1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Bone. 2012 May ; 50(5): 1115-1122. doi:10.1016/j.bone.2012.01.025.

Activation of resorption in fatigue-loaded bone involves both
apoptosis and active pro-osteoclastogenic signaling by distinct
osteocyte populations*

Oran D. Kennedy?, Brad C. HermanP, Damien M. Laudier?, Robert J. Majeska?, Hui B. SunP®,
and Mitchell B. Schafflera”

aDepartment of Biomedical Engineering, The City College of New York, New York, NY 10031,
USA

bDepartment of Orthopaedics, Mount Sinai School of Medicine, New York, NY 10029, USA

Abstract

Osteocyte apoptosis is required to initiate osteoclastic bone resorption following fatigue-induced
microdamage in vivo; however, it is unclear whether apoptotic osteocytes also produce the signals
that induce osteoclast differentiation. We determined the spatial and temporal patterns of osteocyte
apoptosis and expression of pro-osteoclastogenic signaling molecules in vivo. Ulnae from female
Sprague-Dawley rats (16-18 weeks old) were cyclically loaded to a single fatigue level, and
tissues were analyzed 3 and 7 days later (prior to the first appearance of osteoclasts). Expression
of genes associated with osteoclastogenesis (RANKL, OPG, VEGF) and apoptosis (caspase-3)
were assessed by qPCR using RNA isolated from 6 mm segments of ulnar mid-diaphysis, with
confirmation and spatial localization of gene expression performed by immunohistochemistry. A
novel double staining immunohistochemistry method permitted simultaneous localization of
apoptotic osteocytes and osteocytes expressing pro-osteoclastogenic signals relative to
microdamage sites. Osteocyte staining for caspase-3 and osteoclast regulatory signals exhibited
different spatial distributions, with apoptotic (caspase 3-positive) cells highest in the damage
region and declining to control levels within several hundred microns of the microdamage focus.
Cells expressing RANKL or VEGF peaked between 100 and 300 um from the damage site, then
returned to control levels beyond this distance. Conversely, osteocytes in non-fatigued control
bones expressed OPG. However, OPG staining was reduced markedly in osteocytes immediately
surrounding microdamage. These results demonstrate that while osteocyte apoptosis triggers the
bone remodeling response to microdamage, the neighboring non-apoptotic osteocytes are the
major source of pro-osteoclastogenic signals. Moreover, both the apoptotic and osteoclast-
signaling osteocyte populations are localized in a spatially and temporally restricted pattern
consistent with the targeted nature of this remodeling response.
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Introduction

Microscopic regions of bone that sustain fatigue microdamage are removed and replaced by
the bone remodeling process, which is carried out by a coupled system of osteoclasts and
osteoblasts operating in concert as a Basic Multicelluar Unit (BMU) [1-3]. Fatigue damage-
induced remodeling, which has been demonstrated in rodent, canine and human bone,
effectively replaces damage foci and restores mechanical integrity to the bone tissue [4].
Localized osteocyte apoptosis at microdamage sites plays a central role in ‘targeting’
remodeling to micro-injury site; indeed when this step is prevented using a pharmacological
inhibitor, remodeling does not occur despite the presence of microdamage in the tissue
matrix [4]. However, the molecular events that link osteocyte apoptosis to the activation and
regulation of the resorptive response are not well understood.

Throughout the body, removal of apoptotic cells occurs by a process involving specialized
phagocytic cells from the monocyte macrophage lineage. In bone, this function appears to be
carried out by osteoclasts [4—6]. In general, apoptotic cells and their resulting membrane
debris have been shown to present cell surface signals for targeted removal. These signals
including new molecules that appear on the surface (e.g., phosphatidylserine) and
chemically modified surface molecules that are constitutively expressed (e.g. ICAM-3 and
CD31) [5,7-10]. This form of signaling, however, requires cell-to-cell or cell-to-debris
contact and thus can act only when phagocytic and apoptotic cells are in direct proximity
[11]. Achieving direct contact with phagocytic cells like osteoclasts is problematic for dying
osteocytes, which are entombed within the bone matrix. Whether apoptotic debris from
osteocytes themselves can move through the osteocyte lacunar—canalicular system has not
been established, but this seems unlikely since debris size is too large pass through the very
small peri-cellular space available for transport in this system [12].

