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Spatial Distribution of Bax and Bcl-2 in Osteocytes After
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Remodeling Regulation?
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ABSTRACT
Osteocyte apoptosis appears to play a key role in the mechanism by which osteoclastic resorption activity
targets bone for removal, because osteocyte apoptosis occurs in highly specific association with microdamage
and subsequent remodeling after fatigue. However, beyond terminal deoxynucleotidyl transferase (TdT)–
mediated deoxyuridine triphosphate (dUTP)– biotin nick end labeling (TUNEL) assay, little is known about
the mechanisms controlling osteocyte apoptosis in vivo. In the current studies, expression of Bax, a proapoptotic gene product, and Bcl-2, an antiapoptotic gene product, was determined in osteocytes of fatigued rat bone
using immunocytochemical staining and compared with TUNEL staining patterns. Bax and Bcl-2 were evident
in osteocytes by 6 h after loading. Moreover, Bax and Bcl-2 in osteocytes were expressed differently as a
function of distance from microdamage sites. The peak of Bax expression and TUNELⴙ staining in osteocytes
was observed immediately at the microcrack locus, which is where bone resorption occurs in this system; in
contrast, Bcl-2 expression, the antiapoptotic signal, reached its greatest level at some distance (1–2 mm) from
microcracks. These data suggest that near sites of microinjury in bone, those osteocytes that do not undergo
apoptosis are prevented from doing so by active protection mechanisms. Moreover, the zone of apoptotic
osteocytes around microcracks was effectively “walled in” by a surrounding halo of surviving osteocytes
actively expressing Bcl-2. Thus, the expression pattern of apoptosis-inhibiting gene products by osteocytes
surrounding the apoptotic osteocyte at microdamage sites also may provide important signals in the guidance
of resorption processes that occur in association with osteocyte apoptosis after fatigue. (J Bone Miner Res
2002;17:907–914)
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INTRODUCTION
Induction of regulated osteocyte death, that is, apoptosis, is
posited to play a key role in regulating bone-remodeling
events in pathological bone turnover,(1) developing bone,(2)
The authors have no conflict of interest.

estrogen deprivation,(3,4) acute matrix injury,(5) and
glucocorticoid-induced osteonecrosis.(6,7) Verborgt et al.(8)
showed that osteocyte apoptosis occurs after fatigueinduced bone matrix injury. Moreover, they found that
osteocyte apoptosis was not widespread but highly localized
to sites of microdamage that are subsequently remodeled.(8)
This highly focal localization of osteocyte apoptosis sug-
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gests that microdamage may affect only osteocytes in the
immediate vicinity. Alternatively, it also is possible that
osteocytes at some distance from microdamage can protect
themselves from matrix injury–induced cell death, thereby
exercising an additional level of control in the regulation of
osteocyte apoptosis and bone remodeling.
Apoptosis is a highly regulated, intrinsic process involving activation of genes that can promote the death of a
cell.(9 –12) The bcl-2 gene family encodes a large number of
proteins that participate in programmed cell death. Some
members of this family such as Bcl-2 have antiapoptotic
protective functions and can prevent the activation of more
downstream effector proteins such as the caspase proteases.(13) Other members such as Bax have proapoptotic
functions and can antagonize the “protective” actions of
Bcl-2.(14,15) The precise roles and mechanism(s) through
which the bcl-2 gene family members inhibit or promote
apoptosis is still a matter of active investigation. However,
it is known that Bcl-2 family proteins can regulate a
voltage-dependent anion channel in the mitochondrial membrane and thus prevent or facilitate the release of proapoptotic signaling molecules such as cytochrome c from the
mitochondria.(16)
Although considerable data support the involvement of
osteocyte apoptosis in activating and targeting bone resorption, there is scant understanding of the mechanisms controlling osteocyte apoptosis in vivo. Recently, Bcl-2 expression has been reported in newly formed osteocytes in fetal
bone but not in other osteocytes.(17) Whether Bcl-2 can be
up-regulated and plays any role in osteocyte apoptosis in
adult bone is not known. Early controlling factors in the
apoptosis cascade in bone have not been studied in situ. In
the current studies, we examined whether the regulation of
osteocyte apoptosis after fatigue loading is regulated by
differences in the expression patterns of Bax and Bcl-2. We
examined the expression of Bax and Bcl-2 in fatigued bone,
assessing their specific spatial and temporal association with
induced fatigue microdamage.

