
a fractional volume within the defect. 1 All mor
phometric length and area measurements were 
made us ing a computer based system (Bioquant 
System IV, R&M Biometrics , Nashville, TN). 
The data were e valuated by means of the un
paired t-test at p < 0.05. 
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RESULTS 

The Resting Periosteum 

The typical appearance of the resting perios
teum in noninjured bone is shown in Figure 
3; the periosteum was 20 ± 10 J.lm thick and 
contained 2 to 5 layers of cells. The fibrob
last, which predominated in the fibrous pe
riosteum (20 ± 15 J.lm) and the loose connec
tive tissue, was easily distinguished from 
cambial cells by the absence of alkaline 
phosphatase in the cell membrane. The fi
brous periosteum blended into the loose con
nective tissue, which was characterized by a 
lack of fiber orientation. The cortical bone 
was 800 J.lm thick and contained a von Kossa 
positive strip on the periosteal surface; the 
stain also penetrated into the adjacent vascu
lar channels, lacunae, and canaliculi. Prolif
erating cells were rare in the cambium (0.3 ± 
0.1 cells/mm), and no tartrate resistant acid 
phosphatase positive cells were present. Ar
eas of localized bone formation were seen 
occasionally along the bone surface, consist
ing of a single layer of osteoblasts on the 
cortical surface. In these instances, the cam
bial cells superficial to these osteoblasts 
were activated, as evidenced by plump nu
clei containing nucleoli. 

The Healing Response 

The healing pattern is illustrated schemati
cally in Figure 4, and representative pho
tomicrographs are shown in Figures 5, 7, 9, 
10, 12, 13, and 14; quantitative data are pre
sented in Figures 6, 8, 11, and 15. 

One Day After Injury 
Clot containing inflammatory cells and von 
Kossa positive bone debris filled the bone de
fect and extended into the loose connective 
tissue; a thin von Kossa positive band of cor
tical bone was present along the bottom of 
the defect, but elsewhere, the thicker band 
characteristic of noninjured bone was present 
(Fig 5). Increased proliferation was observed 
in the cambium, fibrous periosteum, and 
loose connective tissue superficial to the un-
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injured cortical surface within the region of 
interest but was not seen in the clot (Fig 6). 

Fibrous periosteum was missing or dis
placed from the cortical surface up to 500 J.lm 
from the defect margin (Fig 7, top), resulting 
in a denuded layer of alkaline phosphatase 
positive resting cambial cells 1 to 2 cells 
deep; further from the site, the fibrous perios
teum was intact and most of the cambial cells 
were activated. Osteoblasts were seen on a 
narrow strip of osteoid (typically, 10 J.lm) on 
the cortical bone (Fig 7, bottom) but not in a 
concentration that was significantly different 
from baseline levels (Fig 8). The osteoblasts 
did not contain tritiated thymidine, indicative 
of their derivation from the bone lining cells. 
Proliferating osteoprogenitor cells and fi
broblasts were present above the osteoblasts 
(Fig 6). At 5 to 6 mm beyond the defect, the 
periosteum was largely indistinguishable 
from the resting periosteum. 

Two Days After Injury 
The fibrous periosteum was reattached to the 
bone surface at the margin of the defect, re
sulting in segregation of the cambial compart
ment from the clot and loose connective tissue 
(Fig 9). Proliferation in the cambium, fibrous 
periosteum, and loose connective tissue was 
the greatest observed in the study (Fig 6). Ac
tivated osteoprogenitor cells and osteoblasts 
were present along the bone surface except 
within 500 J.lm of the clefect, where the cells 
were still morphologically similar to resting 
cambial cells. The response to muscle injury 
resulted in significantly less proliferation 
compared with bone injury (Fig 10). 