Osteocytes also have the capacity to stimulate osteoclast differentiation via production of
essential cytokine signals. Expression of RANKL has been demonstrated in osteocytes [13],
and recent studies indicate that selective genetic ablation of RANKL in osteocytes of mice
resulted in dramatically impaired resorption during development and a blunted remodeling
response to mechanical unloading [14]. Yet while osteocyte apoptosis is an essential
prerequisite to the initiation of bone resorption, it is not clear whether the osteocytes
undergoing apoptosis are themselves responsible for producing pro-osteoclastogenic signals
like RANKL. Apoptotic cells in general are not considered capable of producing the
sustained cytokine or other chemical signals required to activate or attract macrophages and
related cells such as osteoclasts. In other cases where focal injury leads to localized
apoptosis, such as ischemic heart or brain injury, recruitment of phagocytic cells to initiate
tissue remodeling is largely carried out by surviving rather than apoptotic cells [15-17]. In
other fatigue studies of bone, Verborgt et al. [18] identified two distinct osteocyte
populations near microcracks: apoptotic osteocytes immediately surrounding microcracks
and surviving neighbor osteocytes that actively protect themselves against cell death by
upregulating production of anti-apoptotic proteins such as Bcl-2. Consequently, it seems
reasonable to hypothesize that that these actively surviving osteocytes near sites of
microdamage may also be an important source of pro-osteoclastogenic signals that
orchestrate osteoclast recruitment and activity. To test this hypothesis, we combined
candidate gene expression analyses with a novel double immunohistochemistry (IHC)
staining technique which allowed us to identify apoptotic osteocytes and simultaneously
identify any nearby cells expressing pro-osteoclastogenic signaling molecules following
fatigue loading in vivo.
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Materials and methods

Ulnar fatigue loading in vivo was used to introduce controlled amounts of bone
microdamage, which has been shown to cause osteocyte apoptosis and activate bone
remodeling [4]. Ulnae were fatigue-loaded in end load bending and were harvested at 3 and
7 days post fatigue loading. Intracortical resorption is not present until 10-14 days after
fatigue loading in this model, thus the 3 and 7 post loading times sampled the activation
(pre-resorptive) phase of the remodeling response in this model. Fatigued (FAT) and non-
loaded Control (CON) bones were examined using molecular and in situ approaches to
evaluate pro-osteoclastogenic signaling by osteocytes.

In vivo fatigue

Fatigue of rat ulnae in vivo using end load bending in has been described in detail elsewhere
[19,20]. Briefly, the right ulnae of female Sprague-Dawley rats (FAT group, n=24, 16-18
weeks old, CRL, Charles River MA) were fatigue loaded to a predetermined damage level
using an electromagnetic loading system (Electroforce 3200, Bose Corp., MN, USA) at peak
loads of 16-18 N at 2 Hz. This load level produces initial peak strains of 3800+500 pstrain
[19]. While this range is relatively high compared to strains induced by habitual loading it
corresponds well to peak strains reported for bone during vigorous physical exercise [21-
26]. Bone tissue loses structural stiffness during the formation of fatigue microdamage [27-
31], thus changes in ulna stiffness were monitored from changes in whole bone compliance
using the system LVDT. Loading was automatically stopped at a stiffness loss of 25%. This
fatigue level has been shown to induce bone microdamage, which causes osteocyte
apoptosis and initiates intracortical resorption at the ulnar mid-diaphysis without causing a
stress fracture response (i.e., woven bone formation); furthermore, the rat ulna cortex has no
baseline intracortical remodeling activity so all remodeling-related changes seen after
loading are attributable to the experimental intervention [4,19,20,32]. Loading was carried
out under isofluorane anesthesia. Ulnae from an additional group of age and sex matched
animals (n = 10) that received no loading were examined as controls. All animals had
unrestricted cage activity and ad libitum access to food and water before and after loading.
Animals were euthanized, the ulnae dissected free of surrounding soft tissue, and used for
either gene expression analyses or immunohistochemical studies as described below. All
procedures were conducted under Institutional Animal Care and Use Committee approval.

