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Abstract. Osteocyte apoptosis caused by load-induced
microdamage is followed by osteoclastic bone remod-
eling, and a causal link between apoptosis and repair has
been suggested. The objectives of the present study were
to use a chick model to examine the incidence of oste-
ocyte apoptosis and the presence of osteoclasts during
the first 96 hours following an osteotomy, prior to
extensive callus mineralization. Osteotomies were per-
formed on the right radii of 24 chicks at 23–24 days of
age. The left radii served as controls. Radii were col-
lected and processed at six time points following surgery
(0, 12, 24, 48, 72, and 96 hours). Decalcified bone tissue
sections were stained either for apoptosis using a mod-
ified TUNEL procedure or for tartrate-resistant acid
phosphatase to identify osteoclasts in the intracortical
and periosteal envelopes. The percentage of apoptotic
osteocytes, as well as osteoclast counts (n/mm or n/mm2)
were quantified in four regions (0–1, 1–2, 2–4, and 4–8
mm from the site of the osteotomy; regions 1–4,
respectively) in the osteotomized radii and in the same
measured areas in the control radii. Data for osteocyte
apoptosis and osteoclasts in the control limb were sub-
tracted from the osteotomized limb data to identify
differences due to surgical influence. The incidence of
osteocyte apoptosis was significantly higher at 12, 24,
48, and 72 hours versus 0 hours following osteotomy,
and the response was highest in region 1; however, there
was no interaction between time and region. Intracor-
tical osteoclast counts (n/mm2) were elevated after 48
hours, and the response was similar in all regions. The
data demonstrate that osteocyte apoptosis occurs within
24 hours in response to an osteotomy and temporally
precedes an increase in osteoclast presence. Hence,
osteocyte apoptosis may play a role in signaling during
the bone healing process.
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Fracture healing consists of complex cellular and inter-
cellular responses, which control and mediate the repair
process. Thousands of genes, both known and novel, are
activated during the fracture healing process [1]. An
increased understanding of the factors regulating bone
repair at the cellular level will provide opportunities to
influence the healing process. The general functions of
most bone cells in bone repair are understood; however,
the contribution of osteocytes to bone healing has not
been extensively examined.
Osteocytes are the most plentiful cell in skeletal tissue

[2], and until recently it was believed that they were
relatively dormant. Osteocyte response to various
mechanical stimuli has been demonstrated both in vivo
and in vitro.Mechanical loads in vivo have increased the
number of osteocytes expressing messenger RNA for
osteopontin [3] and insulin-like growth factor I [4], as
well as the number of osteocytes with prostaglandin
endoperoxide H synthases 1 and 2 [5]. Cultured osteo-
cytes increased release of prostaglandin E2 [6, 7] and
nitric oxide [8, 9] when stimulated mechanically.
Osteocytes also respond to hormonal influence. Estro-
gen withdrawal, via ovariectomy, resulted in an
increased incidence of osteocyte apoptosis in rat cortical
and trabecular bone but was prevented by estrogen
replacement [10].
Cell apoptosis was described by Kerr et al. [11] as a

type of regulated cell death. Osteocyte apoptosis has
been observed in sites of bone turnover, such as in tissue
of young mice, rats, and hamsters near areas where bone
is being resorbed [12]. Regions of bone turnover in hu-
man infant bones contained apoptotic osteocytes [13,
14], whereas regions in adult bones without bone turn-
over contained very few [13]. Osteocyte apoptosis has
also been observed following fatigue load-induced mi-
crodamage [15, 16] and prior to intracortical remodeling
[16], and the authors hypothesized that the cells are di-
rectly involved in microdamage repair. It is thus possible
that osteocyte apoptosis is directly involved in bone
fracture repair.
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A chick model for bone repair was utilized in the
present study to explore the involvement of osteocytes in
bone healing by examining the temporal events of oste-
ocyte apoptosis and the appearance of osteoclasts during
the first 96 hours following osteotomy. The short time
frame of the study was based on a previous study using
peripheral quantitative computed tomography (pQCT),
where rapid formation of a mineralized callus following
right radial midshaft osteotomy in a 24–day-old chick
model was observed. Cortical bone mineral content and
area of the developing callus increased approximately
100% at 5–10 days postsurgery, beginning approximately
4–5 days following osteotomy [17]. The objective of the
present study was to determine cellular response (oste-
ocyte apoptosis and osteoclast presence) prior to exten-
sive callus mineralization; therefore, a 0–4 day time
period was chosen with tissue sampling at 0, 12, 24, 48,
72, and 96 hours following osteotomy. The sequences of
appearance of apoptotic osteocytes and osteoclasts were
determined in four regions extending 0–8 mm away from
the osteotomy site using histological sections. Based on
the work of Verborgt et al. [15] and Noble et al. [16], it
was hypothesized that the incidence of osteocyte apop-
tosis would be elevated within 24 hours of osteotomy and
that this would be followed by an increase in the number
of osteoclasts.

