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Abstract

Osteocyte apoptosis is required to induce intracortical bone remodeling following microdamage in 

animal models, but how apoptotic osteocytes signal neighboring “bystander” cells to initiate the 

remodeling process is unknown. Apoptosis has been shown to open pannexin-1 (Panx1) channels 

to release ATP as a “find-me” signal for phagocytic cells. To address whether apoptotic osteocytes 

use this signaling mechanism, we adapted the rat ulnar fatigue-loading model to reproducibly 

introduce microdamage into mouse cortical bone and measured subsequent changes in osteocyte 

apoptosis, RANKL expression and osteoclastic bone resorption in wild type (WT, C57Bl/6) mice 

and in mice genetically deficient in Panx1 (Panx1KO). Mouse ulnar-loading produced linear 

microcracks comparable in number and location to the rat model. WT mice showed increased 

osteocyte apoptosis and RANKL expression at microdamage sites at 3 days after loading, and 

increased intracortical remodeling and endocortical tunneling at day 14. With fatigue, Panx1KO 

mice exhibited levels of microdamage and osteocyte apoptosis identical to WT mice. However, 

they did not upregulate RANKL in bystander osteocytes or initiate resorption. Panx1 interacts with 

P2X7R in ATP release; thus we examined P2X7R-deficient mice and WT mice treated with P2X7R 

antagonist Brilliant Blue G (BBG) to test the possible role of ATP as a find-me signal. P2X7RKO 

mice failed to upregulate RANKL in osteocytes or induce resorption despite normally elevated 

osteocyte apoptosis after fatigue loading. Similarly, treatment of fatigued C57Bl/6 mice with BBG 

mimicked behavior of both Panx1KO and P2X7RKO mice; BBG had no effect on osteocyte 

apoptosis in fatigued bone, but completely prevented increases in bystander osteocyte RANKL 

expression and attenuated activation of resorption by more than 50 percent. These results indicate 

that activation of Panx1 and P2X7R are required for apoptotic osteocytes in fatigued bone to 
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trigger RANKL production in neighboring bystander osteocytes and implicate ATP as an essential 

signal mediating this process.

 Introduction

It is well established that osteocyte apoptosis – whether due to fatigue microdamage, 

estrogen loss or disuse – triggers bone remodeling (1–4). In each of these instances, the 

initiation of bone remodeling was preceded by osteocyte apoptosis in the region of bone that 

is subsequently remodeled (1–4). Moreover, this osteocyte apoptosis is essential for 

remodeling to occur; preventing apoptotic cell death by use of a pan-caspase inhibitor 

completely blocked the initiation of bone resorption (2,3,5). In the bone immediately 

surrounding microdamage sites, where osteocyte apoptosis has been studied extensively, 

some 50 percent of osteocytes die (2,5,6). However, Kennedy et al. recently discovered that 

the viable osteocytes near to the dying ones produce the essential osteoclastogenic signal 

receptor activator of nuclear factor-kappaB ligand (RANKL) (1). Moreover, they found that 

osteocyte apoptosis at these sites, not the microdamage itself, triggers the neighboring viable 

osteocytes to produce RANKL (2). This overall scenario resembles “bystander” cell 

signaling(7) wherein cells undergoing a “purposeful” (apoptotic) death trigger their surviving 

neighbors to recruit the specialized phagocytic cells needed to remove damaged cells/tissue 

and to initiate repair. Bystander signaling driven by apoptosis is commonly observed in 

healing of nonskeletal focal injuries. For example, in focal brain and heart ischemia, retinal, 

corneal and skin injury healing, most cells in the core of the lesions die by apoptosis 

regardless of the initial cause of injury(8–11).

The signals that emanate from dying osteocytes and stimulate osteoclastogenic cytokine 

expression in bystander osteocytes are not known. Speculations in the literature have 

revolved around signals (e.g., apoptotic debris, high mobility group box 1 protein (HMGB1) 

release) that arise from events occurring late in the cell death process(12–14), but in vivo data 

supporting these speculations are lacking. Moreover, the apoptotic osteocyte-induced 

RANKL upregulation in viable neighboring osteocytes begins early in the apoptosis process, 

which suggests that signals released acutely from dying osteocytes play a dominant role in 

inducing nearby osteocytes to produce osteoclastogenic cytokines.