Gene expression analyses

MRNA levels were measured from mid-diaphyseal segments 6 mm in length (i.e., the
principal damage zone in this model) to examine key pro-osteoclastogenic factors: RANKL,
OPG, VEGF, and M-CSF. The periosteum was removed from these diaphyses and the mid-
diaphyseal segments were flash frozen in liquid nitrogen. At the mid-diaphyseal level, the
rat ulna has a unique anatomy with a marrow cavity which is very small, comparable in size
to cortical bone blood vessels (Fig. 1). Thus, there is very little bone marrow present in these
samples. From a cell population standpoint these samples, having no periosteum and little
marrow, constitute an osteocyte-enriched system. Frozen samples were pulverized using a
ball mill (Mikro-Dismembrator, Sartorius, Germany) and total RNA was extracted using the
RNeasy mini kit (Qiagen) with DNase treatment. RNA was quantified and checked for
quality using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Willmington, DE).
Reverse transcription was used to synthesize cDNA by using oligo (dT) primers
(Invitrogen). Samples of MRNA (5 ng) were analyzed using real-time PCR using a SYBR
green detection system to assess relative gene expression; GAPDH was used as
housekeeping gene. PCR primer pairs used are shown in Table 1.
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Double-staining immunohistochemistry

Immunohistochemistry (IHC) was used to determine the source and location of apoptotic
and pro-osteoclastogenic signals in osteocytes. A novel double IHC procedure was
developed to allow simultaneous detection of apoptotic cells and cells expressing candidate
pro-osteoclastogenic regulatory factors. Samples were decalcified in formic acid, dehydrated
in ethylene glycol monoethyl ether, cleared in methyl salicylate and embedded in paraffin.
Sections (4 pum thick) were cut from the ulnar mid-diaphyseal region where microdamage,
osteocyte apoptosis and bone remodeling occur in this model [4,19,20].

Each section was stained for activated cleaved Caspase-3 (Cas-3) to identify apoptotic cells,
and then also for one of three pro-osteoclastogenic signaling molecules: RANKL, OPG and
VEGF (Note: M-CSF staining was not included as gene expression studies revealed no
changes after fatigue loading). Glass mounted sections were deparaffinized, re-hydrated,
treated for 30 min with a methanol- NaOH solution for antigen retrieval (DeCal, Biogenex,
San Ramon, CA), then blocked for a further 30 min (Rodent Block R, Biocare Medical,
CA). Sections were then incubated overnight in a humidified chamber at 4 °C with a 1:100
dilution of rabbit antibody to cleaved caspase-3 (#9661, Cell Signaling Technologies,
Carpinteria, CA) followed by a 30 minute incubation an Alexa Fluor 594-conjugated 2°
antibody (A11080, Invitrogen, CA) at 1:700 dilution. Sections were then blocked again for
30 min and incubated with the second primary antibody against RANKL, OPG or VEGF
(SC-7628, SC-8468 and SC-7269, Santa Cruz Biotechnology, Santa Cruz CA) overnight at 4
°C as before. An Alexa Fluor 488-conjugated 2° antibody (A11029, Invitrogen, CA) was
used for detection of primary antibodies, after which sections were cover-slipped using an
aqueous mounting medium. Rat ulnar growth plates processed in an identical manner were
used as positive staining controls [33-36]. Species-appropriate negative controls were also
examined in each experiment.

