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Objective — Little is known about the contribution of apoptosis
to the formation of the regenerate in distraction osteogenesis.
This study investigated the role of apoptosis in the regulation of
osteogenesis in relation to mandibular distraction rate and
recovery time.

Methods — One hundred and twenty-nine 3-month rats
received unilateral mandibular ramus osteotomy and
distraction device placement. After 3-day latency, these were
distracted for 5 days. The slow group was distracted a total of
1 mm (0.2 mm/day), the moderate 2 mm (0.4 mm/day), the
rapid 3 mm (0.6 mm/day), and the sham was not distracted
(0.0 mm/day). Eight to nine rats from each group were killed at
6 (mid-distraction), 10 (early-consolidation), 24 (mid-
consolidation) and 38 (late-consolidation) days following
device placement. Baseline data were obtained from an
additional eight rats killed at day 3 (end of latency). Sagittal
sections (7 um) of the harvested hemi-mandibles were
embedded in paraffin, double-stained with the DeadEnd™
Colorimetric TUNEL system for apoptotic cells and tartrate-
resistant acid phosphatase for osteoclasts. Cell counts of
apoptotic cells and osteoclasts (apoptotic or otherwise) were
preformed at 40x magnification using a calibrated grid at the
middle regions of the caudal, central and rostral parts of the
distraction gap. Counting reproducibility was verified as <13%.
Results — Counts from all three regions were combined
because no significant regional difference was found. The
maijority of the fibrous matrix regenerate was seen at days 6
and 10 while osseous regenerate occurred mainly at days 24
and 38. Significantly higher levels of apoptotic activity were
seen at day 24. Apoptotic osteoclasts also peaked at day 24.



Liu et al. Apoptosis and mandibular distraction osteogenesis

Apoptotic cell numbers in the slow and moderate groups most
closely followed the pattern of the sham in which the apoptosis
activity peaked at days 10 or 24. However, those in the rapid

group showed delayed peaks at days 24 or 38.
Conclusions - The transition from fibrous to osseous

regenerate during mandibular distraction osteogenesis is

accompanied by an increase in cell clearance via apoptosis.

A slow to moderate distraction rate allows for the most typical

pattern of bone healing while a rapid rate prolongs the healing

process.

Key words: animal model; apoptosis; distraction
osteogenesis; mandible; rat

Introduction

Distraction osteogenesis has become a prevalent mean
to correct a variety of craniofacial abnormalities. This
innovative technique utilizes strain manipulations to
extend the potential of bone healing and regeneration
beyond its normal level thus stimulating the bone
formation. During distraction osteogenesis, new bone
forms and undergoes rapid remodeling through the
processes of the recruitment,
proliferation of osteogenic cells (1). On the contrary,
apoptosis or programmed cell death also contributes
greatly to the formation of the regenerate during
distraction osteogenesis (2-5). Apoptosis may govern
the removal of redundant callus and control the tissue
integrity of the regenerate (3).

Apoptosis is involved in most bone cell types inclu-
ding osteoprogenitors, fibroblasts, chondroblast, oste-
oblasts, osteoclasts and osteocytes (6-9). As an
important cellular mechanism, apoptosis has been
demonstrated in alveolar bones and periodontal liga-
ments during normal resorption and remodeling (9), in
response to stress-induced tissue changes such as
orthodontic tooth movement (8, 10, 11). Transforming
growth factor beta (TGF-f), fibroblast growth factor
(FGF) and osteoprotegerin are molecular signals found
to be important in these processes (12). During dis-
traction osteogenesis, mechanical loading is thought to
control tissue integrity by triggering apoptotic osteo-
blasts (13), and apoptotic activity positively relates to
the amount of distraction strain or rate (4).