Over the last decade, a number of seminal studies established that cells in the early stage of 

apoptosis, before overt signs of cell degradation are seen, release a number of ‘find-me” 

signals that stimulate activation and migration of professional phagocytes which remove 

dying cells(15–19). These are released early in the apoptotic process - well before cellular 

membrane integrity is compromised. The major soluble chemoattractant find-me signals 

released during the early phase of apoptosis that have been well defined in recent studies are 

nucleoside triphosphates (ATP and UTP), lysophosphatidylchloline (lysoPC) and the 

chemokine CX3CL1(20–22). These small molecules diffuse readily through the local tissue to 

bind to appropriate receptors on the responding cells. Among these major acute signals from 

apoptotic cells, ATP has high potential relevance to the activation of resorption, as it has 

been shown to upregulate RANKL in osteoblast-lineage cells(23,24). In contrast, UTP 

regulates osteoclast survival, but not recruitment or differentiation(25). CX3CL1 is involved 
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with osteoclast differentiation (pre-osteoclasts express its receptor) but does not alter 

RANKL expression(26–28) and LysoPC inhibits osteoclast differentiation(29).

Recent studies demonstrated that release of an acute bolus of purinergic signaling molecules 

from apoptotic cells depends upon the same critical caspases that drive intracellular 

degradation. Specifically, during apoptosis there is an activated caspase 3-dependent opening 

of cell surface pannexin 1 (Panx1) channels, which are known to provide a conduit for 

controlled cellular ATP release in various cell types, including bone cells. Panx1 is a 

member of the pannexin family of transmembrane channel-forming proteins that are 

homologous to invertebrate gap junction proteins, the innexins(30). However, Panx1 forms 

only non-junctional channels (i.e., “hemichannels”) that allow exchange of small molecules 

between the cytoplasm and the extracellular space(31–35). Panx1 channels are unique in that 

they are not only voltage sensitive, but also open in response to mechanical stimulation, 

elevation in extracellular K+ and activation of cell surface receptors, in particular the 

ionotropic P2X7 receptor (P2X7R).

These findings and the fact that osteocytes co-express Panx1 and P2X7R(36,37) coupled with 

the evidence of caspase-dependent Panx1 channel opening during apoptosis(38), led us to ask 

whether apoptotic osteocytes may communicate with bystander osteocytes via bolus ATP 

released through Panx1 channels, and if this ATP release plays a significant role in activation 

of osteocyte RANKL expression in bystander osteocytes. To test this hypothesis we adapted 

our rat ulnar end-loading fatigue model(39) to induce bone microdamage in mouse ulnae. 

Given the demonstrated functional interplay of Panx1 with P2X7R in mechanisms of cellular 

ATP release(40–43), the possible role of ATP as a find-me signal from activation of the 

P2X7R-Panx1 functional complex in bone was also tested by inducing fatigue microdamage 

in P2X7R-deficient mice and pharmacologically in fatigue loaded WT mice treated with the 

P2X7R antagonist Brilliant Blue G.

 MATERIALS AND METHODS

 1. Development of the Mouse Ulnar Fatigue Model

 1.a.: Model development—The rat ulnar fatigue model originally developed in our 

laboratory(39) was modified for use with mice. Importantly, strain-controlled loading, rather 

than force-controlled loading, was used to determine precisely when the test should be 

stopped before microcracks propagated and merged to create an overt fracture. Strain- or 

displacement-controlled fatigue loading slows accumulation of microdamage compared to 

force-controlled loading, as the loading force applied under strain control decreases as 

matrix damage occurs; this slows cracking(44,45). Since bone microcracks (μcracks) are 

typically 30–100 µm long(39,46) and the mouse diaphyseal cortex is about 200 µm wide, 

there is little margin for error during loading. Using this strain controlled approach, where 

load and energy decrease, we were able to reliably stop fatigue loading without breaking the 

ulnae, and thereby introduce small numbers of μcracks into diaphyseal cortex (comparable 

to our studies in rat ulnae).

Model development studies were performed in 4–5 month old, female C57Bl/6 (B6) mice 

(Jackson Labs, Bar Harbor ME). Calibration studies were performed to determine the load-
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strain-displacement characteristics of B6 mouse ulnae, following the procedures detailed 

elsewhere(39). Once completed for B6 ulnae, similar calibration studies were performed for 

ulnae of the knockout strains used in the second part of these studies (see below).