Histomorphometry

Sections were examined and images acquired with a 40x magnification objective under
fluorescence microscopy using a Zeiss Axiolmager microscope equipped with multichannel
fluorescence acquisition system (Axiovision, Carl Zeiss Thornwood, NY). Changes in
osteocyte expression of apoptotic and regulatory factors were examined as a function of
distance from microdamage foci, following a modification of the method of Verborgt et al.
[18,20]. A calibrated sampling grid was superimposed over the digital images of
microdamage in double stained sections. The numbers of positively stained osteocytes per
area (#/mm?2) were then evaluated as function of distance from microdamage in 300 um x
200 pum regions on either side of the microdamage (Fig. 1). Measurements were made based
on the decay pattern of osteocyte signaling over distance reported previously by Verborgt et
al. [18] who found that osteocyte expression of both pro- and anti-apoptotic proteins (BAX
and BCL-2, respectively) around microdamage foci were localized to within a few hundred
microns from microdamage sites. In the current study, in order to fully follow the decay
patterns for osteocyte apoptosis or osteoclast regulatory signals until they returned to
baseline levels, it was necessary to collect data following a side-to-side axis relative to a
microcrack, essentially parallel to the periosteal surfaces, as the distance from damage to the
periosteal or endocortical surface was found in preliminary studies to be less than the decay-
to-baseline distances.

Statistical analysis

Gene expression and IHC staining distribution data are expressed as mean = SEM.
Differences in candidate gene expression levels in fatigue loaded versus control levels were
tested using Student's #test. The Kruskal-Wallis analysis of variance (ANOVA) was used to
assess the expression of each factor in osteocytes between groups over distance from the
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damage region in all groups. Post-hoc comparisons with control values were performed
using the Mann-Whitney U'test.

Gene expression

Quantitative PCR analysis demonstrated that mRNA levels for RANKL were increased 13
and 24 fold at 3 and 7 days after fatigue loading respectively compared with controls. OPG
expression, which is constitutive in osteocytes, was decreased to 65 and 50% of control
levels at 3 and 7 days after fatigue loading respectively. The level of VEGF expression, a
key promoter of angiogenesis, was also increased at both time-points although the increase
(>10 fold increase) was only significant after 7 days. M-CSF expression was present but low
and did not increase at either time-point compared with controls (Fig. 2).

Immunohistochemistry

Using our double staining approach we were able to simultaneously visualize both apoptotic
cells and those expressing pro-osteoclastogenic signals on the same tissue sections. Fig. 3
shows representative fluorescence photomicrographs from the microdamage regions of
sections staining for caspase-3 (Red) and RANKL, OPG, VEGF (Green) in osteocytes from
controls group and 3-Day FAT group. Representative negative controls (no primary
antibody) are also shown. The vast majority of osteocytes in the measurement region stained
for either one or the other of the target ligands, i.e., either Cas-3 or an osteoclast regulatory
factor, while very few cells (2-4%) stained simultaneously for two markers. Thus, dying and
signaling osteocytes are effectively discrete populations and dying osteocytes themselves do
not contribute to production of osteoclast regulatory signals.

RANKL staining was rarely seen in osteocytes in control, non-fatigued bones. At 3 days,
strongly stained Cas-3+ osteocytes were found near damage (approximately 60% of all
osteocytes, p<0.001 compared with controls, Fig. 4A). Their numbers decreased with
increasing distance from the damage until returning to control levels by about 200 pm from
the damage site. The inverse pattern was seen for RANKL + osteocytes (<10% of all
osteocytes) around microdamage, but their numbers increased significantly with distance,
peaking at a distance of approximately 200 um from the damage site (~55% of all osteocytes
p<0.001 compared with controls), before again returning to baseline levels. At 7 days the
staining pattern over distance for each factor was similar to that at 3 days, except numbers
Cas-3+ cells in the damage zone were reduced (Fig. 5A). Microcracks were typically located
within several hundred microns of the periosteal surface, and RANKL staining in osteocytes
extended close to the bone surface (Fig. 6B).