The proliferation in the cambium resulted in 
a periosteum that reached 100 J.lm at its thick
est point ( 1 mm from the defect edge), which 
included 20 to 40 J.lm of osteoid that was laid 
on the cortical bone. The newly deposited os
teoid progressively displaced the location of 
the proliferating cambial cells from the cortical 
surface (Fig 11 ). Osteoblasts, blood vessels, 
and patches of osteoid were seen above the cor
tical osteoid. The osteocytes within the osteoid 
were large, and their lacunae were irregularly 
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shaped and lacked orientation compared with 
osteocytes in the original cortical bone. The su
perficialmost cambium stained intensely for al
kaline phosphatase (Fig 12) and contained 
many proliferating osteoprogenitor cells. Be
yond 3 mm from the defect margin, activation 
of osteoprogenitor cells was seen but prolifera
tion was low; the bone surface was covered 
with about lO 1101 of osteoid. 

Three Days Afte r Injury 
Osteoprogenitor cells adjacent to the bone de
fect were activated, and osteoblasts and os
teoid were present on the bone surface at the 
defect margin where the fibrous periosteum 
was missing previously. Proliferation was in
creased in all tissue compartments, including 
the defect (Fig 6); the periosteum nearer the 
defect was particularly active. The patches of 
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Fig 4A-B. (A) Schematic represen
tation of the resting periosteum and 
the general histologic features of the 
response 1 to 3 days after a surgi
cally induced defect (blind hole). The 
response was symmetric about the 
defect, consequently, only half of the 
response (and the defect) is shown. 
Cross hatching indicates clot. The 
cellular icons are defined in Figure 2 
except for the erythrocytes. (B) 
Schematic representation of the gen
eral histologic features of the perios
teum 5 to 21 days after a surgically 
induced defect {blind hole) . 

osteoid and cortical osteoid that were evident 
on Day 2 coalesced to form periosteal caJius. 

Alkaline phosphatase localization was 
greatest in the superficial cambium and within 
the osteoid spaces (Fig 12); the osteoblast like 
osteocytes encased in the new osteoid were 
moderately stained, suggesting a change to
ward an alkaline phosphatase negative pheno
type. Within 100 )..lm of the original bone sur
face, the osteocytes were morphologically 
similar to osteoblasts, but the matrix stained 
lightly or not at all for alkaline phosphatase. 

Within the osteoid, von Kossa positive fin
gerlike formations radiated from the von 
Kossa positive cortical bone surface (Fig 5) 
and surrounded the osteocytes within the os
teoid. Tartrate resistant acid phosphatase neg
ative giant cells were present on the surface of 
the von Kossa positive bone remnants. 
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Fig 5. The time dependent re
sponse to injury as manifested in 
von Kassa stained sections. The 
bone defect is on the right (arrows). 
From left to right and top to bottom, 
1, 3, 5, 7, 14, and 21 days after in
jury, respectively. The bar {lower left) 
is 200 Jlm. At Day 1, the staining of 
the intact cortical surface was simi
lar to that seen in uninjured bone; 
the bone surface in the defect 
stained poorly, except where the 
stain entered vascular channels. 
The von Kassa positive material in 
the soft tissue is bone debris. By 

Day 3, regions immediately superior to the original cortical surface became von Kassa positive, indi
cating that mineralization had occurred in these areas. By Day 5, almost all of the osteoid was min
eralized. Thereafter, the callus was modeled. 

Five Days After Injury 
A dense layer of collagen capped the granu
lation tissue that filled the injury site; the 
layer fused with the fibrous periosteum on 
both sides of the defect. Proliferation was 
high in the granulation tissue that filled the 
defect but was reduced elsewhere in the 
loose connective tissue and throughout the 
region of interest (Fig 6). No evidence of 
cortical bone degeneration at the defect site 
was seen. The defect was largest at the time 
of surgery and became progressively smaller 
with time, beginning on Day 5. Bone debri s 
created during the injury was removed by 

TIM E(Oays) 

TI~lE (Days ) 

phagocytes and tartrate resistant acid phos
phatase negative giant cells, but the original 
(preinjury) bone was not subjected to any 
catabolic activity. Thus, bone necrosis that is 
believed to occur at the ends of fracture frag
ments in some cases8 is not an essential fea
ture of bone healing, at least for inj uries of 
the type studied here. 