 1.b: Fatigue studies—Mice were anesthetized with isoflurane (0.5–2%), forelimbs 

were positioned into the load path in an electromagnetic axial loading system (Electroforce 

3200, Bose Corp, MN, USA) with the elbow and volar flexed carpus placed into brass cups 

of the loading system. Limbs were pre-loaded at 2 Hz for 50 cycles at 0.5 N (~250 μstrain) 

to allow the bone to settle into position. Forelimbs were then cyclically loaded under 

displacement control at levels that we had determined in our calibration studies to cause 

strains of ~3000 ± 500 μstrain at the mid-diaphysis. Loading was continued at 2 Hz until the 

bone lost 15% of its original stiffness, as measured from the decrease in loading force. This 

single damage endpoint was determined in preliminary studies to produce microdamage 

levels comparable to that seen in the rat ulnar fatigue model, and to activate cortical bone 

resorption. After loading, mice were either given buprenorphine analgesia and returned to 

their cages for Survival studies or sacrificed immediately to assess Acute microdamage. For 

Survival studies, mice ambulated normally and were allowed ad libitum access to food and 

water for the duration of the study. For these initial studies to define the mouse ulnar fatigue 

model, ulnae in 4–5 month old B6 female mice (n=6 per group) were subjected to fatigue 

loading as described above. Ulnae were examined immediately after loading and at 3 and 14 

days after loading to assess osteocyte signaling and osteoclastic resorption events, 

respectively. All procedures were performed under IACUC approvals from the City College 

of New York and the Albert Einstein College of Medicine.

Microdamage and Resorption resulting from this fatigue loading was assessed as in our 

previous studies(39). Ulnae and radii were dissected together and fixed in 10% neutral 

buffered formalin. Forelimbs were stained en bloc with basic fuchsin and embedded in 

PMMA. Cross sections were cut with a diamond saw polished to 80 µm and examined light 

microscopy to measure microcrack numbers (Cr.N, #/mm2); measurements were restricted 

to typical linear microcracks with sharp, well defined edges. Toluidine blue stained sections 

were used to assess intracortical resorption activity, measured as resorption space number 

(Rs.N, #/mm2). In addition, we found that new remodeling units tunnel into the mouse ulnar 

cortex from the endocortical surface; thus the number of discrete new tunneling foci 

emanating from the endocortical surface (En.Tun.N, #/mm) was measured as well.

Osteocyte Apoptosis and RANKL Expression were examined in ulnar cross-sections using 

immunohistochemistry (IHC). Ulnae were decalcified with formic acid, dehydrated in 

ethylene glycol monoethyl ether and embedded in paraffin. Cross-sections (5 µm) from the 

damage region of the mid-diaphysis were deparaffinized, rehydrated, and endogenous tissue 

peroxidases quenched using 3% hydrogen peroxide. IHC studies were performed using 

procedures detailed elsewhere(1,2,5). Briefly, sections were then treated with a methanol-

NaOH based antigen retrieval solution (DeCal Antigen Retrieval, BioGenex, California), 

blocked with 2.5% Horse Serum (ImmPress Reagent Kit, MP-7405, Vector Laboratories, 

Burlingame, CA) prior to overnight incubation at 4°C with primary antibodies against 

cleaved caspase-3 to detect apoptotic osteocyte (1:200, Cell Signaling Technologies, 9661) 

or RANKL (1:200, Santa-Cruz Biotechnologies, SC-7628). Detection was performed using 
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anti-rabbit secondary antibody (MP-4701 for cleaved caspase-3), or anti-goat secondary 

antibody (MP-7405 for RANKL) for 30 minutes, followed by a DAB-horseradish 

peroxidase substrate detection system (ImmPact DAB, SK-4105). Chondrocytes within the 

femoral growth plates of WT mice were used as positive controls to detect expression of 

cleaved caspase 3 and RANKL.

 Histomorphometry: Numerous studies have established that osteocyte apoptosis at 

microdamage sites is highly localized to within about 150 microns of the damage site; 

osteocyte apoptosis levels outside the damage areas are the same as in non-loaded control 

bones(1,2,5,6,47). Accordingly, numbers of apoptotic and RANKL-expressing osteocytes were 

measured in damage-containing (MDX) and in the non-damaged (NON-MDX) of the ulnar 

cortex (Fig 1); data for both damage locations within a bone were averaged together. 

Caspase-3 and RANKL positive osteocytes were counted and expressed as a percentage of 

total number of osteocytes in each region (%Casp3+ Ot, %RANKL+ Ot). Measurements 

were made by a single observer (WYC), who was blinded to specimen identity. Random 

sections were also counted by a second observer (MBS) to assure consistency. All osteocyte 

measurements were made in 3-day post-fatigue ulnae. Data were quantified using Image J 

(NIH).