OPG staining was present in osteocytes throughout control, non-fatigued bones. At 3 days
after fatigue loading there was strong Cas-3+ staining in osteocytes near damage (~65% of
total cells, p<0.001 compared with controls, Fig. 4B). Again, their numbers decreased with
increasing distance away until returning to baseline. OPG + cells were dramatically reduced
at damage sties (<10% of all osteocytes). Their numbers increased with increasing distance
from damage and returned to control levels by approximately 200 um from the damage site.
A similar pattern was evident after 7 days with the number of Cas-3+ cells in the damage
region again being reduced (Fig. 5B).

VEGEF staining was rarely seen in osteocytes in control, non-fatigued bones. At 3 days the
number and distribution of Cas-3+ osteocytes followed the same pattern described above.
Few VEGF + osteocytes were found near damage but their numbers increased significantly
with distance, before returning towards baseline levels, mirroring the pattern seen for
RANKL expression. However, VEGF + staining in osteocytes remained elevated at a much
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greater distance from the damage site than was seen for RANKL (Fig. 4C). Once again a
similar pattern was evident for both factors after 7 day with the only major difference being
reduction in the numbers of Cas-3+ cells near damage (Fig. 5C). As was seen for RANKL,
VEGEF staining in osteocytes extended close to the bone surface (data not shown).

Discussion

Bone remodeling in response to fatigue-induced microdamage is a spatially constrained
process where focal tissue injury leads to localized osteocyte apoptosis followed by targeted
resorption of the damaged region and its dying cells [18,19,37]. Osteocyte apoptosis also
plays an obligatory role in initiating the remodeling response to damage [4], but it is not
known if apoptotic osteocytes themselves produce the signals needed to stimulate osteoclast
differentiation. The results of this study show that dying and signaling osteocytes are
discrete populations. While dying osteocytes did not produce pro-osteoclastogenic signals, a
population of non-apoptotic osteocytes surrounding the apoptotic cells near the
microdamage zone upregulated expression of RANKL and VEGF and decreased expression
of OPG in a spatially and temporally coherent fashion.

The ability of cells within the osteoblast lineage to stimulate osteoclast formation and/or
activity was proposed by Rodan and Martin in 1981 [38], but only recently has it become
clear that this capacity was maintained and probably enhanced as osteoblasts mature into
osteocytes [14,39]. Strikingly, selective ablation of RANKL expression in the osteocyte
population in mice led to reduced resorption and its phenotypic consequences during
development, and an impaired ability to respond to mechanical unloading [14]. The fatigue
microdamage repair model seems particularly well suited to the examination of pro-
osteoclastogenic signaling by osteocytes for two reasons. First, baseline intracortical
remodeling is zero in this model [19,40]. This appears to differ from some of the mouse
studies [14], which were carried out in younger animals where bone resorption rates are
higher and more RANKL expression is observed. Consistent with the absence of resorption,
we found osteocyte RANKL expression to be negligible by IHC while OPG was
constitutively expressed. Second, unlike development and hindlimb unloading, induction of
bone remodeling in response to microdamage is highly localized, and allows the relationship
between pro-osteoclastogenic signaling to be assessed with respect to both the inducing
stimuli (damage and the requisite osteocyte apoptosis) and response (subsequent
remodeling). Our findings that a dramatic induction of an increased RANKL/OPG ratio
occurred after damage, was limited to a finite region where resorption consistently occurs in
this model, and yet extended far enough to reach the periosteal surface where remodeling
initiates, strongly support a direct role for osteocytes — specifically non-apoptotic osteocytes
—in RANKL based signaling to osteoclast progenitors.

