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Cell Proliferation and Apoptosis During Fracture Healing

GANG LI, GRAINNE WHITE, CHRIS CONNOLLY, and DAVID MARSH

ABSTRACT

This study investigated the relation between cell proliferation and apoptosis during fracture healing in a
mouse femoral fracture model. Left femoral osteotomies were performed in 30 mature male CFLP mice
immobilized with uniplanar external fixators. Six animals were killed on days 2, 4, 8, 16, and 24 postfracture
for examination. Localization of cell proliferation was examined using immunohistochemistry with prolifer-
ating cell nuclear antigen (PCNA) monoclonal antibody. Apoptotic cells were visualized with the terminal
deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end-labeling
(TUNEL) method. Images of each time-specific specimen were captured. The total callus area, the positively
labeled cells by PCNA, and TUNEL per high-power field were quantified. Cell proliferation and apoptosis
were found coexisting during the entire period of study. In the early phases of fracture healing (days 2-8),
PCNA-positive labeling was predominant and peaked at day 8 and the TUNEL-positive labeling was minimal.
In later stages of fracture healing (days 16-24), PCNA expression declined at day 16 as callus ossification and
remodeling spread within the fracture site and apoptosis was the dominant cell activity with the TUNEL-
positive labeling peaking at day 16 and declining sharply at day 24. These cell activities were reflected by the
change of fracture callus, where there was a continuous increase in total callus area to day 16 and subsequent
decrease at day 24. This study indicated that cell proliferation and apoptosis are coupled events during
fracture repair, cell proliferation is active at the early stages, and apoptosis is active during the phase of callus
remodeling. (J Bone Miner Res 2002;17:791-799)
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INTRODUCTION

RACTURE REPAIR is a complex physiological process dur-
Fing which bone shows a remarkable ability to mount a
repair process that not only restores the mechanical integrity
but also anatomical configuration. After the initial bony
union, there is a prolonged phase of callus remodeling to
restore the anatomical configuration of the bone. It has
become widely recognized that many of the cellular and
biochemical processes that occur during fracture healing
correspond to those that take place during skeletal
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development.' Our current knowledge suggests that the
genetic mechanisms that regulate fetal skeletogenesis also
regulate adult skeletal regeneration, pointing to the impor-
tant regulators of angiogenesis and ossification in bone
regeneration.© >

Cell proliferation plays an important role in both physi-
ological and pathological activity. In all regenerating tissue,
the initial commitment of a stem cell progeny is followed by
amplification.® In recent studies, Iwaki et al.”” have local-
ized and quantified the proliferating cells in each of the
cellular events that occur during fracture repair. The work of
Lee and coworkers® was in agreement with the findings of
Twaki et al.””” and suggested that proliferating mesenchymal
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cells play a key role during the fracture healing process. The
distribution of proliferating cells and the degree of cell
proliferation vary according to the period after the fracture,
suggesting the existence of local regulatory factors such as
growth factors and cytokines."'?

Maintenance of adult tissue mass, organogenesis, and
normal tissue remodeling are determined by a combination
of cell proliferation, cell differentiation, and cell pro-
grammed death."'~'® Apoptosis is a genetically deter-
mined, programmed, and physiological mode of cell death,
characterized by specific morphological, biochemical, and
molecular changes.”"” The suggestion that cell death has an
active function in biological tissues has raised the funda-
mental question of how “death” can have a positive role in
life; “today, however, from a biological view, cell death
appears to be one of life’s undissociable companions.”'®

For years the regulation of cell number has been consid-
ered mainly in terms of cell proliferation; however, the
recent investigations into apoptosis would suggest that it is
equally important."*=>" The dependence on the surround-
ing microenvironment confirms that cell death is a funda-
mental property of cells, where unwanted cells are elimi-
nated quickly and neatly. The importance of such controls in
multicellular organisms can be seen during wound healing
in which misplaced cells and/or excess cells are eliminated
rapidly.®® Likewise, the existence of such controlling fac-
tors regarding cell proliferation and cell death is evident in
the proliferating tissues, found in embryonic develop-
ment,?> cancer,*” and bone repair.®'*?> The aim of this
study was to investigate the timely and spatial relationship
of cell proliferation and programmed cell death (apoptosis)
events during fracture repair in a mouse femoral fracture
model.