Osteoblasts were seen for the first time 
within the defect (Fig 8B). Tartrate resis tant 
acid phosphatase positive mononuclear cells 
appeared in the granulation tissue, in the su
perficial cambium, and within the osteoid 
spaces of the cambium. 

Fig 6A-D. Proliferative response in 
the indicated (dark shading or ar
rows) compartments of the region of 
interest. Baselines (light shading) 
were determined from 1 0 control rats 
(20 tibiae). (A) Cambium (baseline, 
0.3 ± 0.1 cells/mm). (B) Fibrous pe
riosteum (0.1 ± 0.1 cel ls/mm). (C) 
Loose connective tissue (0.4 ± 0.1 
cells/mm). (D) Within the injury site. 
Each point is the mean ± standard 
error of the mean from 5 rats. All val 
ues shown were statistically elevated 
above basel ine (p < 0.05), except for 
Day 14 in the fibrous periosteum. The 
cells were positive for alkaline phos
phatase in A but negative in Band C; 
both phenotypes were present in D. 
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Fig 7. The periosteum in relation to the bone 
defect 24 hours afte r injury. (Top) The fibrous 
periosteum was absent at the defect margin (ar
row); extravasated blood was present among 
the (inactive) cambial cells. (Middle) Farther 
from the defect the periosteum was intact , and 
the cambium was activated. (Bottom) Higher 
magnification f rom the indicated region. Os
teoblasts (OB) lined the bone surface and the 
predominant cell type within the cambium was 
the activated osteoprogenitor ce ll (OP). Tolui
dine-blue/basic-fuchsin. CB = cortical bone; C = 
cambium; FP = fibrous periosteum. Bars are 20 
!lm. 

Except for some osteoid adjacent to the fi
brous periosteum, the new matrix was von 
Kassa positive (Fig 5), indicating that it had 
calcifi ed. The resulting periosteal callus was 
present along the entire length of the cortical 
bone up to the defect margin. The new ma
trix was thickest (200 J.l.m) within 1 mm of 

A 

100 B 
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Fig SA-B. Osteoblast concentration in the indi
cated (dark shading) regions in the region of in
terest following injury. (A) The region not 
containing the bone defect. Baseline (light 
shading) 4.7 ± 0.6 cell/mm from 10 rats (20 tib
iae); all values were sign ificantly elevated 
above baseline (p < 0.05) except for Days 1 and 
14. (B) In the bone defect. Each point is the 
mean (± standard error of the mean) of 5 rats. 

the defect margin. Alkaline phosphatase was 
present in the cell s located between the su
perfic ial edge of the callus and the fibrous 
periosteum, but the new matrix and its osteo
cytes were alkaline phosphatase negative ex
cept for the larger spaces within the pe
riosteal callus, which were still lined with 
alkaline phosphatase positive osteoblasts 
(Fig 12). Many of the cells within the cam
bium were sim ilar to resting cambial cells, 
resulting in a less distinct border between the 
fibrous periosteum and cambium compared 
with Day 3. Above the osteoblasts that lined 
the superfic ial edge of the callus were resting 
cambial cells. Proliferation throughout the 
cambium was reduced but remained above 
that of noninjured tissue. 
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Seven Days After Injury 
Osteoid appeared at the margins of the defect 
in canty amounts. Tartrate resistant acid 
phosphatase positive mononuclear cells were 
present within the granulation tissue and 
within the spaces of the periosteal callus, and 
modeling o f mineralized osteoid by osteo
clasts was seen (Fig 13). Baseline prolifera
tion was seen in all areas except the defect. 

Adjacent to the injury s ite, the fibrou s pe
ri osteum was highly cellul ar and in some ar
eas was complete ly ob cu red by cells. A thin 
layer of alkaline phosphatase positi ve cells 
covered the surface of the periosteal callus, 
but the callus itself was negati ve for alkaline 
phosphatase (Fig 12). Resorption had oc
curred, as ev idenced by areas of irregular 
bone surface; tartrate resistant acid phos
phatase positive osteoclasts were located in 
Howship's lacunae on the bone surface 
within 1 to 1.5 mm of the defect edge, and 
extracellular tartrate resistant acid phos
phatase was evident next to the osteoclasts. 
Acid phosphatase negati ve giant cell s were 
also present. 