The distribution of osteocytes showing pro-osteoclastogenic signaling characteristics
effectively excluded the apoptotic cells, and corresponded to the distribution of viable
osteocytes that surrounded fatigue damage and were shown by Verborgt et al. [18] to
actively protect themselves from death by upregulating the anti-apoptotic protein Bcl-2. This
similarity includes comparable patterns of decline in Bcl-2 expression and pro-
osteoclastogenic cytokine expression with increasing distance from microdamage. Whether
the population of signaling osteocytes that we observed overlaps fully or partly with the
Bcl-2* population is as yet unclear, but this question can be investigated in future using the
double staining approach used in the present study. Also of interest, the distance spanned by
the signaling osteocytes relative to the microdamage site (150-200 um emanating from the
damage site) would be sufficient to permit the osteocytederived pro-osteoclastogenic signal
to reach the periosteum and its blood supply containing osteoclast progenitors. Finally, the
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proapoptotic signal pattern was sustained for at least 7 days post-injury, adequate time for
the differentiation of osteoclasts.

The distributions of RANKL and OPG expression following fatigue indicated a shift in the
signaling environment surrounding the microdamage area to one favoring osteoclast
formation, indicated by upregulation of RANKL and corresponding downregulation of
OPG. RANKL is typically formed as a membrane bound molecule (40-45 kDa) which
under the appropriate conditions can be cleaved by metalloproteinases into a smaller soluble
form(30 kDa) [41]. Immunohistochemical staining cannot distinguish between membrane
bound and soluble RANKL in this model system, the available antibodies that work in
rodent tissues bind to epitopes that are common to both forms. However, it seems reasonable
to hypothesize that osteocyte signaling involves both the membrane bound and soluble
forms. The molecular size order for soluble RANKL would allow it to move readily easily
through the osteocyte lacunar-canalicular system [12,41]. That up-regulation of RANKL
staining in osteocytes is highest some 150-200 pm from the microdamageosteocyte
apoptotic core would place this signaling in direct proximity to the nearest bone surface
(periosteal or endocortical) at which osteoclast precursors can be recruited. Likewise, OPG,
which was found consistently in osteocytes, is a soluble factor that has a molecular size of
approximately 60 kDa and should also readily pass through the osteocyte lacunar-canalicular
network.

M-CSF has been widely shown to be a necessary factor, along with RANKL, for
osteoclastogenesis [42—-44]. Surprisingly, we found no change in M-CSF mRNA expression
in fatigue-loaded ulnar diaphyses and confirmed this finding in several independent
replications of the experiments and analyses. These data show that osteocytes in fatigued
bone do not upregulate production of this key regulatory molecule during the osteoclast
activation phase in this model. It is possible that the levels of M-CSF expressed
constitutively are adequate for osteoclast differentiation following fatigue loading, or that
upregulation does occur in a small subpopulation of cells which cannot be detected by these
methods. Furthermore, the unique anatomy of the ulnar mid-diaphysis which, as noted
earlier, has effectively no marrow cavity, may also play a role. Since M-CSF is produced by
marrow stromal cells [45,46], the lack of detectable change in M-CSF expression may be
due to the lack of a significant marrow compartment in the rat ulnar diaphysis.

The current experiment revealed that VEGF staining in osteocytes was spatially similar to
RANKL, but temporally different. Osteocyte expression of RANKL was significantly
increased at 3 days after fatigue, while VEGF production reached significance only at 7
days. VEGF may potentially play several different roles in this system. Expression for this
factor is linked to the stabilization of Bcl-2 via the MAP kinase cascade and could contribute
to the increased Bcl-2 expression by osteocytes seen by Verborgt et al. as an anti-apoptotic
response to microdamage [18,47,48]. Previous studies have also shown VEGF to be
involved in the regulation of osteoclastogenesis, both directly and upstream of RANKL
[49,50]. However, the late increase in VEGF compared to RANKL appears most consistent
with a role in regulating angiogenesis — also an essential element of bone remodeling — and
suggests that osteocytes may play a central role in the coordination of this process as well.
Since the current studies were limited to times before the appearance of new remodeling
spaces and their neovascular elements in this model, future longer term studies will be
needed to directly test this hypothesis.