MATERIALS AND METHODS
In vivo fatigue loading
Right ulnas of female adult Sprague–Dawley rats (4 –5
months old) were subjected to fatigue loading using the rat
ulna fatigue model developed by Bentolila et al.(18) This
system applies axial loads to the carpal and olecranon ends
of the ulna to generate bending moments in the ulnar diaphyses. It has been shown to activate intracortical remodeling in fatigued ulnas in rats.(18) Under inhalation anesthesia (isoflurane, 0.3–2%), loading was conducted at 4 Hz and
performed under load control (maximum load of 20N) and
the axial displacement range was monitored using a linear
variable differential transducer (LVDT). Loading was performed using a miniservohydraulic testing system (Instron
8841; Instron Corp., Canton, MA, USA) under closed loop
control. As in our previous studies, ulnas were fatigued to a
single stopping point based on loss of whole bone stiffness,
indexed by a 30% increase in ulnar compliance.(18) This
stopping point reflects the formation of microdamage in

bone but is well in advance of fatigue fracture.(19 –23) Left
ulnas were not loaded and served as paired internal controls.
Before and after loading, animals were allowed unrestricted
cage activity and ad libitum access to food and water.
Procedures were conducted with approval from the Institutional Animal Care and Animal Use Committee of The
Mount Sinai School of Medicine. At necropsy, ulnas were
manually dissected free of soft tissue, fixed in formalin,
decalcified in formic acid, and embedded in paraffin for
histological sectioning. Longitudinal sections of the ulnar
diaphysis were cut at a 5-m thickness and adhered to
charged slides.

Overview of experiment
Immunocytochemical studies were performed to determine whether differences in Bax and Bcl-2 expression are
involved in the regulation of osteocyte apoptosis in association with microdamage. Specifically, Bax and Bcl-2 were
examined (1) to establish unequivocally that osteocytes die
by apoptosis, (2) to define the spatial distribution of dead/
dying osteocytes in relation to microdamage, and (3) to
determine in this context the spatial and temporal expression patterns of Bax and Bcl-2, the archetypical positive and
negative regulators of apoptosis.
Localization of osteocyte apoptosis and Bax and Bcl-2
expression: In the first series of studies, we sought to
determine how Bax and Bcl-2 are involved in the early
regulation of osteocyte apoptosis after fatigue. Localization
of Bax and Bcl-2 expression and terminal deoxynucleotidyl
transferase (TdT)–mediated deoxyuridine triphosphate
(dUTP)– biotin nick end labeling (TUNEL) staining in osteocytes was examined acutely (24 h) after induction of
bone fatigue.
Time course of Bax and Bcl-2 regulation: In a second set
of analyses, we examined the time course for the expression
of Bax and Bcl-2 in osteocytes in response to in vivo fatigue
loading to assess whether acute changes in pro- and antiapoptotic events in osteocytes are maintained throughout a
1- to 2-week period, during which the osteoclastic resorption response to osteocyte injury occurs. Previous studies
have shown increased TUNEL⫹, that is, apoptotic, osteocytes by 24 h after fatigue, with no change thereafter up to
10 days.(8) In the current studies, Bax and Bcl-2 were
examined at 6 h and 24 h and at 10 days after fatigue
loading.