Understanding how the factors driving distraction
(e.g. rate, thythm and time course) relate to apoptosis
during osteogenesis is crucial for improving osteodis-

differentiation and
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traction procedures. Possible applications include the
determination of the ideal distraction rate and consoli-
dation period, and the temporally specific use of cell
regulatory molecules (e.g. osteoprotegrin, TGF-fi and
FGF) in order to improve the bone regenerate quality,
enhance the natural healing qualities of bone and inhibit
chondrogenesis and fibrous union during distraction
osteogenesis. As a time-dependent event in bone healing
process, apoptosis may play different roles at specific
periods of distraction (e.g. latency, distraction, early,
middle or late consolidations). Few studies have been
carried out on the role of apoptosis in distraction osteo-
genesis, and its relation to distraction rate and consoli-
dation time. The purpose of the present study was to
examine associations between osteodistraction rate and
the prevalence of apoptotic cells at different time points.
Because apoptosis has been shown to vary in relation to
the quantitative and qualitative aspects of experimental
stimuli such as mechanical stress in vivo and in vitro
(2, 4, 10, 12), we hypothesize that apoptosis controls
local tissue turnover by the removal of redundant cells.
We further hypothesize that this function may be
impaired or delayed by a rapid distraction rate.

Materials and methods
Animal handling and specimen preparation

This study used mandibular specimens collected from
135 three-month male rats. These rats received our
standard mandibular distraction procedures, which
have been described previously (14-17). In summary,
the distraction device consists of a Leone jackscrew,
two Luhr L-shaped microplates and four microcortical
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Fig. 1. (A) Components of distraction device. a, Acrylic wafer; b, self-tapping micro screws; ¢, Mini-plate welded to a jack screw; d, jaw screw.
(B) The locations of the device placement (white dots) and distraction gap (hatched arca). The gap were divided into ventral (V), middle (M)
and dorsal (D) one-thirds. (C) The device in place during consolidation period.

self tapping screws (Fig. 1A). The anterior microplate
was secured to the body of the mandible and the pos-
terior one to the angle with an acrylic wafer as a sup-
port for the thin bone of the angle. After the device was
placed, an osteotomy was performed from the sigmoid
notch down to the inferior border between the two
plates by using a diamond bur with copious irrigation
(Fig. 1B). The muscle and skin incisions were closed in
layers after a complete osteotomy was confirmed by
activation the jackscrew. By convention, the surgery
day was day 0, and the latency period lasted 3 days.
Then, activation for mandibular distraction was per-
formed once a day for 5 days. The consolidation period
began at day 8, and terminated at day 38 (Fig. 1C).

These rats were randomly allocated into four groups,
differing in distraction rate: 0.0 mm (sham), 0.2 mm
(slow), 0.4 mm (moderate) and 0.6 mm (rapid),
respectively. Eight to nine rats in each group were fur-
ther randomized to sacrifice at the following four time
points: day 6 (mid-distraction), 10 (early consolidation),
24 (middle consolidation) and 38 (late consolidation).
After cardiac perfusion, harvested hemimandibles
were fixed in 10% neutral buffered formalin for 72 h,
decalcified by immersion in Immunocal and Decal-
Arrest (Decal Chemical Co., Tallman, NY, USA) for
2 days and 20 min, respectively. The completion of the
decalcification was checked by radiography. Finally, the
specimens were embedded in paraffin and sectioned
sagittally at the thickness of 7 um.

Immunohistochemical and histochemical stains

Apoptosis is most often identified by the terminal de-
oxynucleotidyl transferase (TdT) mediated dUTP-bio-
tin nick end labeling (TUNEL) method. This method is
very effective at identifying nuclear DNA fragmentation
associated with apoptosis. In addition, we combined
tartrate-resistant acid phosphatase (TRAP) stain with

the TUNEL, as a method for identifying osteoclasts. All
stains were only applied to distracted hemimandibles.