Materials and Methods

Animals

The study was conducted in two stages, approximately 2
months apart. For each stage, newly hatched male white
Leghorn chicks (Hy-Line W36, n = 50 for the first stage and
30 for the second stage; Hy-Line International, Spencer, IA)
were used. They were placed into a heated battery brooder
with raised wire floors and provided feed (University of Wis-
consin Chick Mash) and water ad libitum. Chicks were pro-
vided a constant lighting program (24 hours light:0 hours
dark) for the first 3–4 days and then switched to a 12 hours
light:12 hours dark program to entrain circadian rhythms. All
animal procedures were approved by the University of Wis-
consin-Madison College of Agriculture and Life Sciences
Animal Care and Use Committee.
For each of the two stages, chicks were weighed at 22 days

of age, and 12 chicks were randomly chosen for surgery from a
group of birds with similar body weights. Surgeries at each
stage occurred over 2 days (six birds/day). On each day, a
group of six birds (23 or 24 days old) was fasted (2–4 hours)
and weighed prior to surgery (mean ± standard deviation
[SD] 198 ± 6 g, n = 24). Osteotomies were performed on the
midshaft of the right radii of 24 chicks, six chicks per day, 2
days for each stage. The left radii were left untouched to serve
as controls.
Butorphanol (2 mg/kg, 0.04 mL intramuscular [IM]) was

administered prior to anesthesia for preemptive analgesia.
Normal surgical procedures were used. A Dremel� tool
(Robert Basch Tool Corporation, Racine, WI) with a cutting
wheel (#20, 1 mm thick, 7 mm diameter) was used to cut most
of the way through the radius (<1 second). The last segment
was severed using scissors in order to avoid soft tissue damage.
The osteotomized bone was aligned axially, and the skin was
closed. Fixation was not used in order to mimic the previous

study where it would have interfered with pQCT scans [17].
Hence, interfragmentary displacement caused an overlap of
osteotomized ends. The ulna was left intact to provide an
internal splint and thus minimize pain. Both wings were placed
in figure-eight bandages postoperatively so that any effect of
wing immobilization on apoptosis would also be accounted for
in the control radii. Bandages were left on for approximately
48 hours. Hematomas, present during the initial phase of
fracture healing, were observed but not measured or moni-
tored. Birds were put into separate pens within the battery
brooder following surgery to prevent collateral damage of the
surgery site. Placement in the battery was in a manner that
allowed visual contact in order to minimize isolation stress.
Butorphanol (2 mg/kg, 0.04 mL IM) was administered for

analgesia at 4 and 8 hours following surgery. Birds were
monitored for pain following the surgery every 3–4 hours and
scored using a numerical rating scoring (NRS) method
(Table 1) adapted from that used for pigeon studies (J. Paul-
Murphy, unpublished data). The NRS method, along with
subjective observations, was used to determine if additional
pain medication was required (if NRS scores were >5).
Additional pain medication was not required, based on NRS
scores of 0 or 1. After two observation periods without med-
ication had passed, birds were returned to a once-daily
observation schedule. All birds received the same amount of
butorphanol, except those killed at 0 hours.
Birds were killed at six time points following surgery using

Beuthanasia� (Schering-Plough Animal Health Corp., Union,
NJ) (0.1 ml intravenous [IV], containing 390 mg/mL pentobar-
bital and 50 mg/ml phenytoin): 0, 12, 24, 48, 72, and 96 hours.
These time points allowed tissue collection prior to extensive
callusmineralization [17].Osteotomized radii were collected and
the distal radial fragments kept for analysis. A 1–2 mm piece of
the proximal fragment, includingmuscle tissue,was left attached
to the distal fragment in order to reduce disruption of the oste-
otomy site. For each bird, the control radius was cut at the same
measured location as the osteotomized radius in order to mini-
mize site-specific variation between the osteotomized and con-
trol radii.