MATERIALS AND METHODS

Animal model

All animal experimental procedures were approved and
performed under the control of the guidelines for the Ani-
mals (Scientific Procedures) Act 1986, British Home Office.
Thirty skeletally mature (35-45 g) male CFLP mice (Har-
lan, Oxford, UK) were used. General anesthesia for all
operative procedures was achieved by administration of 2%
isoflurane, 49% nitrous oxide, and 49% oxygen via a Hunt
mask with a scavenging system. One milliliter of 5% dex-
trose was administered subcutaneously at induction of an-
esthesia for fluid maintenance during the operative proce-
dure.

The mouse femoral fracture model was adapted from
Connolly et al.?® In brief, mice under general anesthesia
and aseptic conditions had a lateral incision through shaved
skin and fascia lata from the left knee to the greater tro-
chanter. The plane between the vasti and hamstrings was
opened by blunt dissection to expose the femur. Four bi-
cortical pinholes were drilled and a low-energy middiaphy-
seal osteotomy of the femur was performed. A custom-made
drilling jig and hand saw were used ensuring exact central-
ization of the transverse osteotomy between the inner two
pinholes. Four-pin, unilateral, single-plane, mini external
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fixators were applied, stabilizing the fracture. Fascia lata
and skin were closed with polyglactin absorbable sutures.

Sample preparation

Six mice were killed at 2, 4, 8, 16, and 24 days postfrac-
ture. The left femur was excised by sharp dissection disar-
ticulation through the knee and hip joints with the external
fixator and soft tissues in situ. Two orthogonal oblique
radiographs were taken of each specimen. After excision of
the femur from the killed animals, all specimens were coded
and fixed in 10% buffered formalin, pH 7.0, for 24 h. The
tissues were rinsed in distilled water before being trans-
ferred into the decalcifying solution. The specimens were
decalcified in 8% EDTA (pH 7.0-7.5; Sigma Chemical Co.,
Poole, UK) for 3 weeks. EDTA was changed each week. On
completion of decalcification of the tissues, the external
fixators were removed carefully and the specimens were em-
bedded in paraffin wax. Five-micrometer-thick sections were
cut in approximately the central coronal plane of the samples
using a rotary microtome (Microm HM315; Microm, Wall-
dorf, Germany) and the sections were placed on the poly-L-
lysine—coated slides (Sigma Chemical Co.) and heated at 60°C
for 15 minutes and then stored in a clean box before use.

Histological and immunostaining examination

The sections were stained routinely with the standard
histological staining method, hematoxylin (Gill’s no. 3) and
0.5% eosin (Sigma Chemical Co.).

For immunohistochemistry, 5-um-thick sections were
deparaffinized in xylene and immersed in graded ethanol
and distilled water. Endogenous peroxidase activity was
inhibited by immersing the tissue sections in 0.3% hydrogen
peroxidase for 20 minutes at room temperature. Subse-
quently, the sections were rinsed in phosphate-buffered
saline (PBS). To facilitate antibody binding, sections were
incubated for 30 minutes at room temperature with protein-
ase K solution (20 pwg/ml; DAKO, Dorset, UK) to unmask
the antigen binding sites. Then, the sections were incubated
with purified rabbit anti-mouse proliferating cell nuclear
antigen (PCNA) monoclonal antibody (1:100 ratio in PBS;
DAKO) for 45 minutes at room temperature. Subsequently,
the primary antibody was blotted and the tissues were rinsed
with PBS. The secondary purified goat anti-rabbit/mouse
biotinylated antibody (1:100 in PBS; DAKO) was applied to
the sections and incubated for 30 minutes at room temper-
ature. Sections were rinsed in PBS and then incubated with
streptavidin-peroxidase (1:50 in PBS; DAKO) for 30 min-
utes at room temperature. Diaminobenzidine Chromagen
solution (0.5 mg/ml of 2,4,2' 4'-tetrabiphenyl hydrochlo-
ride; Sigma Chemical Co.) in 0.1 m of imidazole in PBS,
containing 0.3% hydrogen peroxidase, was added to the
sections and incubated at room temperature for 5 minutes.
After a brief rinse in distilled water, the tissue sections were
counterstained in Gill’s no. 3 hematoxylin (Sigma Chemical
Co.) at a dilution of 1:3 for 5 minutes, rinsed in distilled
water, and dehydrated through a series of graded ethanol
solutions to xylene, mounted in DPX, and examined by light
microscopy.