Immunohistochemical detection of Bax/Bcl-2
To detect Bax and Bcl-2 expression in osteocytes after
fatigue loading, sections were immunoreacted with antisera
against Bax (polyclonal antibody, N-20; Santa Cruz,
Carpinteria, CA, USA) and Bcl-2 (monoclonal antibody,
C-2; Santa Cruz) using the streptavidin-biotin complex
method with the Dako CSA (peroxidase) system (K1500;
Dako, Carpinteria, CA, USA). After deparaffinization and
rehydration, sections were treated with 3% hydrogen peroxide to block endogenous peroxidase activity. For immunostaining for Bcl-2, sections were pretreated with antigen
retrieval solution (Biogenex, San Ramon, CA, USA) for 30
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minutes at room temperature. For both primary antibodies,
incubations were performed during 30 minutes at room
temperature (Bax, 1:500; Bcl-2, 1:1000). Thereafter, sections were treated with sequential 15-minute incubations
with biotinylated link antibody, streptavidin-biotinperoxidase complex, biotinyl tyramide amplification reagent (Perkin Elmer, Boston, MA, USA), and streptavidinperoxidase. Staining was completed by a 5-minute
incubation with 3,3⬘-diaminobenzidine tetrahydrochloride,
which results in a brown-colored precipitate at the antigen
site. Between steps, sections were rinsed in three fresh baths
of phosphate-buffered saline for 5 minutes each. For negative staining controls, the immunostaining was performed
with normal mouse sera (Dako) instead of each primary
antibody. Growth plate tissue of growing mice served as
positive control for Bax and Bcl-2 expression.

TUNEL staining
To assess directly osteocyte apoptosis in relation to microdamage, TUNEL staining(24 –26) to identify DNA fragmentation was performed using the ApopTag system (Intergen, Purchase, NY, USA) as in our previous studies.(8)
Deparaffinized sections were placed in phosphate-buffered
saline equilibration buffer for 5 minutes and incubated for
60 minutes with TdT/digoxigenin-labeled dUTP at 37°C.
The reaction was stopped by immersing the sections with
stop/wash buffer at room temperature for 30 minutes.
Peroxidase-labeled antidigoxigenin with diaminobenzidine
(DAB) staining was used to localize TUNEL-stained cells;
fast green was used as a counterstain.(27,28) Rat thymus
served as a positive control for apoptotic cells. DNAsetreated control bone was used as a positive control for
TUNEL. TdT was not added to negative controls.

Histomorphometry
Localization of osteocyte apoptosis and Bax and Bcl-2
expression: Acute changes in Bax and Bcl-2 expression and
TUNEL staining in osteocytes after fatigue were quantified
using a histomorphometric approach with differential interference contrast (DIC) light microscopy. To assess the localization of Bax, Bcl-2, and TUNEL staining in osteocytes
in fatigued bone, a microcrack was visualized and 15 fields
(distance ⫽ 3.75 mm) were quantified in longitudinal direction moving away from the microcrack. From Bax and
Bcl-2 immunoreacted sections and from TUNEL-stained
sections, the osteocyte number densities in lacunae with
positive and negative staining were determined. Measurements were performed using point count stereological methods, using a 10 mm ⫻ 10 mm eyepiece grid reticule at 40⫻
magnification. In nonloaded control bones, 15 fields were
randomly selected and quantified for comparison purposes.
All data were collected by a single observer.
Time-course of Bax and Bcl-2 regulation: To assess the
expression of Bax and Bcl-2 in osteocytes over time after
fatigue loading, specimens were examined at 0 (baseline
control), 6, and 24 h and at 10 days after fatigue loading.
From Bax- and Bcl-2–stained sections, osteocyte number
densities in lacunae with positive and negative staining were
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determined near microdamage in fatigued bone and in nonloaded control bone.