Tissue Processing

Radial fragments were processed according to recommenda-
tions by Hao et al. [18]. Bone tissue fragments were placed
into cold Zamboni�s fixing solution [19] (phosphate-buffered
paraformaldehyde and picric acid, pH 7.3) for 24–48 hours
(4�C). The bone tissues were then placed individually into
tissue cassettes, suspended in a 20% ethylenediaminetetra-
acetic acid (EDTA)-5% sucrose-0.1M Tris solution for
decalcification. Samples were kept at 4�C and agitated during
decalcification. EDTA solution was changed every 2–3 days.
Decalcification took 6–7 days and was confirmed using
radiography (26 kVp for 2 minutes; Hewlett-Packard Faxi-
tron model 43855A, McMinnville, OR). Following decalcifi-
cation, bone tissues were placed into phosphate-buffered
saline (PBS) for at least 2 hours and then transferred to a
30% sucrose/PBS solution for storage (4�C) prior to cryo-
sectioning and analysis.
Longitudinal sections (10 lm) from the control and osteo-

tomized radii were obtained using a cryostat (Microm Vacu-
tome HM500 Micron International GmbH, Walldorf,
Germany). Two sections were placed on each slide (ProbeOnTM

Plus; Fisher Scientific, Pittsburgh, PA). Slides were dried and
stored until staining.
Following staining for apoptosis and tartrate-resistant acid

phosphatase (TRAP) (described below), sections were exam-
ined using a Nikon (Tokyo, Japan) Eclipse E600 microscope
connected to a Sony (Tokyo, Japan) color video camera
(3CCD DSP, model DXC-390). Fields of view were saved, and
cell counts and bone tissue areas were analyzed using Scion
Image for Windows software (Scion, Frederick, MD; release
Beta 4.0.2). All analyses were completed by one investigator
(W.D.C.).

328 W. D. Clark et al.: Osteocyte Apoptosis after Radial Osteotomy in Chicks



A previous osteotomy study estimated that the maximum
callus length of the healing radius was 15 mm [17]. Therefore,
approximately half of this length was selected for analysis in
the distal radial fragments in this study. Data were collected
from four regions extending away from the osteotomy site (or
dissection cut in the control radii). The regions of measure-
ment were set as: 0–1, 1–2, 2–4, and 4–8 mm from the oste-
otomy site (regions 1–4, respectively, Fig. 1).

Staining for Apoptosis

A modified terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) pro-
cedure was used to stain sections for apoptotic osteocytes. The
TdT-FragEL� DNA Fragmentation Detection Kit (Oncogene

Research Products, Boston, MA) was used to stain two slides
per radius for apoptosis. The kit used terminal deoxynucleot-
idyl transferase (TdT) to attach biotin-labeled and unlabeled
nucleotides to the DNA fragments, which are present during
cell apoptosis. A streptavidin-horseradish peroxidase conju-
gate was used in conjunction with diaminobenzidine to give the
reaction an insoluble color precipitate. Cells positive for
apoptosis stain brown. Staining procedures for negative con-
trols eliminated the TdT enzyme during the labeling step.
Positive control slides from the kit were also used.
The kit directions were followed with the following modi-

fications. PBS was used instead of Tris-buffered saline for the
rehydration and rinsing/soaking steps. The labeling mixture
was used to dilute the TdT enzyme an additional 1:16 in order
to reduce background staining, as recommended by the man-
ufacturer. The incubation step with the blocking buffer was

Table 1. Numerical rating scoring (NRS) method for pain determination in chicksa–c

Observation Score Criteria

Eyes 0 Open, alert
1 Partially closed
2 Closed

Activity 0 Walking/preening or other body movements
1 No activity

Posture 0 Standing or sitting upright
1 Sitting on hocks
2 Crouched or hunched up

Appetite 0 Observed eating, or evidence of recent eating
2 No evidence of eating

Appearance 0 Well groomed, not fluffed (feathers)
1 Slightly fluffed
2 Not well groomed, feathers fluffed out

Shivering 0 Not shivering
2 Intermittent shivering
4 Constant shivering

Attitude 0 Alert, responsive
2 Slightly depressed, less responsive
4 Depressed, unresponsive

Total score

a Adapted from method used for pigeons by J. Paul-Murphy, School of Veterinary Medicine, University of Wisconsin-Madison
b Postoperative pain assessments in the present study resulted in scores of 0 in all chicks except two. These two chicks scored a total
of 1 at the 8-hour postoperative check as they were observed to be sitting on their hocks
c Published with permission [38]