The DeadEnd"™ TUNEL  System
(Promega, Madison, WI, USA) was used to detect
apoptosis. Sections were deparaffinized in fresh xylene
and washed twice in 100% ethanol for 5 min. Then
rehydration was done with decreasing concentrations
of ethanol (100, 95, 85, 70 and 50%) for 3 min at each
time followed by immersion in 0.85% NaCl and
phosphate buffered saline (PBS) for 5 min each. The
slides were then fixed in 4% paraformaldehyde in PBS
for 15 min and washed in PBS twice for 5 min each
time. The permeabilization was then performed in
100 pul of a 20 ug/ml proteinase K solution for 15 min.
After a 5-min wash in PBS, the slides were repeatedly
fixed in 4% paraformaldehyde in PBS for 5 min. Equi-
libration in 100 ul equilibration buffer was done for
5 min following another PBS wash. Labeling was pre-
formed by adding 100 ul of TdT reaction mix to the
tissue sections on the slides. Plastic coverslips were

Colorimetric

used to ensure even distribution and incubation was
done for 60 min in a 37°C humidified chamber. The
reaction was stopped by immersing slides in 2x Stand-
ard Saline Citrate for 15 min followed by three con-
secutive 5-min PBS washes. Immersion in 3% hydrogen
peroxide for 3 min was done as the blocking step fol-
lowed by another triple wash in PBS. Streptavidin HRP
100 pl diluted 1:500 in PBS was then added followed by
30 min of incubation. A triple wash was then preformed
followed by the addition of 100 ul DAB that was pre-
pared immediately prior and allowed to incubate until a
light brown background developed. Finally the slides
were washed by immersing several times in deionized
water. The positive control sections were treated with
DNase I (Promega) prior to TUNEL staining, and the
TdT was replaced by PBS for the negative controls.

To demonstrate the presence of osteoclasts, TRAP
activity was shown using the protocol previously
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described (8, 18). Slides were preincubated in 0.2 M
Tris Buffer (pH 9.0) at 37°C for 1 h. Then, 5 ml para-
rosaniline stock solution was added to 0.2 g of NaNO,
dissolved in 5 ml distilled water and mixed for 2 min
(hexazotization). This solution was then added to
115 ml of 0.1 M acetate buffer followed by the addition
of 0.287 g of sodium tartrate. 0.04 g of Naphthol-AS-TR
phosphate was dissolved in 2 ml of dimethylformamide
and this was added to the hexazotized pararosaniline-
acetate buffer solution. The pH was adjusted to 5.0 with
the addition of 4 N NaOH. The solution was immedi-
ately filtered into a glass dish for staining and the slides
were incubated for 30 min at 37°C. The slides were
rinsed with distilled water and allowed to air dry.
Finally, the slides were counterstained with methyl
green for 3-4 min followed by washing four times for
2 min in distilled water and then air drying. The slides
were then dipped and agitated in a citrus-based clear-
ing solvent and covered with VectaMount coverslips.

Image capturing and processing

Light microscopic photographic images were captured,
optimized, and saved using a Spot RT camera running
MetaVue software (Universal Imaging Co., Downing-
town, PA, USA) under a Nikon Eclipse E400 light
microscope (Nikon Co., Tokyo, Japan). A 1x image was
first acquired for each hemimandible to show the entire
distraction gap and adjacent bones. The three regions
were selected from the dorsal, middle and ventral thirds
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of the distraction gap (Fig. 2A). Each region was further
captured separately at 4x (Fig. 2B). The central portion
from each 4x image was further captured using a 40x
lens (Fig. 2C) to ensure that the leading edge of the most
novel cellular activity was included, because previously
reported distraction studies have shown the middle
region of regenerate to have the most cellular activity,
the most TUNEL positive cells and the most mesen-
chymal progenitor cells (19, 20). The 60x images were
also captured for the purpose of confirming morpho-
logical characteristics of apoptotic activity (Fig. 2D).

Regenerate classification

Each regenerate region was classified by the stage/tvpe
of ossification according to the major cell types and
tissue components it contained, using a code system as
follows: 1) hematoma; 2) fibrous; 3) mixed; 4) cartila-
ginous; 5) osseous.