Statistical analysis
The Kruskal-Wallis analysis of variance (ANOVA) was
used to assess expression of Bax and Bcl-2 and TUNEL
staining in osteocytes between groups over distance from
microdamage with post hoc comparisons performed against
control values using Wilcoxon signed-rank test for matched
pairs. Equivalent analyses were performed to assess Bax
and Bcl-2 expression in osteocytes after fatigue over time.
Statistical analyses were performed using the Sigmastat
statistical software (version 2.03; SPSS, Inc., Chicago, IL,
USA). Data are reported as means ⫾ SD.

RESULTS
Localization of osteocyte apoptosis and Bax and Bcl-2
expression
Intense TUNEL⫹ staining was found in osteocytes
(⬃25% of total cells) in fatigued bone immediately adjacent
to microcracks (p ⬍ 0.001, compared with control; photomicrographs in Fig. 1, data for distance distribution in Fig.
2). The number of TUNEL⫹ osteocytes decreased with
increasing distance away from microcracks (Fig. 2A). Similarly, Bax expression was increased dramatically in osteocytes in bone immediately adjacent to microcracks, with
some 41% of total cells at microcrack loci expressing the
Bax protein (p ⬍ 0.001). The number of osteocytes expressing Bax protein at the crack locus was ⬃70% higher than
the number of TUNEL⫹ osteocytes. Bax expression also
rapidly decreased with increasing distance away from a
microcrack. By 2–3 mm away from microcracks, expression
of Bax in osteocytes in fatigued bone declined to the same
low level in osteocytes in control nonloaded bone (Fig. 2B).
Distribution of Bcl-2 expression in osteocytes was fundamentally different from Bax expression and TUNEL⫹
staining. Bcl-2 expression was increased moderately in osteocytes immediately around microcracks (23% of total
cells at microcrack; p ⬍ 0.001). However, the population of
Bcl-2⫹ osteocytes peaked at some distance from microcracks, reaching their highest levels (49% of total cells) at
1–2 mm from microdamage foci. Bcl-2 expression in osteocytes decreased to control levels at 3– 4 mm away from
microcracks (Fig. 2C).

Time course of Bax and Bcl-2 regulation
Figure 3 shows changes over time in the numbers of Bax
and Bcl-2⫹ osteocytes in bone adjacent to microcracks after
fatigue loading. At 6 h after fatigue loading, the number of
Bax⫹ osteocytes was increased ⬎10-fold over control values (*p ⬍ 0.001), with no further significant changes up to
24 h. By 10 days, numbers of Bax⫹ cells decreased by
approximately one-half (p ⬍ 0.01, relative to number of
Bax⫹ osteocytes at 24 h). The temporal expression for Bcl-2
in osteocytes was similar to that of Bax. Nonloaded bone
showed no significant difference from baseline controls.
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FIG. 1. Photomicrographs showing Bax and Bcl-2 expression in
sections of ulnar diaphyses. Brown
precipitate in cells indicates immunoreactivity. (A) Bax expression in
osteocytes surrounding a microcrack (arrows) in fatigued bone. (B)
No Bax expression was seen in osteocytes in fatigued bone away
from microcracks. (C) Bcl-2 expression in osteocytes near microdamage (arrows) in fatigued bone.
Note high numbers of positive cells
at some distance from the microcrack. (D) No Bcl-2 staining was
seen in osteocytes in fatigued bone
away from microdamage. (E)
Bcl-2 immunoreactivity in sections
of control nonloaded ulnar diaphyses. (photomicrograph field widths,
880 m).

DISCUSSION
The current studies show increases of both Bax, a proapoptotic protein, and Bcl-2, an antiapoptotic protein, in
osteocytes after fatigue loading. More specifically, analyses
of spatial distribution of Bax and Bcl-2 show that the
proteins are expressed in fundamentally different patterns in
osteocytes as a function of distance from microdamage
sites. The proapoptotic signal is highest immediately adjacent to the microcracks, and the antiapoptotic protein