CELL PROLIFERATION, APOPTOSIS, AND FRACTURE HEALING

Primary antibody was omitted as a negative control for
the immunostaining method. The small intestine is a high-
proliferating tissue and was used as a positive control for the
detection of proliferating cells. Nerve tissue, a low-
proliferating tissue type, was used as a negative control for
the PCNA immunostaining.

DNA nick end-labeling (terminal deoxynucleotidyl
transferase—mediated deoxyuridine triphosphate-biotin
nick end-labeling)

The method of terminal deoxynucleotidyl transferase
(TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin
nick end-labeling (TUNEL) was first described by Modak
and Bollum®” and further modified by Gavrieli et al.*® In
this study, TUNEL staining was used as an indicator of
apoptosis. The TUNEL method is a highly sensitive assay,
which allows the detection of apoptosis at the single-cell
level. The method used in this study is based on the specific
binding of TdT to 3’-OH ends of DNA fragments. TdT has
the capacity of adding nucleotides to the free 3’ ends and
thus tailing the nicks with the fluorescein-labeled oligonu-
cleotide dUTP. The signal is detected by antibody to fluo-
rescein, enabling conventional histochemical identification
of programmed cell death by light microscopy.

An in situ cell death detection kit (Roch Molecular Bio-
chemicals Co., East Sussex, UK) was used for the detection
of apoptosis. In brief, sections were deparaffinized by im-
mersion in xylene and through a graded series of ethanols.
After washing in Tris-buffered solution (TBS), sections
were permeabilized using 0.1% Triton-X 100 for 20 min-
utes. The sections were washed for 5 minutes in TBS before
labeling with the TUNEL reaction mixture for 45 minutes
according to the manufacturer’s instructions, where optimal
amounts of fluorescein-labeled dUTP and TdT were used.
The reaction was terminated by immersing the slides in TBS
and rinsed. To detect the whereabouts of the fluorescein-
labeled dUTP, the slides then were incubated with sheep
antifluorescein antibody conjugated with alkaline phospha-
tase (ALP) for 30 minutes (Roche Molecular Biochemical
Co.). After rinsing in TBS, the slides were developed with
either substrate solution containing TBS, Fast red TR, and
naphthol AS-MX (red stain) or BCIP/4-nitro blue tetrazo-
lium (NBT) substrate (blue stain; Sigma Chemical Co.).
Finally, the slides were mounted in glycine jelly (Sigma
Chemical Co.) and analyzed by light microscopy.

For a negative control, slides were incubated with a
solution containing only nucleotide mixture in reaction
buffer, without TdT. In addition, rabbit peripheral nerve
tissue, a tissue having a low cell turnover, was adopted as a
real negative control, and the same nerve tissue section
pretreated with DNAse I (20 mg/ml; Sigma Chemical Co.)
was used as a methodological positive control.

Image analysis

All coded sections of the specimens were analyzed
blindly. Each of these images was viewed by light micros-
copy (Leica DMLB; Leica Microscopy Systems, Ltd., Heer-
brugg, Switzerland) under 50X magnification. A digital
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image of each section was grabbed onto a Kontron Vidas
Image Analyser (Kontron KMBH, Munich, Germany). The
mean femoral diameter, medial, intramedullary, and lateral
areas of woven bone, cartilage, and fibrous tissues were
calculated in pixels. The measurement was done manually
by tracing around the respective areas on screen with a
mouse. The femoral diameter was calculated as the mean of
four transverse measurements taken at the proximal and
distal edges of the inner pinholes on each section of the
specimen. This data were transferred electronically to a
statistical spreadsheet (version 9; SPSS, Inc., Chicago, IL,
USA) eliminating clerical errors. All areas were normalized
against the mean femoral diameter on the respective section
and expressed as a ration of pixels to standardize the area
variations created by the range of animal sizes.