 2. Involvement of Panx1 and P2X7R on osteocyte apoptosis, osteocyte RANKL 
expression and bone remodeling after fatigue

 2.a.: Knockout mouse studies—We used Panx1 deficient mice 

(Panx1tm1a(KOMP)Wtsi), generated by the Knockout Mouse Project (KOMP, 

www.KOMP.org) in C57Bl/6 mice to test the hypothesis that Panx1 is required for apoptosis 

induced expression of osteocyte RANKL. This is a global knockout of the ubiquitously 

expressed pannexin Panx1(48). The Panx1 knockout mouse (Panx1KO) was constructed by 

using the knockout-first strategy described by Testa et al(49). Panx1KO mice exhibit 

approximately 70% reduction in Panx1 mRNA expression in tissues, but behave as a 

functional Panx1 knockout as the channel protein expression is reduced even more 

severely(48). In contrast to standard KO designs using targeted deletions, the KO-first 

approach used in these mice leaves the Panx1 gene intact and rather truncates the Panx1 
mRNA, and thus these mice actually represent a hypomorph but are typically referred to in 

the literature as KO(48). The Panx1KO mice (Jackson Laboratories, C57/Bl6 background) 

grow normally and thrive well. Interestingly, Panx1KO mice have a macrophage recruitment 

defect that is evident with challenge(50,51). Pannexin-1 is a major ATP release channel, is 

expressed in all cells(52) and is associated with the purinergic receptor P2X7R. Accordingly, 

we examined P2X7RKO mice to assess how this receptor might mediate effects of ATP 

released via Panx1 channels. P2X7RKO mice (B6.129P2-P2rx7tm1Gab/J back-crossed onto 

C57Bl/6 background) and wild type (WT) B6 mice were obtained from Jackson 

Laboratories. The skeletal biology of this P2X7RKO strain was previously described in 

detail by Li et al(53). Osteocyte expression of the P2X7R has been previously reported(53–55). 

Both Panx1KO and P2X7RKO mice were maintained at Albert College of Medicine until 

they reached skeletal maturity. All mice were fed with normal chow, housed 2–5 to a cage, 

maintained at a 12/12 hour light-dark cycle, and allowed to roam freely in cages before and 
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after fatigue loading. Studies used 4–6 mice per group at each time point (Acute and 

Survival: 3 and 14 days).

 2.b—MicroCT studies were performed to assess the baseline bone architecture in Panx1- 

and P2X7R-deficient mice. Femora of 4–5 month old female WT and KO mice (same mice 

used in loading studies) were scanned at 6.7µm resolution with a SkyScan 1172 microCT 

system (SKY SCAN, Kontich, Belgium). Images were acquired using a 10-MP digital 

detector, at 100 KV and 100 mA and using a 0.5-mm aluminum filter. Flat field calibration 

was performed prior to each scanning session. X-ray projections were generated from each 

sample at 0.3 degrees; five exposures per projection were taken (1767-ms exposure time). A 

global threshold was applied to images using gray scale values of 85 and 70 for cortical and 

trabecular bone, respectively. Images were reconstructed to generate cross section images 

from X-ray projections (NRecon, V1.6.6.0). Reconstruction procedures implemented a 

standard post-alignment compensation algorithm to eliminate misalignment artifacts, and all 

reconstruction parameters (kernel size 1 for asymmetrical boxcar window, ring artifact 10, 

beam hardening 40%) were kept constant throughout each scan reconstruction. 

Measurements were performed at the mid-diaphysis.

 2.c.: Osteocyte marker gene expression—Gene expression was assessed in 

contralateral femora from those used for histology. Femora were thoroughly cleaned of 

muscle and periosteal tissue, the bone marrow was flushed out from a 5 mm long mid-

diaphyseal segment and the resulting cortical bone samples were immediately flash-frozen 

in liquid nitrogen The cortical bone samples produced in this manner are highly enriched in 

osteocytes. Bones were homogenized (Mikro-Dismembranator, Sartorius, Germany) and 

RNA was purified with QiaShredder and RNEasy mini-kits with DNAase, according to the 

manufacturer’s protocol (Qiagen, Valencia, CA). Quantity and quality of RNA were 

determined by absorbance (Biotek, Winooski, VT and cDNA was synthesized from mixed 

primers (Quantitect Reverse Transcription Kit, Qiagen). cDNA’s (12.5 ng each) were 

analyzed by real-time PCR using a SYBR green detection system to determine relative 

expressions of dentin matrix protein-1 (DMP1), sclerostin (SOST), RANKL and OPG in 

knockout and wild type mouse cortical bone; 18s RNA was used a housekeeping gene. 