Cell counting and statistical analysis

At the time of image capture, two 40x images were
saved: one for general assessment and one with a cal-
ibrated grid for cell counting. A grid of 27 vertical lines
and 20 horizontal lines was applied to the 115 mm?
field creating 588 boxes of dimension 14 ym” and 567
total intersections (Fig. 3A).

Apoptotic osteoblasts, fibroblasts, mesenchymal cells
and other cells were counted at the grid intersections

Fig. 2. (A) A 1x image of a specimen, the
red boxes represent the areas that were
captured as 4x images. (B) A 4x image of
the dorsal part of A. The dotted lines
approximate the osteotomy borders and the
box indicates where the 40x image was
captured. (C) A 40x image from the box of B.
(D) A 60x image taken to confirm the 40x
image results by showing morphological
indications of apoptosis. The circled are
TUNEL+ cells. Note the dark brown stain.
The squares show cells that were stained
lightly brown but were not counted. The
arrows indicate small apoptotic bodies.



Fig. 3. (A) A 27 % 20 gird was superimposed
on a 40x image. A TUNEL-positive cell was
only counted when it locates at the inter-
section of the grid (solid arrows). However,
Osteoclasts were counted without grid con-
sideration because of their size overlapping
multiple grid intersection sites as two empty
arrows indicate. (B) TUNEL+ (circled) oste-
oprogenitor cells (regenerate formers) were
counted. They are typically 4-6 ym in
diameter, rounded to ovoid and dark brown
in color. Cells in light brown or dark green
(squared) were considered TUNEL- without
counting, The solid and empty arrows indi-
cate an apoptotic body and a TUNEL-
osteoclast, respectively. (C) The large and
small circles indicate TUNEL/TRAP double
positive staining apoptotic osteoclasts with
multi- and mono-nuclei, respectively. The
square indicates a TUNEL- osteoclast. Solid
arrows indicate pyknotic nuclei. Condensed
and marginating chromatin is indicated by
the empty arrow pointing to the smaller
mononuclear osteoclast.

only. These potential osteoprogenitor cells were typic-
ally 4-6 ym in diameter, rounded to ovoid and dark
brown in color (Fig. 3B). Cells whose outer margins
touched the point of intersection were considered as
being at the intersection as were cells that had the grid
intersection transposed directly over any part of the cell
body. However, apoptotic and non-apoptotic osteoclasts
were counted without the grid consideration (Fig. 3C).

For both osteoprogenitor cells and osteoclasts, con-
densed chromatin, pyknotic nuclei and chromatin
margination were considered signs of apoptosis when
present with dark brown staining, whereas light brown
staining was ignored as it is most likely evidence of the
TUNEL stain binding to naturally occurring 3-OH ends
(Fig. 2D and 3B). Furthermore, light and diffuse pink
staining without clear cell borders was also ignored
because it is most likely a result of acid phosphotase
diffusing outside of an osteoclast (Fig. 3C).

Cell counting was preformed manually and a repro-
ducibility error of <13% was established by recounting
25 randomly selected images. These counts were then
compared with the original counts with Dahlberg’s
equation (VXd“/2n) where d is the difference in the
count totals of the selected samples and n is the
number of samples used, 25 in this case (21). To reduce
the number of false positives in sampling slides,
apoptotic cells in each negative control slide were
counted in the same way, and this number was sub-
tracted from the corresponding sampling slide.

Liu et al. Apoptosis and mandibular distraction osteogenesis

Preliminary statistical analysis did not show regional
difference, thus counts from the three selected regions
(dorsal, middle and ventral) were combined. Both
apoptotic and non-apoptotic osteoclasts were com-
bined as well. Non-parametric statistics was applied as
the data distributed abnormally. The mean ranks were
compared across time by Kruskall Wallis test, followed
by Mann-Whitney test for pairwise comparisons
between each two time points. Significance level was
set at p < 0.05.