For quantifying the PCNA immunostaining and the
TUNEL-labeling results, the sections were analyzed under a
Leica research microscope (Leica DMLB; Leica Micros-
copy Systems, Ltd.). A validated method of quantifying
immunostaining results was adapted.®” In brief, under
100X magnification, the area (3 mm?) containing the max-
imum number of the positively labeled cells by PCNA or
TUNEL was chosen in five defined regions near the fracture
site, namely, the fracture gap and two subregions distal and
proximal to the fracture gap on both sides of the fractured
cortices. Three random images of 0.75 mm? from each
selected area (3 mm?) were then taken under high magnifi-
cation (X400). All the images of each specimen were cap-
tured via a digital camera (Eastman Kodak Co. DS120;
Eastman Kodak Co.Rochester, USA) and saved as JPEG
files. The images were opened in Scion Image Software
(Scion Corp., Frederick, MD, USA); the number of the
positively labeled cells in each image was counted by two
independent observers, and the mean of the two was calcu-
lated. Mean numbers of positively labeled cells per high-
power field (0.75 mm?) for PCNA and TUNEL from the
five regions of each specimen section then were calculated
and used for further statistical analysis. Next, the overall
mean numbers of positively labeled cells per high-power
field for PCNA and TUNEL of each time point were ob-
tained and plotted and data were expressed as mean * SE.

Statistical analysis

The calculated means of the normalized total callus area (the
numbers of positively labeled cells of each type at each specific
time point) were first tested by one way analysis of variance
(ANOVA) with the factor “time,” to identify significant dif-
ferences between the groups. If a significant difference was
found, pairwise comparisons were performed using Student’s
t-test. If p = 0.05, it was considered significant. All statistical
analyses were carried out using a commercially available sta-
tistical program by SPSS, Inc. (version 9).

RESULTS
Histological and histomorphometry examination

Hematoma formation occurred initially as seen on day 2
postfracture. Invasion by fibrovascular tissues converted the
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FIG. 1. Box plot showing the histomorphometric measurement re-

sults of the fracture callus. There was a continuous increase in total
callus area to day 16 and subsequent decrease on day 24 (*p < 0.05,
Student’s r-test; means and SEs were plotted).

hematoma into a mixture of bone, cartilage, and fibrous
tissues, which were seen throughout days 4—8 postfracture.
Callus formation began with proliferation and differentia-
tion of mesenchymal cells on day 4; new bone formation
was evident at this point. Cartilage tissue appeared in and
around the fracture site starting on day 8 postfracture. In-
tramembranous ossification was evident under the perios-
teum at 8—16 days postfracture together with endochondral
ossification. As the collagen fibers and matrix were laid
down, they became mineralized to form woven bone, ap-
pearing first on day 4 and becoming the predominant tissue
type on day 16. The characteristic nonlamellar structure of
woven bone could be seen on day 8 and day 16 with the
presence of randomly orientated crisscross fibers. A bony
sleeve was evident on day 16 and day 24 postfracture,
enclosing the fracture site.

Histomorphometric analysis of 24 specimens (excluding
six specimens from day 2 postfracture) indicated that the
total callus area increased to a maximum at day 16 and
subsequently reduced on day 24 postfracture (Fig. 1). After
day 16, the amount of fibrous tissue and cartilage in the
fracture callus fell sharply. A marked rise in the amount of
new bone, as a proportion of the total callus area, was noted
on day 24 postfracture, and this was mirrored by a fall in
fibrous tissue and cartilage area, with a fall of total callus
area on day 24 compared with day 16 postfracture (Fig. 1).