Fig. 1. Diagram of osteotomy and region sites where data
were sampled in longitudinal bone tissue sections. Regions
were measured and marked on the coverslips using a dissecting
microscope. For TUNEL-stained sections, regions 1 and 2
were sampled in their entirety (as many fields of view were

saved as necessary to include the whole region); in regions 3
and 4, six and four fields of view were randomly sampled,
respectively. For TRAP-stained sections, all regions were
sampled in their entirety. Published with permission [38].
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increased from 10 to 20 minutes and the incubation with di-
aminobenzidine reduced to 5 minutes to reduce the amount of
background staining. Erlich�s hematoxylin was used as the
counterstain rather than methyl green.
Data were obtained for TUNEL-positive osteocytes, total

osteocytes, and cortical bone areas at ·400 magnification
(empty lacunae were not counted). Data for each region were
summed, and the percentage of TUNEL-positive osteocytes
was calculated [(number of TUNEL-positive osteocytes/num-
ber of total osteocytes) * 100]. Data were collected from two
sections per radius and then averaged to give a single data
point for each of the regions within each radius.
Regions 1 and 2 were sampled in their entirety (fields of

view saved covered the whole region), and regions 3 and 4 were
subsampled. The number of fields of view to be subsampled
from regions 3 and 4 was determined by the moving average
method used by Vashishth et al. [20]. Data from regions 3 and
4 of six tissue sections (one osteotomized radius per time point)
were randomized (% TUNEL-positive osteocytes, n/mm2

TUNEL-positive osteocytes, and n/mm2 total osteocytes). A
running average was calculated (the mean kept incorporating
the next data point into the expanded data set). The stabil-
ization of these means indicated that six and four randomly
chosen fields of view would adequately represent regions 3 and
4, respectively.

TRAP Staining

TRAP staining was used to identify osteoclasts in the bone
tissue. Two slides per radius were stained for TRAP within a
week of cryosectioning, using methods described by Muir et al.
[21]. Briefly, slides were incubated for 2–3 hours (37�C) in a
reaction mixture containing naphthol AS-BI phosphate as the
substrate. Negative controls were stained using the same
solution without the substrate. Slides were counterstained
using alcian blue. TRAP-positive cells stained red.
Data were obtained for intracortical and periosteal osteo-

clast (TRAP-positive cells) counts using ·100 and ·200 mag-
nification. Periosteal lengths (mm) and cortical bone areas
(mm2) were measured using ·100 magnification. All regions
were examined in their entirety for osteoclast counting. Cal-
culations from the summed data for each region gave the
number of intracortical osteoclasts per millimeter squared of
cortical bone and the number of osteoclasts per millimeter of
periosteal length. Data collected for marrow and endocortical
TRAP-positive cells were inadequate for statistical analysis
due to folding or missing tissue. Data from two sections per
radius were averaged to give a single data point for each of the
regions within each radius.

Coefficients of Variation

To test the precision of data collection, coefficients of variation
(CVs) were calculated from six fields of view for TUNEL-
stained slides and for area and length measurements on TRAP-
stained slides. Two complete sections were used to calculate
CVs for periosteal and intracortical osteoclast cell counts. CV
calculations were based on four sampling times, 4–21 days
apart. CVs for TUNEL-positive and total osteocyte cell counts
were 11.1% and 2.5%, while periosteal and intracortical
osteoclast counts were 8.1% and 11.2%, respectively. CVs for
area measurements for TUNEL- and area and length mea-
surements for TRAP-stained sections were 0.5%, 1.0%, and
0.8%, respectively.

Statistical Analyses

A total of 24 birds underwent surgery. The four surgery days
were treated as blocks. Data for percent TUNEL-positive os-
teocytes and osteoclast counts (n/mm, n/mm2) were adjusted
for the general effect of surgery by subtracting values for the

control radii from those for osteotomized radii (adjusted data).
Because the adjusted data did not follow normal distributions,
these differences were ranked. The ranked data were then
analyzed as a split-plot using Proc Mixed procedures of SAS
Version 8.2 software (SAS Institute, Cary, NC, 1999–2001),
with time and block in the whole plot and region and re-
gion*time in the subplot. Time refers to the number of hours
following surgery before the tissue was collected. Region and
time were treated as fixed effects. Block and bird (time*block)
were treated as random variables. The mid-region distance
from the osteotomy site was treated as a repeated measure to
account for autocorrelation between regions.
Ranked data for the control radii were analyzed as a split-

plot using the methods described above in order to discover if
there were effects of surgery on the control limb. Additionally,
ranked data for the 0-hour time group were analyzed alone to
compare the osteotomized to control radii in the regions (two-
way analysis of variance [ANOVA]). A relationship between
percent TUNEL-positive osteocytes and intracortical osteo-
clasts (n/mm2) postsurgery was investigated for each region
using the ranked adjusted data (data for time 0 not included).
Percent TUNEL-positive osteocytes was used as a covariate to
analyze intracortical osteoclasts using one-way ANOVA with
time as the main effect. Testing the relationship using a co-
variate analysis allowed the blocking and time effects to remain
in the model.
Data are presented as raw means from the original data set

plus or minus standard errors, with least significant difference
post hoc analyses where appropriate on the ranked data.