-'•.. 
41 -
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Fig 9. Attachment of the fibrous pe
riosteum to the bone surface near the 
defect margin (arrow) 2 days after in-
jury. Toluidine-blue/basic-fuchsin. Bar 
is 50 ~-tm. 

Mean callus formation in the bone and 
muscle injured groups is shown in Figure I 5; 
a lateral to medi al gradient in callus forma
tion was observed in the latter group. 

Fourteen Days After Injury 
Callus filled the peripheral areas of the de
fect, but the core contained only fibrous tis
sue (Fig 14). A thin alkaline phosphatase 
positive layer of cambial cells covered the 
bone surface (Fig 12). Farther from the de
fect, the periosteum resembled that of nonin
jured tissue. Localized areas of resorption 
were evident at the defect margins, and in 
some an imals the periosteal callu s directly 
adjacent to the defect was resorbed. A thick, 
fibrous band, probably the collapsed cap of 
the granulation ti ssue and the fibrous perios
teum, was seen over the defect. 

Adj acent to the defect, the von Kossa 
stai ning of the new periosteal bone was ir
regular (Fig 5). Tartrate resistant acid phos
phatase positi ve osteoclasts and extracellular 
tartrate resistant acid phosphatase were pre
sent within the defect. 

FP .. 
Fig 10. Proliferative response 2 days 
after injury. (Top) A rat that received 
the bone defect. Elevated prol iferation 
occurred in all tissue compartments 
(see Fig 6). (Bottom) Proliferation in 
a rat that received only a soft tissue 
injury (removal of 10% of the anterior 
tibialis muscle) at the corresponding 
anatomic location. Autoradiograph/van 
Gieson's. CB = cortical bone; C = 
cambium; FP = fibrous periosteum. 
Bar is 100 ~-tm. 
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Fig 11. Distance of proliferating cambial cells 
above the cortical surface in the portion of the 
region of interest that did not include the defect 
(dark shading). Each datum point is the mean± 
standard error of the mean for 5 rats. Baseline 
(light shading), 12.9 ± 1.6 J..lm , from 10 rats (20 
tibiae) . All values were significantly elevated 
above baseline (p < 0.05) except for Day 1. The 
increase resulted from increased cellularity and 
the formation of osteoid on the original cortical 
surface, which progressively displaced the os
teoprogenitor cell compartment. 

Twenty-One Days After Injury 
The bone surface was restored, and the defect 
was fi lled witl;t woven bone (Figs 14 and 15). 
The alkaline phosphatase positive cambial 
layer superficial to the defect and along the 
length of bone was similar to that in nonin
jured bone. On the bone surface above the 
filled defect was a single layer of osteoblasts 
that, in some areas, extended beyond the 
width of the defect. Only a few tartrate resis
tant acid phosphatase positi ve osteoclasts and 
tartrate resistant acid phosphatase positive 
mononuclear cells were present on the bone 
surface and within the loose connective tis
sue, and overall tartrate resistant acid phos
phatase staining was reduced. 

The new bone within the defect and on the 
surface of the original cortical bone surface 
was woven bone; it was capped by a layer of 
appositional bone (Fig 14) within which the 
osteocytes were located in almond shaped la
cunae oriented parallel to the cortical bone 
surface. The appositional bone was von Kossa 
positive (Fig 5), as in noninjured bone. Spo
radically throughout the study, small isolated 
areas of cartilage were occasionally seen. 
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Fig 12. Alkaline phosphatase localization 
(dark staining) after injury to bone (counter
stained with van Gieson's). From top to bot
tom, 1, 2, 3, 5, 7, and 14 days after injury, 
respectively. At 1 day, the alkaline phos
phatase positive cambial layer was similar to 
that in noninjured bone. At 2 days, it became 
thicker in the region away from the defect. 
On days 3 to 5 , alkaline phosphatase posi
tive cells were located in the superficial cam
bium and within the newly formed osteoid. 
Alkaline phosphatase positive cambial in
growth into the defect occurred by Day 7 and 
subsequent modeling resulted in a pattern at 
Day 14 similar to that of noninjured bone. Ar
rows denote edge of defect. OCB = original 
cortical bone; NCB = new cortical bone. Bar 
is 200 )..lm . 
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DISCUSSION 