Detection of cell proliferation (PCNA) by light
microscopy

No negligible PCNA labeling was observed in any of the
negative controls under the experimental conditions used in
this study (Fig. 2A). For positive controls in the small
intestine, PCNA showed intense labeling as expected (Fig.
2B).
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Proliferation of undifferentiated mesenchymal cells was
evident in the initial stages first in the periosteum and tissue
immediately around the fracture gap (Fig. 2C) and extend-
ing throughout the whole length of the bone along the
periosteal surfaces. There were proliferative cells found on
the surfaces of the periosteal callus on day 4 (Fig. 2D). A
rise in cell proliferation was evident on day 8, PCNA-
positive chondrocytes (Fig. 2E) were seen adjacent to the
fracture site, and there was a thickening of the periosteum
with extensive PCNA-positive labeling (Fig. 2F). Cell pro-
liferation continued as the cartilage became concentrated
between the fractured ends and eventually was replaced by
woven bone (Fig. 2G). The decline in cell proliferation from
day 8 to 16 was significant, at which point the main tissue
type was woven bone (Fig. 2H), with a drop in mean
PCNA-positive cells per high-power field, from 47.40 *=
8.60 (day 8) to 32.0 = 7.65 (day 16). At day 24, a majority
of the PCNA-positive cells were seen in the remaining
cartilage and on the woven bone surfaces (Fig. 2I) as the
bone remodeling began. A significant decline in PCNA-
positive cells was evident between day 16 and 24, as the
mean PCNA-positive cells per high-power field dropped to
9.80 *£ 1.97 (day 24).

Statistically, there is a significant difference in cell pro-
liferation over time at the 5% level. No significant differ-
ence was evident between the day 2 and 4, postfracture (p =
0.265, r-test). A statistically significant difference (increase)
was found between day 4 and day 8, postfracture (p =
0.037, r-test). Statistically, day 16, in comparison with day
8, indicated a significant decrease of the PCNA positive
labeling index (p = 0.02, Student’s #-test). Likewise, there
was a significant decrease between day 16 and 24 (p =
0.013, Student’s r-test).

Detection of cell death (TUNEL) by light microscopy

The nerve tissue negative control showed no or minimal
TUNEL staining (Fig. 3A). Extensive numbers of TUNEL-
positive cells (in dark blue when BCIP/NBT substrate was
used) were seen in the tissue sections treated with DNAse I
as methodological positive control (Fig. 3B).

TUNEL-labeled cells showed a loss of cell contact,
shrinking away from neighboring cells, leading to the for-
mation of halos around the cell bodies. Nuclear and cyto-
plasmic condensation caused apoptotic cells to obtain a
more spheroidal morphology and rounded appearance.
Some positive TUNEL-labeled cells (pink/red when the
Fast red TR and naphthol AS-MX substrate were used) were
seen in the periosteum and the newly formed periosteal
callus near the fracture gap at the early stages of fracture
healing (days 2—4; Figs. 3C and 3D), followed by a slight
increase in TUNEL labeling in chondrocytes and osteoblas-
tic cells in the callus on day 8 postfracture (Fig. 3E). The
number of the TUNEL-labeled cells in the newly formed
callus and cartilage peaked on day 16 postfracture (Figs. 3F
and 3G) and significantly declined on day 24, where the
TUNEL-labeled cells were mainly seen in the remaining
cartilage islands (Fig. 3H) and in the newly remodeled
lamellar bone (Fig. 3I). In the early stages of healing,
TUNEL-labeled cells per high-power field were low with a



CELL PROLIFERATION, APOPTOSIS, AND FRACTURE HEALING

795

FIG. 2. Representatives of immunostaining results of PCNA antibody. (A) Negative control (without primary antibody) on mouse small
intestine. (B) Positive control of PCNA immunostaining on the mouse small intestine. (C) Proliferation of undifferentiated mesenchymal cells
(brown) was evident on day 2 in the fibrous tissues in the fracture gap. (D) On day 4, a few PCNA-positive cells (brown) were seen at the surfaces
of the periosteal callus. (E-G) A rise in cell proliferation was evident on day 8; PCNA-positive cells (brown) were seen (E) in the cartilage region
near fracture gap, (F) in the periosteum region adjacent to fracture gap, (G) and in the newly formed periosteal callus. (H) On day 16, cell
proliferation declined as the cartilage became concentrated between the fractured ends and eventually was replaced by woven bone; PCNA-
positive cells (brown) were seen mainly at the surfaces of the newly formed woven bone. (I) On day 24, PCNA-positive cells (brown) were sparse
in both the remaining cartilage and the surfaces of the newly formed bone (panels A-E were counterstained with hematoxylin; original

magnification for panels A, B, D, G, H, and I, X400, and panels C, E, and F, X100).