In summary, our results demonstrate clear spatial and temporal relationships between injury,
osteocyte apoptosis and pro-osteoclastogenic signaling in response to fatigue-induced
microdamage. This represents the first demonstration, to our knowledge, of pro-
osteoclastogenic signaling by osteocytes in the context of a targeted bone remodeling
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process. These results provide evidence that RANKL expression by osteocytes is low or

ab:
ce

sent in adult cortical bone osteocytes but is inducible by injury. The finding that apoptotic
Is are essential to the initiation of bone remodeling but do not themselves carry out

RANKL-based pro-osteoclastogenic signaling indicates a division of labor among

0S
Su

teocytes in response to damage paralleling that seen in ischemic injury. Such similarities
ggest that common pathways and mechanisms probably exist in localized remodeling of

many tissue types.
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Fig. 1.

Undecalcified cross section of fatigued rat ulnar diaphysis (thickness: 100 pm) showing
negligible marrow cavity (white arrow) and basic fuchsin stained damage region in the
cortex. Also shown is the measurement scheme for osteocyte apoptosis and factor
expression. Inset: Confocal photomicrograph of basic fuchsin stained section showing linear
microcracks in center of sampling region.
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Fig. 2.

Gene expression of osteoclastogenic factors: RANKL, OPG, VEGF and M-CSF from
osteocyte enriched segment of rat ulnar cortex at 3 and 7 days after fatigue loading (* =
p<0.001).
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Fig. 3.

Fluorescence photomicrographs of IHC double-staining from the microdamage (Mdx
Region, microcrack located at lower left corner in all images) of fatigued ulna and same
anatomical region of non-loaded control ulna, showing double-staining in osteocytes for
Cas-3 (Alexa Fluor 594 — Red) versus RANKL, OPG, VEGF (Alexa Fluor 488 — Green).
All images in the fatigued group are from the 3Day survival timepoint. The corresponding
negative staining controls (no primary antibodies) for each pair are shown in the lower
group of images (a—f), along with a representative image of Hoechst stained section for cell
counting. Note that apoptotic (caspase positive) osteocytes are concentrated near to
microdamage, while complementary pattern for RANKL, OPG and VEGF change with
distance from damage foci. The majority of osteocytes in the measurement region stained
for either one or the other of the target ligands very few cells stained simultaneously for two
markers. Morphometric data describing differential staining patterns for dying versus
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actively signaling osteocytes are shown in Figs. 4 and 5. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4.

Distance distribution showing expression of (A) Cas-3 and RANKL (B) Cas-3 and OPG (C)
Cas-3 and VEGF in osteocytes as a function of distance from the damage region 3 days after
fatigue loading. (* = p<0.01).
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Fig. 5.

Distance distribution showing expression of (A) Cas-3 and RANKL (B) Cas-3 and OPG (C)
Cas-3 and VEGF in osteocytes as a function of distance from the damage region 7 days after
fatigue loading. (* = p<0.01).
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Fig. 6.

Fluorescence photomicrographs of IHC double-stained sections staining for Cas-3 (Red) and
RANKL, (Green) in osteocytes from (A) control group and (B) 3-Day FAT group
demonstrating that RANKL + osteocytes extend from the microdamage site within the
cortex (not visible in this image) to the periosteal bone surface. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Table 1

Candidate gene names and associated PCR primer pair sequences.

Forward Sequence (5"-3") Rever se Sequence (5'-3")

GAPDH
RANKL
OPG
VEGF
M-CSF

GAGGACCAGGTTGTCTCCTG  GATGTAGGCCATGAGGGCCAC
TGCAGGAGAATGAAACAAGC ACTGACTTTATGGGAACCCG
ACACACCAACTGCAGCTCAC  TGTCCACCAGAACACTCAGC
CGTCGGAGAGCAACGTCAC AAACCGGGATTTCTTGCGCT
GGATTCTTCTGTGGGGCGAC  AGGAGCTGTGGTAGTGGCAG
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