Results

No postoperative complications were observed. None of
the chicks required additional pain medication beyond
the standard three doses of butorphanol. NRS scores at
postoperative observation periods were 0 in all cases
except that two birds at 8 hours postsurgery had a score
of 1. Subjective observations also failed to note any
cases of bird discomfort. A minor amount of pecking at
their own bandages was observed by some birds on both
the control and the osteotomized wings. All chicks were
active, consumed feed, and gained weight after surgery.
Body weights at the time of death averaged 220 ± 13
(SD) g for the 24 birds (a gain of approximately 11%
during the postoperative period).
In Table 2, the differences between the osteotomized

radii and the control radii are represented by the terms
Tundif (apoptotic osteocytes, percent TUNEL-positive
osteocytes in osteotomized radii minus control radii),
Cortdif (n/mm2 intracortical osteoclasts in osteotomized
radii minus control radii), and Peridif (n/mm periosteal
osteoclasts in osteotomized radii minus control radii).
The differences between osteotomized and control radii
were analyzed to account for any effects of surgery and
baseline cell activity. Examples of TUNEL and TRAP
staining are illustrated in Figure 2. TUNEL-positive
osteocytes stained brown versus the blue nuclei observed
in nonapoptotic cells. TRAP-positive cells (stained red)
are shown intracortically and along the periosteum.
There were significant effects of time and region on

Tundif but no interaction (Table 2). The incidence of
apoptosis significantly increased between 0 and 12
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hours, and it remained higher than the incidence at 0
hours until 96 hours after surgery. Tundif was higher in
region 1 than in regions 2–4. The effect of time appeared
to be largest in region 1, where Tundif increased from
near 0% at surgery (0 hours) to almost 10% within 12
hours (Fig. 3). Region 2 appeared to have a similar,
although smaller, response. When data from the control
radii were tested alone, there was no effect of time on the
incidence of osteocyte apoptosis (Table 3). There was an
effect of region, with apoptosis in region 1 approaching
4.5% versus <1% in the other regions.
Cortdif was strongly affected by time (Table 2).

Cortdif was low until 72 hours, when it was more than
threefold higher than at 48 hours. Cortdif nearly dou-
bled between 72 and 96 hours postsurgery, but the two
times were not significantly different. Similar effects were
seen in all regions (Fig. 4). When data from the control
radii were analyzed, there was a significant effect of re-
gion (Table 3), with region 4 showing a higher number
per millimeter squared of intracortical osteoclasts than
regions 1–3.
Data for Peridif showed a significant effect of region,

and the primary effect appeared to occur in regions 3
and 4 (Table 2, Fig. 5). The negative numbers indicate
that there was a higher number of osteoclasts in the
control radii than the osteotomized radii. A stronger
(P < 0.0001) region effect is shown in the control radii
(Table 3).
To ensure that baseline values were the same for os-

teotomized and control radii, data for 0 hours were

analyzed as a 2 · 4 factorial (radii by region). There
were no significant differences between the osteotomized
and control radii at time 0 for percent TUNEL-positive
osteocytes, intracortical osteoclasts (n/mm2), or perio-
steal osteoclasts (n/mm) (data not shown).
The results of covariate analysis by region indicate

that the data in this experiment did not support a rela-
tionship between Tundif and Cortdif (P = 0.2668 for
region 1). However, Figure 6 shows that in region 1
Tundif (%) peaked at 24 hours postsurgery and then
decreased while Cortdif (n/mm2) began to increase at 48
hours and was largest at 96 hours following surgery.

Discussion

Osteocyte death following fracture may occur via
apoptosis. An early description of ‘‘shrunken and
degenerating’’ osteocytes 24 hours following fractures in
rats by Enneking [22] is indicative of the morphological
definition of apoptosis described by Kerr et al. [11].
Since osteocyte apoptosis has been documented fol-
lowing load-induced microdamage, it was hypothesized
in the present experiment that osteocytes would undergo
apoptosis following osteotomy. The data supported this
hypothesis. Osteocyte apoptosis, adjusted for the effect
of surgery (Tundif), increased from approximately 0%
(4.5% in the osteotomized radii minus 5.0% in the con-
trol radii, region 1) to almost 10% by 12 hours within 1
mm of the osteotomy site. This is smaller in magnitude