mean of 11.40 = 1.03 on day 2 and 14.60 = 4.65 on day 4.
The mean TUNEL-labeled cells increased to 27.20 = 5.35
on day 8 and peaked at 47.60 = 2.50 on day 16. TUNEL-
labeled cells were found in the fibrous tissues in the fracture
gap on day 2 and day 4, cartilage tissues were found on day
8 and day 16, and new osteoid tissue (woven and lamellar
bone) appeared on days 8 —24 postfracture. A decline in the
mean number of the TUNEL-labeled cells per high-power
field on day 24 (16.80 = 4.31) was evident mainly in the
newly formed bone tissues.

As shown in Fig. 4, ANOVA test found a significant
difference in the numbers of the TUNEL-labeled cells be-
tween the time points after fracture. Further paired tests
showed that no significant difference was found in the
number of TUNEL-labeled cells per high-power field be-
tween day 2 and day 4 groups (p > 0.05, Student’s #-test).
A significant difference (increase) was found between the
day 4 and day 8 postfracture groups (p = 0.013, Student’s
t-test). Testing of day 8 and day 16 groups established a
significant increase in the number of TUNEL-labeled cells
(p = 0.004, Student’s r-test). A significant decrease in the
number of TUNEL-labeled cells was found between day 16
and day 24 groups (p = 0.001, Student’s z-test).

A summary of cell proliferation and apoptosis activities
after fracture at different histological regions of the fracture
gaps is given in Table 1.

DISCUSSION

The mouse femoral fracture model with external fixator
used in this study provided an excellent experimental sys-
tem to study cellular events such as proliferation and apo-
ptosis during fracture repair. This model also can be used to
study the role of apoptosis in fracture healing in transgenic
mutants. Although there were many previous studies on cell
proliferation and apoptosis during fracture healing, the re-
ports were scattered. This study was designed specially to
further characterize the apoptosis occurring together with
cell proliferation at different time points during fracture
repair in a controlled animal experimental system.

Localization of cell proliferation was examined using
immunohistochemistry with PCNA monoclonal antibody,
which has been used and reported previously.”** Cell
proliferation appears to be a major cellular response at the
beginning of each cellular event (inflammation, chondro-
genesis, intramembranous, and endochondral ossification),
concurring with Iwaki et al.,”” who concluded that fracture
healing begins with cell proliferation. Thickening of the
periosteum and positive PCNA labeling of the periosteum in
this study (Fig. 2F) suggest that the periosteum functions in
mediating the initial cellular activities of fracture healing.
Such findings are supported by Nakahara et al.*" and Ozaki
et al.,®? who found that mesenchymal cells originated in
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FIG. 3. Representatives of the TUNEL labeling results. (A) Negative control of TUNEL labeling on rabbit peripheral nerve tissue. TUNEL-
labeled cells were rarely found. (B) When the nerve tissue was pretreated with DNAse I, extensive TUNEL labeling (dark blue) were seen. (C)
Some positive TUNEL-labeled cells (pink) were seen on day 2 in the periosteum near the fracture gap. (D) On day 4, TUNEL-labeled cells (pink)
were seen in the developing periosteal callus adjacent to the fracture site. (E) On day 8, more TUNEL-labeled cells (pink) were found in the newly
formed callus. (F-G) On day 16, as endochondral ossification spread and intramembranous ossification occurred, extensive TUNEL labelings
(pink cells) were found (F) at the surfaces of the newly formed callus and (G) in the cartilage region. (H and I) On day 24, as the newly formed
(H) woven bone remodeled into (I) mature lamellar bone, the number of the TUNEL-labeled cells (pink) was significantly reduced (panels A and
B, no counterstaining; panels C—I, counterstained with hematoxylin; original magnification, panel A, X100, and panels B-I, X400).

the periosteum, which appeared to be a source of cells
necessary for osteogenesis and chondrogenesis during frac-
ture repair. A significant level of cell proliferation, as re-
vealed by PCNA labeling, appeared first in the undifferen-
tiated mesenchymal cells and inflammatory cells at the
fractured edges (days 2-4), followed by a peak in cell
proliferation in primitive connective tissue and chondro-
cytes on day 8, and declined at later stages of fracture
healing (days 16—24; Table 1). Results of this study are in
accord with the proposed cell proliferation resulting from
the inflammatory reaction and callus formation. As Tonna
and Cronkite®® reported, a decline in cell proliferation was
evident when the chondroid callus was replaced with im-
mature osseous tissue (endochondral ossification).