Variance in healing in particular animal 
models has many causes, and elimination of 
1 perturbing factor sometimes results in the 
occurrence of other such factors .9,IO.I5.1 9,28 
For example, movement at the injury site 
influences the healing cascade and tends to 

NCB 

OCB 

NCB 

OCB 

OCB 

Fig 14. Bone formation at Days 7, 14, and 21 
after injury. Toluidine-blue/basic-fuchsin. Scanty 
new bone was present in the defect at day 7 (ar
row); healing was complete by Day 21. OCB = 
original cortical bone; NCB = new cortical bone. 
The bar is 200 11m. 
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Fig 13. Localization of tartrate resis
tant acid phosphatase (dark stain
ing , arrows) during resorptive phase 
of bone modeling at 7 days after 
surgery. Counterstained with methyl 
green. Bar is 200 !-till. 

cause cartilage formation and de layed bony 
union. The effect of motion can be avoided 
by means of internal fixatio n, but implants 
affect the cellular response and can inter
fere with hi stomorphologic measurements. 
Drilling of hol es in the cortex elimi nates the 
need to stabilize the injury site, but such a 
model confounds the contributions to heal
ing arising from the periosteum and the en
dosteum, making it difficult to assess mecha
nistic pathways. The model described in the 
current study minimized interanimal vari
ability in the extent of the initial injury, iso
lated the cellular events that are essential in 
bone healing, fac ilitated assessment of the 
time dependent healing response, and per
mitted quantitative characterization of cell 
activity in terms of absolute parameters (cell 
densiti es) . 

Cambial proliferation increased after the 
injured fibrous periosteum became attached 
to the cortical surface at the defect margin 
(Fig 6A), thus isolating the cambium from 
the defect. Thereafter, osteoid grew from the 
cambium into the defect. These observations 
may indicate that regeneration of the fibrous 
periosteum and reestabli shment of the cam
bial compartment was a necessary precondi
tion for growth of osteoid into the defect. 
The connection between periosteal integrity 
and matrix synthesis in the defect, a re lation
ship that has not been described in previous 
bone healing studies, suggests that the fac
tors that regulated bone healing were con
fined to a spatially limited region that did not 
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Fig 15. Bone formation in the defect at various 
times after injury. The mean {± standard error of 
the mean) fractional volume of the defect occu
pied by newly synthesized bone is shown (N = 5 
at each time). 

include, for example, clot, granulation tis
sue, bone debris, or leukocytes. If so, those 
factors may have been derived from the cam
bial cells or from the bone itself. 

Additional evidence implicating the tibia 
as the source of the factors that regulated its 
healing was found in observations of os
teoblastic activity. Three phenotypic os
teoblast populations could be distinguished 
on the basis of cellular activity and location 
relative to the defect. First, woven osteoid 
produced by osteoblasts derived from bone 
lining cells formed on the cortical surfaces 
on each side of the defect where the fibrous 
periosteum was intact (Fig 4). By Day 2, os
teoprogenitor cell proliferation and differen
tiation in the superficial region of the cam
bium produced osteoblast layers 3 to 4 cells 
deep on both sides of the defect that secreted 
woven osteoid interstitially in cords or 
patches superficial to the cortical osteoid; 
subsequently, the interstitial and cortical os
teoid coalesced. After the callus at the defect 
margin was resorbed by osteoclasts, os-
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teoblasts secreted appositional bone, which 
capped the woven bone laid earlier. The syn
thetic activity of each osteoblast population 
was symmetric with respect to the bone de
fect, suggesting that the healing pattern was 
at least partly determined by regulatory fac
tors originating from the injury site. 