Table 2. Effects of osteotomy on the difference between osteotomized and control radii for percent osteocyte apoptosis and
intracortical and periosteal osteoclast presence over time and regiona,b

Tundif (%)c Cortdif (n/mm2) Peridif (n/mm)

Time (hours)d

0 0.08 ± 0.37� 0.48 ± 0.33�,� 0.05 ± 0.28
12 3.39 ± 1.35* )0.27 ± 0.15� )0.32 ± 0.17
24 4.45 ± 1.71* 0.89 ± 0.46�,� )1.24 ± 0.49
48 2.67 ± 1.06* 1.64 ± 1.16� )0.92 ± 0.50
72 3.38 ± 1.19* 7.09 ± 1.77* )0.45 ± 0.27
96 0.90 ± 0.64*,� 13.41 ± 1.72* )0.33 ± 0.26

Region
1 6.64 ± 1.42*,e 3.29 ± 1.42 )0.07 ± 0.15*

2 1.94 ± 0.72�,� 2.64 ± 1.11 )0.11 ± 0.11*,�

3 0.93 ± 0.30� 4.36 ± 1.35 )0.77 ± 0.34�,�

4 0.17 ± 0.12� 5.21 ± 1.52 )1.19 ± 0.41�

Significance level
Time P = 0.022 P < 0.0001 NS
Region P = 0.0002 NS P = 0.04
Time · region NS NS P = 0.0965

a Published with permission [38]
b Means ± standard error were calculated from raw data. Data for ‘‘times’’ were averaged across all regions; data for ‘‘regions’’
were averaged across all times. *,�,�Means within column and time or region with different symbols are significantly different
(P £ 0.05). Statistical analyses were performed on ranked data. NS, not significant
c Tundif, percent TUNEL)positive osteocytes (osteotomized radii ) control radii); Cortdif, n/mm2 intracortical osteoclasts
(osteotomized radii ) control radii); Peridif, n/mm periosteal osteoclasts (osteotomized radii ) control radii)
d n for time = 16, n for region = 24 except for one missing data point at time = 3 and region = 4 in the Tundif data
e Ranked means for Tundif for regions are region 1 = 65.9, region 2 = 45.3, region 3 = 47.7, region 4 = 32.2 (P value for region
2 vs. 4 = 0.064)
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than that demonstrated by Verborgt et al. [15] with load-
induced microdamage in adult rats. Estimations from
their results suggest that 13% of the cells were TUNEL-
positive at baseline and approximately 40% were
TUNEL-positive near microcracks by 1 day postload-
ing, indicating a difference of 27% in apoptosis between
pre- and postload-induced microdamage. Tundif in re-
gion 1 was 12%, 7%, and 9% at 24, 48, and 72 hours,
respectively, and then approached baseline levels (2%)
by 96 hours following osteotomy. This was in contrast
to continuing high levels of osteocyte apoptosis for 10
days near microcracks in fatigued adult rat bone [15].
Noble et al. [16] also observed a significantly higher
percentage of apoptotic osteocytes in damaged versus
control bones in rats 7 days postinjury (26.3 versus
3.3%, respectively). Differences in the duration and
magnitude of the apoptotic response in these studies
may be due to different factors of the injury, such as the
hematoma and the multitude of compounds released
during the inflammatory phase of fracture healing. Os-
teotomy damage to osteocytes may have been less
extensive than fatigue damage, thereby creating a dif-
ferent pattern of response. Differences may also be due
to species or age, although Noble et al. [16] used rela-
tively young rats (weights �100 g). Alternatively, in the
present study, the increase in intracortical osteoclast
presence observed at 72 and 96 hours may reflect bone
resorption and therefore removal of some of the apop-
totic osteocytes during the beginning of the remodeling
process to reshape the bone. There was no change in
total osteocyte density (n/mm2) due to time (data not
reported).
The largest response of osteocyte apoptosis occurred

in region 1, while the response over time in region 2
appeared to be similar but to a lesser degree. Although
there was no time by region interaction, there was little
change in Tundif over time in regions 3 and 4. This is
similar to the results of Verborgt et al. [23], where the
number of TUNEL-positive osteocytes (n/mm2) was
highest within 1.5 mm of the load-induced microcracks
and not different from nonloaded bones out to 3.75 mm
from the microcracks.
In the present study, the response of osteoclasts

varied within bone envelopes (intracortical, periosteal).
The largest response to the osteotomy was observed in
intracortical osteoclasts (n/mm2). Cortdif (n/mm2 in-
tracortical osteoclasts in the osteotomized radii minus
control radii) was relatively low until 72 hours after
surgery, when it was over threefold higher than that at
48 hours. This included region 4, where osteocyte
apoptosis appeared to be essentially unaffected. Bone
resorption during the early phase of bone repair has
been suggested [24, 25], although these authors refer
only to the resorption of dead or ‘‘nonvital’’ tissue. The
timing of osteoclast appearance is similar to that ob-
served with load-induced tooth movement [3], where