Results
General examination and types of ossification

Of the original sample of 147 rats, six died from com-
plications involved with the procedure and six of the
surviving rats did not produce adequate micro-sections
for examination. While the vast majority of the slides
were easily discernable, others had to be examined
more closely for determining regenerate margins with
original bone, orientation (i.e. dorsal vs. ventral) and
the central regenerate zone especially for late day
samples. In a few cases the regenerate was separated
from the proximal bone which made it easy to identify
but raised questions as to the integrity of the regener-
ate. Despite these, the majority of the slides showed a
clear demarcation between regenerate and originally
adjacent bones and the dorso-ventral position was

Orthad Craniofacial Res 8, 2005/41-51 | 45
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Table 1. Classifications of the regenerates at five time points

Time n Hematoma Fibrous Mixed Cartilatious Osseous
Day3 8 8 (100%) 0 0 0 0

Day 6 81 26 (83.9%) 5 (16.1%) 0 0 0

Day 10 31 0 26 (83.9%) 3(9.7%) 2 (6.4%) 0

Day 24 33 0 12 (36.4%) 8 (24.2%) 8 (24.2% 4(12.1%)
Day 38 32 0 11 (34.4%) 4 (12.55) 2 (6.3%) 15 (46.9%)
Total 135 34 (25.2%) 54 (40.0%) 15 (11.1%) 12 (8.9%) 19 (14.1%)

Fig. 4. (A) A 6-day distraction gap showing
extensive hematoma. The fibrin clot and the
beginning of the fibrous matrix can be seen
in the extensively brown region (arrows).
(B) A 10-day distraction gap showing fibro-
blasts that are apoptotic (arrows) and
embedded in the wavy fibrous matrix.

(C) A 24-day distraction gap showing intra-

determined by either the condyle or the device place-
ment holes (located ventrally). Therefore, we were able
to clarify the types of ossification in the regenerate at
4x with 40x used only to confirm.

Osseous and fibrous regenerate types were classified
alone and in combination with each other and with
chondrogenesis. The regenerate classification types
varied greatly across different time points (Table 1).
However, the distraction rates seemed to have less
impact on this qualitative count (data not shown). All
day 3 samples showed hematoma. Day 6 mainly pre-
sented hematoma (83.9%) with fibrin clot/edema sur-
rounded by a pool of cells and embedded in the
beginnings of a wavy fibrous background (Fig. 4A). Day
10 appeared similar but the collagen fibers were gen-
erally more distinct and organized, and aligned in the
direction of the force vector. Various cells, presumably
fibroblasts or pre-fibroblasts, were seen. These cells
were embedded within fibers and in between fibers
(Fig. 4B), thus this kind of regenerate was classified
fibrous (83.9%). In a few cases, a small number of
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membranous ossification. Marrow spaces
are shown where the heavy apoptotic activ-
ities occur (arrows). (D) A 38-day distraction
gap showing progressive bone corticalization
and remodeling (continuous sheet of lamel-
lar bone). The circles and squares indicate
small and round osteacytes in their lacunae
with TUNEL+ and TUNEL- stains, respect-
ively. Empty arrows indicate osteoclasts
aligning along the boarder of the bone
marrow.

islands of osseous tissue were seen. Day 24 was fibro-
osseous for the most part with delicate islands of tra-
beculae that started at the margin with original bone
and grew towards the center of the regenerate (Fig. 4C).
Day 38 was often a continuous sheet of lamellar bone
with osteocytes (46.9%) in lacunae and various cell
types including osteoclasts in marrow spaces (Fig. 4D).

At both early and late time points, chondrogenesis
(cartilaginous) occurred in some specimens, which was
most often seen in combination with fibrous and/or
osseous regenerate and appeared as an isolated island.
The screw holes were sometimes non-geometric in
shape and had a cellular presence similar to that in the
regenerating bone, indicating a small degree of
mobility in all directions (visible at 1x) of the device
and compensatory bone remodeling.