reaches its greatest level at some distance from the damage
focus. TUNEL studies showed a spatial distribution in relation to microdamage similar to Bax expression in osteocytes, though greater numbers of Bax⫹ cells than TUNEL⫹
cells were a consistent finding at all distances from microdamage. This is an expected consequence after injury. Bax
up-regulation occurs at an earlier stage of the apoptotic
process than the nuclear degradative changes marked by the
TUNEL method.(12,29) The “lifetime” of an apoptotic osteocyte, the duration of the effector stage of apoptosis, or the
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FIG. 3. Changes over time in the numbers of Bax⫹ and Bcl-2⫹
osteocytes in bone adjacent to microcracks after fatigue loading. Data
are shown as osteocyte densities (number of cells/mm2). Bax expression was significantly increased at 6 h after fatigue, with no change up
to 24 h (*p ⬍ 0.001, relative to baseline control). At 10 days, total
numbers of Bax⫹ osteocytes declined by approximately one-half
(**p ⬍ 0.01). Similar trend was seen for Bcl-2 expression in osteocytes
near microdamage over time. Total osteocyte density was 740 ⫾ 63
(number/mm2).

final degradative phase are not known. Therefore, some
Bax⫹ cells present at the earliest time period after mechanical challenge may indicate cells that exhibit nuclear degradative changes only after the time points included in our
sampling.(29,30)
Some cell death follows pathways that are mitochondrially dependent.(31,32) A decline in the mitochondrial membrane potential and the release of molecules from the mitochondria such as cytochrome c result in the activation of
more downstream caspases. Once activated, these proteases
can induce nuclear apoptotic degeneration via DNA fragmentation factor and acinus, which promote endonuclease
digestion of DNA and chromatin condensation,
respectively.(33,34 –37) Our present findings for the involvement of the Bcl-x family of proteins suggest that osteocytes
also may select a mitochondrially dependent pathway after
microcrack injury, although this must be confirmed with
other studies.
Elevated Bcl-2 protein in osteocytes more distant from
the microcracks may exert a protective function in these
cells, preventing them from entering apoptosis. This may be
a response to a very low level of damage. Others have found
FIG. 2. Distance distribution of (A) TUNEL⫹ staining, (B) Bax
expression, and (C) Bcl-2 expression in osteocytes in relation to microcracks at 24 h after fatigue. Data are shown as osteocyte densities
(number of cells/mm2). (A and B) In bone regions immediately adjacent to microcracks (0 mm), TUNEL⫹ osteocytes were highly increased over control levels (*p ⬍ 0.001). The numbers of TUNEL⫹
osteocytes decreased with increasing distance away from microcracks.
In bone regions away from microcracks (at 2–3 mm away), the number
of TUNEL⫹ osteocytes reached the same low level as seen in nonloaded control bone. Distance distribution of Bax expression in osteocytes in relation to microcracks showed a similar trend as the TUNEL⫹