The TUNEL technique is sensitive enough to detect the
few DNA-nicks accompanying the early stages of nuclear
condensation and thus is useful in highlighting cells in the
earliest stages of apoptosis. In this study, a morphological
approach could not be relied on because of the difficulty in
distinguishing between apoptosis and necrotic cell death at
light microscopy level. Although TUNEL labeling is sus-

ceptible to both positive and negative artifacts,®* there is
no better alternative method for quantifying single-cell apo-
ptosis in situ on histological sections at present. Transmis-
sion electron microscopy is the best approach to prove
apoptotic changes qualitatively but is subjective and labo-
rious and was not used in this study.

Apoptotic cells are so rapidly phagocytosed that identifi-
cation and quantification of apoptosis have proven difficult;
hence, the role of programmed cell death very often is
underestimated. In this study, the number of TUNEL-
positive cells in the callus areas was impressively high,
suggesting that the apoptosis is a significant event during
fracture repair. There is concern that the TUNEL method
might have slightly overestimated the true number of apo-
ptotic cells on decalcified bone paraffin sections because of
decalcification, paraffin embedding, and sectioning causing
false labeling. In this study, we have used paraffin-
embedded nerve tissue as a negative control for the TUNEL
staining and found no or minimal staining, as we expected.
In a methodological control, we treated the nerve tissue with
DNAse I to break the DNAs, and we found extensive
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FIG. 4. Plot showing comparison of cell proliferation and apoptosis
during fracture healing (days 2-24). Mean PCNA and TUNEL posi-
tively labeled cells per high-power field and SEs at different time points
were plotted. Cell proliferation peaked on day 8 (p < 0.05, compared
with the rest of the time points, Student’s r-test), and significantly
declined on day 16 and day 24, respectively. The number of TUNEL-
labeled cells significantly increased on day 8 (p < 0.05, Student’s r-test,
compared with day 2 and day 4), peaked on day 16 (p < 0.05,
compared with the rest of the time points, Student’s r-test), and de-
clined significantly (p < 0.05, Student’s r-test) on day 24 postfracture.

TUNEL labeling. These data suggest that the TUNEL
method used in this study was applied properly. Although
we cannot completely rule out the possibilities of artifacts
on TUNEL staining, one would expect the artifacts (if any)
would apply to all the tissues examined, creating a back-
ground level that would not prevent comparisons over time.
Therefore, the numbers of PCNA- or TUNEL-positive cells
are only relative representatives of the true numbers of cell
proliferation and apoptosis in the tissues studied in this
experimental system and cannot be used as a true estimate
or comparison with other systems.

The appearance of empty lacunae within the bone near
the line of fracture and positive TUNEL labeling (Figs. 2C
and 2I) are in accord with previous findings, indicating
programmed cell death of osteocytes.*> Noble et al.®* first
described the apoptotic changes in lacunae osteocytes in
rapidly modeling and remodeling bone. TUNEL labeling
was minimal during the initial rise and peak of cell prolif-
eration (days 2-8), indicating little apoptosis during the
early phases of repair, which was confirmed by the contin-
uous rise of the total callus area during this period (Fig. 1).
Apoptotic cell death increased during the later stages of
repair and peaked at day 16 postfracture (Table 1 and Fig.
4), at which point the total callus area reached its peak and
started to drop, suggesting that apoptosis is present in tis-
sues that exhibit enhanced cellular proliferation and remod-
eling.®® Therefore, apoptosis may play an important role in
initiating callus remodeling during fracture healing. The
current findings correlate with Lee et al.® who concluded
that apoptotic cell death sharply increases as the fracture
heals. A significant increase in number of TUNEL-labeled
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cells was found together with a significant decrease in
PCNA-positive cells on day 16 postfracture, indicating that
apoptosis counterbalances the mass increase of newly
formed gap tissue necessary to unite the fracture ends.
Callus remodeling was active on day 16 postfracture, re-
sulting in a fall of the total callus area on day 24 postfrac-
ture. In a study of the developing adrenal cortex, Wyllie!'>
highlighted apoptosis as being active in balancing most of
the mitotic cells. However, the upsurge of apoptosis after
cell proliferation was short-lived, decreasing sharply on day
24 postfracture. The peak of apoptotic cell death (day 16)
after the peak of cell proliferation (day 8) is possibly a result
of the potential osteogenetic cells that invade the fracture
site exceeding the number necessary for repair, and, thus,
apoptosis functions to eliminate superfluous cells and trig-
gers the callus remodeling process.