Apoptotic activities

Apoptosis was readily observed in almost every sample.
The majority of apoptotic cells were seen against a
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Fig. 5. (A) A 24-day regenerate showing the transition from fibrous to osseous and peak of apoptotic activities. The arrows indicate osteocytes.
The regenerate is clearly half fibrous and half osseous. The majority of the apoptotic activity is occurring in the fibrous region. Again, the
apoptotic cells are embedded in the wavy fibrous matrix. (B) Active osteoclast activities at the bone surfaces and within marrow spaces. The
circles indicate osteoclasts that are adjacent to bone surfaces and appear to be trapping other cell from their proximity (arrow). The bone
surfaces without osteoclast presence show elongated brown cellular material (rectangular). The square indicates osteoclast presence in a bone
marrow. (C) An osteoclast in bone marrow shows phagocytosis. The arrow points to a cell that is completely within an engulfing osteoclast. (D)
The original bone adjacent to the distraction gap showing apoptotic (circles) and non-apoptotic (squares) osteacytes.

fibrous background in both fibrous and fibro-osseous
sections. A large quantity of apoptotic cells were seen at
the margins of newly formed bone and within marrow
spaces (Fig. 5A). Osteoclasts were also seen most fre-
quently in these locations (Fig. 5B) and were observed
actively phagocytosing apoptotic cells (Fig. 5C). Apop-
totic osteocytes were also seen, particularly in the
original bone adjacent to the osteotomy and in 38-day
intramembraneous regenerate bone (Fig. 5D).

Figure 6 shows apoptotic activities of ‘regenerate
formers’, chondrocytes and osteoclasts across four time
points when all rates were combined. TUNEL+ cells in
the regenerate peaked at day 24 significantly for
‘regenerate formers’ (p < 0.05, Fig. 6A), chondrocytes
(p < 0.01, Fig. 6B) compared with the other three time
points (6, 10 and 38 days). There is also a clear trend
that both apoptotic osteoclasts and total osteoclasts
(apoptotic and non-apoptotic) peaked at day 24
although no statistical significance was found (Fig. 6C
and D).

To further examine the effects of different distraction
rates, the time-course apoptotic activities of ‘regenerate
formers” at each rate were examined and the results are
shown in Fig. 7. The peak of apoptosis varied greatly
dependent upon the rates. The apoptotic activity of the

sham rate surpassed the baseline (day 3) at day 10
(peak) and lasted till day 24, then dropped down to a
level close to the baseline. This time-course curve
shifted right when the slow rate was applied, showing a
significant peak at day 24 (p < 0.05), instead of day 10.
The time-course curve of the moderate rate was similar
to the sham that spread out over the 10- and 24-day
time periods with much higher TUNEL+ cell counts
compared to the sham (median: ~60 versus ~40), and
was down to the similar level of the baseline at day 38.
At the rapid rate, the time period with higher counts of
TUNEL+ cells further extended to day 38 and reached a
peak at this time point.

Discussion

This study was preformed as a part of a larger study
that has used rats to study distraction osteogenesis in a
way that allows the larger sample size and produces
appropriate statistical power to characterize the prop-
erties of the regenerates and the mechanisms of cel-
lular regulations by different distraction rates and time
points. If it is found, as published elsewhere (22-24),
that a slow or moderate rate of distraction promotes
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the most effective bone regeneration sequence with
regards to apoptosis, osteoclast activity, etc., it may
provide strong evidence to guide an appropriate clin-
ical application of the distraction and to induce poss-
ible timely intervention, such as growth factors, to
expedite the regenerating process. While considera-
tions must be made with regard to the differences
between the models and between the protocols, overall
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the rates. See Fig. 6 for all captions.

patterns of regeneration and cellular mechanisms like
apoptosis and osteoclast activities can be observed,
analyzed and translated in a similar manner.