Fig. 2. Representative images of TUNEL- and TRAP-stained
sections. Top: Image showing TUNEL staining of osteocytes
(image saved at · 400 magnification, scale bar = 20 lm).
TUNEL-positive osteocytes stain brown (arrow points to a
positive osteocyte). Middle: Image showing TRAP staining of
intracortical osteoclasts (image saved at · 100 magnification,
scale bar = 100 lm). TRAP-positive cells stain red (arrows
point to positive osteoclasts in middle and bottom images).
Bottom: Image showing TRAP staining of periosteal osteo-
clasts (image saved at · 100 magnification, scale bar = 100
lm). Published with permission [38].
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increases in cell number per square millimeter and
resorption pits were observed within 48–72 hours. In-
creased intracortical remodeling has also been reported
to follow load-induced microdamage (0 versus 8 days) in
dogs [26].
Periosteal osteoclasts appeared to be suppressed but

not eliminated during bone healing in regions 3 and 4.
Cell counts (n/mm) in the osteotomized radii in these
two regions were approximately 25–50% of the control
radii (data not shown). Osteoclast suppression may be
due to cell proliferation in the periosteum during post-
trauma intramembranous bone formation. Although
not assessed in the present study, a periosteal response
(cell proliferation) has been observed as early as 16–24

hours after fracture [22, 27, 28], and intramembranous
bone formation affects the surface several millimeters
from the injury site [28, 29]. Although this explanation
of the periosteal response (suppression) seems reason-
able, the data must be interpreted with caution. A large
number of experimental units in the Peridif data set
(osteotomy minus control) contained no osteoclasts and
may have led to an unrealistically low variance and,
hence, the significant response. It should be noted that a
large number of Cortdif data points also equalled 0.
However, the Cortdif results can be accepted with con-
fidence because the cell response for time is highly sig-
nificant (P < 0.0001) and the changes in cell counts (n/
mm2) were of a larger magnitude than for Peridif.

Fig. 3. Region and time differences for
percent Tundif (% TUNEL-positive
osteocytes in osteotomized radii minus
control radii). Time by region interaction
was not significant. Means ± standard
errors were calculated from raw data (n = 4,
except for time = 3/region = 4, where
n = 3). Published with permission [38].

Table 3. Effects of osteotomy on percent osteocyte apoptosis and intracortical and periosteal osteoclast presence over time and
region in the control radiia,b

Osteocyte apoptosis (%)c Intracortical osteoclasts (n/mm2) Periosteal osteoclasts (n/mm)

Time (hours)d

0 1.54 ± 0.53 0.30 ± 0.17 0.40 ± 0.19
12 1.26 ± 0.65 0.32 ± 0.17 0.45 ± 0.22
24 1.94 ± 0.83 0.31 ± 0.23 1.59 ± 0.41
48 0.97 ± 0.41 0.85 ± 0.40 1.41 ± 0.50
72 1.09 ± 0.39 0.69 ± 0.35 0.73 ± 0.30
96 1.92 ± 0.87 0.36 ± 0.25 0.60 ± 0.23

Region
1 4.27 ± 0.77* 0.05 ± 0.05� 0.22 ± 0.13�

2 0.91 ± 0.18� 0.17 ± 0.12� 0.21 ± 0.09�

3 0.33 ± 0.06� 0.19 ± 0.12� 1.02 ± 0.27�

4 0.31 ± 0.06� 1.48 ± 0.34* 2.01 ± 0.35*

Significance level
Time NS NS NS
Region P < 0.0001 P < 0.0001 P < 0.0001
Time · region NS NS P = 0.0869

a Published with permission [38]
b Means ± standard error were calculated from raw data. Data for ‘‘times’’ were averaged across all regions; data for ‘‘regions’’
were averaged across all times. *,�,�Means within column and time or region with different symbols are significantly different
(P £ 0.05). Statistical analyses were performed on ranked data. NS, not significant
c Osteocyte apoptosis, percent TUNEL-positive osteocytes
d n for time = 16, n for region = 24 except for one missing data point at time = 3 and region = 4 for percent osteocyte
apoptosis data
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The second hypothesis of this experiment was that
the presence of osteoclasts would increase following
osteocyte apoptosis, as demonstrated with increased
remodeling following load-induced microdamage by
Noble et al. [16]. Although a relationship between the

two was not established statistically (possibly due to
modest sample size), the presence of intracortical oste-
oclasts began to increase 36–60 hours after the increase
in osteocyte apoptosis in region 1. This time frame is
shorter than that observed by Noble et al. [16], who did

Fig. 4. Region and time differences for
Cortdif (n/mm2 intracortical osteoclasts in
osteotomized radii minus control radii).
Time by region interaction was not
significant. Means ± standard errors were
calculated from raw data (n = 4). Published
with permission [38].