staining. (C) Moderate increase of Bcl-2 expression was seen in osteocytes in bone regions immediately adjacent to microcracks (*p ⬍
0.001, relative to control levels). However, in bone regions more
remote from microcracks, numbers of Bcl-2⫹ osteocytes dramatically
increased to reach peak values at 1–2 mm away from crack locus.
Numbers of Bcl-2⫹ osteocytes gradually declined to reach control
levels at 3– 4 mm distant from microcracks. Total osteocyte density
was 740 ⫾ 63 (number/mm2).
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that neuronal cultures exposed to subtoxic concentrations of
␤-amyloid peptide had increased amounts of the antiapoptotic Bcl-xL protein and messenger RNA (mRNA). Cells
that overexpressed Bcl-xL had increased resistance to
apoptosis-inducing concentrations of the ␤-amyloid peptide.(38) Up-regulation of Bcl-2 and increased cell survival
have been observed in tissues with a high rate of apoptosis
after sustaining injury.(38 – 46) In the myocardium, apoptosis
occurs during hypoxia and ischemia-reperfusion and occurs
most notably in the border zone after infarction.(48 –50) In
this myocardial injury, Bcl-2 prevents apoptotic cell death
in ventricular myocytes in areas of acute infarction.(46)
Similar observations have been made in brain ischemia
models, in which surviving (nonapoptotic) neurons express
Bcl-2 in areas of focal brain ischemia in rats.(39 – 42) Observations in adult osteoarthritic human cartilage show apoptosis of some chondrocytes with adjacent cells showing upregulation of Bcl-2.(47) These findings indicate that both
acute and chronic injuries, which cause apoptotic cell death,
also induce complementary pathways that actively protect
cells from impending death.
Previous studies indicate that the levels of Bcl-2 expression
in osteocytes in normal adult bone are low.(51–53) However, in
human fetal ribs, Stevens et al. found an inverse relationship
between osteocyte apoptosis and the distribution of Bcl-2,
implying a potential selectivity in cell survival.(17) Wang et al.
also suggested that expression of Bcl-2 in chondrocytes and
osteocytes near the epiphyseal growth plate protects them until
their final maturation.(53) Our findings that Bcl-2 expression is
strongly positive in osteocytes in fatigued bone, especially at
some distance from microdamage, support the hypothesis that
osteocytes may use a similar defense mechanism of cells to
escape from impending death induced by matrix injury. Specifically, these data suggest that at the site of microinjury in
bone, those osteocytes that do not undergo apoptosis are prevented from doing so by active protection mechanisms. Moreover, the apoptotic region around microcracks was walled-in
effectively by a surrounding halo of surviving osteocytes actively expressing Bcl-2. This raises the possibility that targeting and guidance of bone resorption to sites of microdamage
may be carried out not only by signals from apoptotic cells
near damage sites, but also by signals from surrounding cells
expressing apoptosis-inhibiting gene products.
Induction of osteocyte apoptosis after fatigue loading is
rapid, with elevation of Bax by 24 h after loading. However,
although Bax expression in osteocytes decreased by 10 days
after fatigue, Verborgt et al.(8) found that osteocyte TUNEL
staining remained elevated even at 10 days after loading.
The similarities in early Bax expression and TUNEL staining indicate that induction of osteocyte apoptosis after fatigue is an early event. The continued long-term elevation of
TUNEL staining may suggest that the ordered cell disassembly process in vivo is protracted and sustained. Moreover, TUNEL⫹, that is, apoptotic, debris left in empty
lacunae by osteocyte dying over time also likely contributes
to the sustained high TUNEL signal observed in bone; this
debris may play an important role in the guidance of osteoclastic tunneling within the bone.
Osteocyte apoptosis has been suggested to play an important role in targeting bone remodeling processes in re-

VERBORGT ET AL.

sponse to a number of stimuli.(1– 8,54,55) Osteocyte apoptosis
has been shown in association with high bone turnover
processes(1,2) after hormonal deprivation(3,4) and in association with glucocorticoid-induced osteonecrosis of the femoral head in humans and mice.(6,7) Previously, we have
shown that osteocyte apoptosis occurs in association with
areas of microdamaged bone and later on, these identical
areas are the location of osteoclastic resorption.(8) Our current studies show complementary pathways in the regulation of osteocyte apoptosis after fatigue by the protooncogene products Bax and Bcl-2. By actively expressing
Bcl-2, osteocytes can escape from cell death in bone near
foci with microdamage and associated osteocyte apoptosis.
Moreover, our data suggest that apoptosis protection in
osteocytes could play a complimentary role in directing the
local osteoclastic activity that occurs in association with
microdamage and osteocyte apoptosis. Thus, there appear to
be three functional classes of osteocytes in mechanically
challenged bone(1): dying or dead osteocytes,(2) osteocytes
affected by the injury but actively protected from death by
Bcl-2 expression,(3) and unaffected osteocytes. The actions
of each of these cells to trigger and guide bone resorption
currently are unknown, but these data suggest a complex
osteocyte control system for activation and targeting of
osteoclastic activity in bone.
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