The reliability of the current method for in vive
staining to identify cell death has been questioned (3).
It has been said to be hyper-sensitive resulting in
overestimation of apoptotic activity (25). Other studies
using this method have noted this possibility but have



insisted that despite its deficiencies as a true measure
of apoptosis, the data provided can still be informative
when viewed as relative rates (8). Homeostatic negative
controls (peripheral nerve and brain) as well as intact
cortical bone negative controls in other studies have
showed little positive TUNEL staining indicating that
apoptosis staining can reliably reflect the cell death
situation of a given tissue (26). As only very few or no
TUNEL+ cells were found in the negative-control slides,
the present results confirmed the effectiveness of
TUNEL staining as an indicator of relative rates by
counting only cells that stained dark brown and had
histologic indication of apoptosis i.e. pyknotic chro-
matin, disrupted membrane, apoptotic bodies, sphe-
roidal appearance, etc., and by subtracting any counts
from corresponding negative controls. Therefore, we
were able to reduce the number of false positives cre-
ated by light brown staining of diffuse and naturally
occurring 3'-OH ends.

The regenerate and its time-course sequence in the
present study showed ultrastructural and histological
similarities to what are considered typical in distraction
osteogenesis (27). After the latency period, a fibrin clot
formed with mesenchymal cells at margins. After dis-
traction, this was replaced by granulation tissue and
proliferating mesenchyme-like cells. Apoptotic fibro-
blast-like cells embedded in wavy collagen fibers were
seen adjacent to the original bone at day 10 and 24, and
woven delicate trabeculae grew in the direction of
tension and gradually mineralized. All of these
descriptions coincide with what was seen in other large
animal studies (4, 5, 27).

A previous study showed that the regenerate at day 6
and 10 had a significant decrease in bone density while
day 24 and 38 samples had slightly increased bone
density over the control side (22). Furthermore, the
sequential histomorphometric analysis of mineral
apposition rate (24), fractal analysis (28) and trabecular
organization analysis (23) in the regenerate demon-
strated consistently that the activity of bone formation
peaked at day 24. This suggests that the peaks in
apoptosis and osteoclast activity at day 24 contribute to
the rapid increase in bone formation and remodeling
which occur simultaneously during distraction osteo-
genesis (13, 29). Therefore, day 24 may be the time that
marks the transition of the regenerate from fibrous to
osseous. Being most often a fibto-osseous mix, the day-
24 regenerate in the present study possessed 1) a high
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proportion of areas with fibrous background; 2) a large
number of marrow spaces; 3) a greater surface area of
bone margins due to the irregular extensions of the
newly formed trabeculae; 4) the greatest presence of
osteoclasts; 5) the highest occurrence of isolated car-
tilage island. These five factors led to apoptotic activity
peaking at this time point.

The previous study also indicated that slow and
moderate distraction rates led to the regenerate with
the stronger biomechanical and histological properties,
while having similar bone density readings to rapidly
distracted specimens (30). The present study showed
the most characteristic pattern of apoptotic and oste-
oclast activities in these rate groups. Therefore, slow
and moderate rates are associated with the regenerate
that is more mechanically desirable, and this structural
improvement is not related to bone density but more
likely is a result of a more organized bone. Such an
improved organization comes from the efficiency of the
cellular processes involved in remodeling. This effi-
ciency in the case of apoptosis and osteoclast activity
appears to peak in day 24 (middle consolidation) when
a slow or moderate distraction rate is applied. One
possible explanation for this correlation is the
improved neovascularization of the fibrous zone seen
with slow or moderate distraction. More angiogenesis
results in more efficient delivery and dispersal of bone
repair cells as well as chemical signals like insulin-like
growth factor -1 (IGF-1) and fibroblast growth factor -2
(FGF-2) that have been shown to have a positive
influence on consolidation and thus are likely to play a
role in controlling apoptosis and osteoclast presence
and activity (31, 32). Basic fibroblast growth factor (b-
FGF) has been shown to be prevalent in the remodeling
phase of distraction osteogenesis and especially in
active osteoclasts (33). It is thought that b-FGF is stored
in the matrix and released in cases of bone fracture.
Clearly, b-FGF whether released from damaged bone or
apoptotic cells, is an essential molecular mechanism
for controlling regenerate integrity by regulating the
actions of osteoclasts (34). The TGF-f has been shown
to be prevalent in the osteoid seam and is known to
cause apoptosis of osteoclasts (35). The osteoid seam,
being near the first zone of regenerate bone to be
completed, may be releasing TGF-f locally so that
osteoclasts will self-terminate or decrease their activity
when they are no longer needed. The b-FGF which
stains heavily in the fibrous stroma of the regenerate,
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may be activating osteoclasts and bone forming cells to
form and remodel bone at the leading edge. Immu-
nohistochemical analyses for these factors have been
performed on regenerate bones that exhibited intra-
membranous ossification and rare sites of cartilaginous
metaplasia similar to the present samples.