Fig. 5. Region and time differences for
Peridif (n/mm periosteal osteoclasts in
osteotomized radii minus control radii).
Time by region interaction P = 0.0965.
Means ± standard errors were calculated
from raw data (n = 4). Published with
permission [38].

Fig. 6. Changes in Tundif (% TUNEL-
positive osteocytes in osteotomized radii
minus control radii) and Cortdif (n/mm2

intracortical osteoclasts in osteotomized
radii minus control radii) over time for
region 1. Means ± standard errors were
calculated from raw data (n = 4). Published
with permission [38].

334 W. D. Clark et al.: Osteocyte Apoptosis after Radial Osteotomy in Chicks



not find intracortical remodeling 7 days following a
microdamage-inducing load. They did find evidence of
remodeling at their next time point, 14 days postloading.
As indicated previously, this difference in timing could
be due to the different nature of the injuries or the
species used. Age is not likely a factor since Noble et al.
[16] used relatively young rats. It should also be noted
that although there was no significant time by region
interaction for percent Tundif, the osteocyte apoptotic
response was minimal in region 3 and virtually none was
observed in region 4, while intracortical osteoclast
presence was significantly higher by 72 hours postsur-
gery in all regions. It is possible that there are multiple
mechanisms attracting osteoclasts following a traumatic
injury such as osteotomy.
There was a significantly higher incidence of osteo-

cyte apoptosis in the control radii in region 1 compared
to regions 2–4 (4.27% versus <1%, respectively). The
incidence of apoptosis observed at the 0 time point in
region 1 in the osteotomized radii was also higher than
expected (4.5%). Reasons for this immediate apoptotic
response are unclear and can only be hypothesized. It is
conceivable that the higher incidence of apoptosis in
region 1 of the control radii was caused when the bones
were cut after dissection, even though the samples were
immediately placed into fixative. Apoptosis can be in-
duced within 30 minutes [30] to a few hours [30, 31]. In
fact, osteocytes specifically have demonstrated an
apoptotic response within 30 minutes of incubation
(in vitro) with hydrogen peroxide [32]. If apoptosis did
occur, then the response to the osteotomy (osteotomy
minus control) was likely underestimated in the present
experiment. It is also possible that the osteocyte DNA
fragmentation at time 0 was not due to apoptosis but to
cell disruption and thus necrosis during the osteotomy
or cutting postdissection. This seems unlikely as
TUNEL-positive cells were not located consistently near
the cut/osteotomy edge, as might be expected with
necrosis, but were found throughout region 1. Regard-
less, the data were treated conservatively by subtracting
the percentage of TUNEL-positive osteocytes in the
control radii from the osteotomized radii within each
region for each bird.
DNA fragmentation assays are a valuable method for

quantifying apoptosis in situ [33]. However, a limitation
of the DNA fragmentation assay is that it can detect
fragmentation due to causes other than apoptosis [34,
35], including tissue processing and analysis [34, 36]. If
fragmentation occurred during laboratory procedures in
the present experiment, it was accounted for by sub-
traction of the percentage of TUNEL-positive osteo-
cytes in the control radii from osteotomized radii.
Apoptosis was not confirmed with additional tests in the
present experiment; however, several laboratories have
gathered evidence to corroborate that in vivo staining of
osteocytes for DNA fragmentation is representative of

apoptosis [13, 15, 37]. Additionally, dilution of the TdT
enzyme by an additional 1:16 should have increased the
specificity for apoptosis. An excess of TdT in the assay
can result in false-positive cells [36].
In summary, the incidence of osteocyte apoptosis

increased rapidly (within 12 hours) following osteotomy
and was followed temporally by the appearance of in-
tracortical osteoclasts. The apoptotic response occurred
primarily within 1 mm of the osteotomy. Whether or not
osteocyte apoptosis caused recruitment of osteoclasts to
the site of healing was not tested in this experiment.
However, the temporal relationship between osteocyte
apoptosis and intracortical osteoclast appearance is
compatible with the theory that osteocyte apoptosis may
play a role in the bone healing process.
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