The osteoid deposited on the cortical bone 
surface became von Kossa positive between 
Days 3 and 5 (Fig 5), indicating that mineral
ization had occurred. Thereafter, calcifica
tion followed matrix synthesis without any 
apparent delay. The reason for this appar
ently novel observation of delay in onset of 
mineralization is unknown; one possibility is 
that the chemical dynamics of the interstitial 
Ca2+ and P04- 3 were altered during clot re
moval, which also occurred between Days 3 
to 5, thereby favoring precipitation of hy
droxyapatite. zo 

An example of the use of the model for 
evaluation of the differential effect of injury 
to bone versus soft tissue is shown in Figure 
10. The proliferative response in the cam
bium 2 days after bone injury (Fig 10, top) 
was 49.5 ± 7.2 cells/mm (Fig 6A); in the rats 
that received only the soft tissue injury, it 
was 9.2 ± 3.8 cells/mm (p < 0.05). Because 
the soft tissue damage and associated vascu
lar disruption and inflammatory response 
was significantly greater in the case of the 
muscle injury compared with the bone in
jury, the result suggests that an injury to 
bone itself is required to explain the magni
tude of the proliferative response seen in the 
bone injured animals, even though a weak 
mitogenic factor was produced by a soft tis
sue injury (Fig 10, bottom). 

During Days 5 to 14 postinjury, the defect 
progressively filled with new bone as a result 
of centripetal growth from the defect margins; 
at Day 14, for example, 53% ± 17% of the de
fect was filled with new bone (Fig 15). When 
the fractional volume of new callus was com
puted using 7 equally spaced sections through 
the defect (instead of 3), the result was 56.3% 
± 5.8%. This relatively low standard error in
dicates that measurements on 7 sections in 
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each of 5 animals would provide a reasonable 
likelihood of detecting changes in fractional 
volume due to experimental treatment. Thus, 
regardless of whether small differences are bi
ologically significant, the model is suitable 
for hypothesis testing regarding factors that 
regulate bone growth. 

Giant cells were seen as early as the third 
day after injury; osteoclasts, however, were 
not observed until the seventh day after in
jury, at which time they appeared on the sur
face of the newly mineralized callus. On the 
basis of observations made thus far, it ap
pears that the disappearance of the clot, the 
mineralization of the callus, and the appear
ance of osteoclasts were simultaneous, sug
gesting that these events may have been re
lated. Perhaps removal of the clot altered the 
local pH, resulting in chemical dynamics 
that favored precipitation of inorganic crys
tals, which, in turn, created an environment 
conducive to osteoclasts. 

The appearance of osteoclasts could also 
be related to the appearance of the newly dif
ferentiated osteoblasts, because the osteo
clasts did not appear at the injury site until 
after osteoid was secreted; they appeared 
precisely at the site of maximum osteoblastic 
synthetic activity, suggesting that the osteo
clast recruitment factor came from the os
teoblasts. Expression of the osteoblast phe
notype involves a temporal pattern of gene 
expression that begins with activation of the 
genes that encode extracellular matrix, fol
lowed by downregulation of the matrix 
genes and upregulation of gene expression 
associated with preparation of the matrix for 
mineralization.25 The osteoblast gene prod
ucts related to mineralization may constitute 
the signal that results in the recruitment of 
osteoclasts; alternatively, the osteoclast sig
nal may be derived from chemical, physical, 
or electrical consequences of mineralization. 

Knowledge of the cellular basis of bone 
healing is needed to effectively manage the 
normal response and to appropriately treat 
pathologic cases. The animal model devel
oped in the current study is potentially useful 
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because it permits quantitative characteriza
tion of the time-dependent changes that oc
cur after injury. Thus, the model is suitable 
for studying various questions, such as the 
role of soft tissue injury in the response of 
bone cells and the regulatory role of various 
factors, including hormones and cytokines, 
that have been suggested as regulatory 
agents on the basis of cellular studies. 
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