Osteoclasts recruited for orthodontic tooth move-
ment have been shown to be cleared by apoptosis that
is at its greatest levels within marrow spaces and on
bone borders (8, 12). This phenomenon was also
observed in the present study. As the morphology of
the regenerate produced at day 24 by the slow and
moderate rates was such that marrow spaces and bone
borders were maximized, it elevates apoptosis and
osteoclasts. Because apoptosis and osteoclast activity
are integral in creating a regenerate that shows well
organized and mechanically optimal, we speculate that
chemical or biological signals may be added or
removed to strengthen or improve the cellular process
occurring at day 24 (mid-consolidation).

Osteoclasts are multinucleated cells derived from
granulocyte-monocyte stem cells located in hemato-
poietic bone marrow. It has been suggested that osteo-
clasts are attracted to resorption sites by signals
released from dying bone cell (9, 36). It has been pro-
ven that endothelial monocyte activating polypeptide II
(EMAP II) released from apoptotic cells attracts macr-
ophages and a similar mechanism is likely to exist in
osteoclasts. The present observation that apoptosis
and osteoclast activity peak at the same time suggests
that osteoclasts are at least partly responsible for
apoptotic cell clearance (20). In the periodontal liga-
ment space on the compressed side during orthodontic
tooth movement, a peak in apoptosis was shown to be
directly followed by high osteoclast activity and a
sudden reduction in apoptotic material (11). It is
thus intuitive that osteoclasts in the regenerate play a
similar role as cell clearance specialists to remove
apoptotic cells (5, 37). In this study elongated TUNEL-
positive cells or bodies were seen in marrow spaces
trapped between bone margins and TRAP+ cells.
Elongated TRAP+ cells were also seen surrounding
TUNEL+ cells that lined bone margins and marrow
spaces. The elongation of TRAP+ cells may represent a
morphological reaction to the high chemical gradient
at the bone margins that controls remodeling and
phagocytosis of the apoptotic material lining the bone
(9). The elongated TUNEL+ cells or bodies may be
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conglomerations of apoptotic bone forming cells, or
the remains of osteoclasts that have removed the
apoptotic material and have gone through apoptosis
themselves thus producing no acid phosphatase and
consequently no TRAP staining.

Conclusions

1. Apoptosis in mandibular distraction osteogenesis is
characterized by a temporal peak at day 24, defined
as mid-consolidation period.

2. Osteoclast activity, both apoptotic or otherwise, also
peaks at mid-consolidation during distraction osteo-
genesis.

3. Renenerate composition transitions from fibrous to
osseous with a timing that coincides with the peak
in apoptotic and osteoclast activity.

4. A slow to moderate distraction rate promises the
most typical pattern of bone healing while a rapid
rate prolongs the healing process.

5. Increased distraction rate shows a positive correla-
tion with increased apoptotic activity.
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