Such observations raise the further question of whether
the increased levels of apoptosis are associated with fracture
healing especially callus remodeling or merely with the
increased level of cell numbers. In the present study, histo-
morphometric analysis demonstrated that the total callus
area increased to a maximum at day 16, when cell prolif-
eration was over the peak and apoptosis was at its peak. At
day 24 postfracture, there was a marked rise in the amount
of new bone, as a proportion of the total callus area. Taken
together, these data suggest apoptosis play a role in callus
remodeling. Apoptosis functions when death is part of an
organized tissue reaction as in embryogenesis,*” tissue
metamorphosis,®® and organogenesis.®*® Apoptosis does
not cause an inflammatory response and does not damage
adjacent cells, thus proving to be an appropriate mechanism
to eliminate cells at the fracture site without damage to
remaining cells.®* The occurrence of apoptosis following
cell proliferation at the fracture site supports the view that
apoptosis serves as a mechanism not only for controlling
cell numbers but also eliminating nonfunctional cells and
initiating callus remodeling. Removal of nonfunctional cell
types by apoptosis has been shown to prevent the develop-
ment of defective organisms,*” thus apoptotic cell death
participating during fracture healing may ensure complete
and unflawed union of the fracture ends. The dynamic
occurrence and disappearance of a mixture of fibrous tissue,
cartilage, woven bone and different degrees of tissue or
bone remodeling during fracture healing, explains the het-
erogeneous distribution of the PCNA and TUNEL labeling
in the different regions of the fracture callus at different
time points.

Recent studies"**'~** have provided evidence that sig-
naling systems, genetic determination, and common effector
pathways driven by specific proteases are shared by cell
proliferation and cell death.** The reliance on certain sig-
nals emphasizes the existence of a high turnover state in
which cell proliferation and cell death are likely to coexist,
with their relative quantities being determined by the sur-
rounding microenvironment. The inflammatory milieu at
the fracture site may be deprived of conditions necessary to
ensure cell survival in the regenerating tissue. The critical
choice for cells depends on additional considerations such
as the availability of growth factors and local mechanical
environment.*® The striking concurrence of cell prolifera-
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TABLE 1. SUMMARY OF CELL PROLIFERATION AND APOPTOSIS AFTER FRACTURE

Days after Cell proliferation labeling Apoptosis labeling

fracture Connective tissue Cartilage Callus Connective tissue Cartilage Callus
Day 2 ++ N/A N/A + N/A N/A
Day 4 ++ N/A ++ + N/A +
Day 8 +++ +++ +++ +4 + ++
Day 16 N/A ++ ++ N/A +++ +++
Day 24 N/A + + N/A + +

N/A, Not applicable; +, present; ++, strong; ++ -+, very strong.

tion and cell death throughout fracture healing in this study 8.
gives credibility to this view. Further knowledge on the
availability of certain cell types at a line of fracture and their
coordinated removal by apoptosis could result in better
prognosis of bone healing and provide a better insight to
bone disorders and disease states.

In conclusion, it is evident from this study that cell
proliferation and apoptosis, despite being two opposing
processes, are coupled events of fracture repair. The results
suggest that the occurrence of cell proliferation and apopto- 12
sis probably is under the influence of a common effector
pathway. An understanding of the cellular events and of the 13-
molecular pathways that govern the events during fracture
healing is important to the future advancement of fracture
treatment. 14
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