Forward and reverse primer sequences were:

DMP1 – ACGACAGTGAGGATGAGGCA / ATCGCTCCTGGTACTCTCGG;

SOST – CTTCAGGAATGATGCCACAGAGGT / 

ATCTTTGGCGTCATAGGGATGGTG;

RANKL – ACGCAGATTTGCAGGACTCG / GGGCCACATCCAACCATGAG;

OPG – TGGACCAAAGTGAATGCCG / GGGCCACATCCAACCATGAG;

18S – CACGGCCGGTACAGTGAAAC / AGAGGAGCGAGCGACCAAA.

 3. Remodeling and osteocyte reactions in response to fatigue in Panx1KO and P2X7RKO 
mice

Ulnae in Panx1KO, P2X7RKO and WT mice were subjected to fatigue loading as described 

above and examined at 3 and 14 days after loading to assess osteocyte signaling and 
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osteoclastic resorption events, respectively. Displacements/loads required were ~10% lower 

in P2X7RKO than in the WT or Panx1KO mice, consistent with their smaller cross-sectional 

dimensions as reported by Li et al., and also observed in our studies(53). In an additional 

confirmatory experiment, fatigued and non-loaded B6 (wild-type) mice (4–5 m.o, female, n= 

6/group) were injected with the P2X7R antagonist Brilliant Blue G (BBG: 50 mg/kg, IP, 

Sigma, St Louis, MO,(56–58) or PBS vehicle once daily for 3 days or 14 days starting at the 

time of fatigue to pharmacologically test the relevance of the ATP signaling axis in apoptotic 

osteocyte triggering of RANKL expression in their viable neighbors and the effect on 

cortical bone resorption, respectively. Osteocyte apoptosis, osteocyte RANKL expression 

and cortical bone resorption were examined as described above

 4. Statistical analysis

Data are reported as mean ± standard deviation. GraphPad Statistical software was used to 

perform statistical tests. The Kruskal-Wallis ANOVA was used to test for differences among 

groups for numbers of caspase-3 or RANKL positive osteocytes in MDX or NON-MDX 

areas of WT vs Panx1 KO mice; WT vs P2X7RKO mice or BBG-treated mice vs vehicle-

treated mice. Dunn’s test was used for post-hoc comparison. The Mann-Whitney U test was 

used to test differences in bone phenotype, resorption numbers and endocortical tunneling 

foci in comparisons between WT vs Panx1KO and WT vs P2X7RKO mice.

 RESULTS

 1. Bone remodeling, osteocyte apoptosis and RANKL expression in the mouse ulnar 
cortex in response to fatigue loading

In vivo fatigue loading of ulnae in B6 mice to the single damage endpoint used in these 

studies produced typical linear microdamage, within highly reproducible regions of the ulnar 

cortex and did not cause overt fracture (Fig 1A). This damage was localized to the regions 

approximately 1 mm distal to the mid-diaphysis, which is the region with the smallest 

diameter in the mouse ulna. Within the ulnar cross-sections, microdamage occurred only in 

medial cortex regions (MDX regions, Fig 1A) and no microdamage was found in the lateral 

cortex (NON-MDX regions, Fig 1A), which is consistent with the localization of bone 

microdamage observed in the rat ulnar fatigue model(39). Microcrack content in fatigued B6 

ulnae was 3.1 ± 1.0/mm2; no microcracks were present in the non-fatigued ulnae (Fig 1B; 

p<0.0001). Resorption was activated in fatigue loaded ulnae by 14 days after loading (Rs.N 

in fatigued ulnae = 2.5 ± 0.2/mm2 vs 0 in nonloaded; Fig 1C); intracortical resorption spaces 

occurred only in the MDX regions and were not observed in the NON-MDX regions of 

loaded bone. In addition, discrete tunneling resorption foci were observed at endocortical 

surfaces at 14 days after fatigue loading (3.9 ± 1.9 /marrow cavity); these tunnels were 

absent from non-loaded ulnae (Fig 1D). Osteocyte apoptosis was dramatically elevated, 

approximately 5-fold over baseline levels in the microdamaged areas of the fatigued ulnar 

cortex (Fig 1E). Osteocyte apoptosis was unchanged from baseline in the non-damaged 

areas of cortex. Increased numbers of RANKL-expressing osteocytes were also seen only in 

the microdamaged areas of the cortex (Fig 1F).
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 2. Skeletal phenotype of Panx1KO and P2X7RKO mice

MicroCT-studies bone revealed no differences in diaphyseal structure between Panx1KO and 

WT femora (Fig 2, indicating that under basal conditions the absence of Panx1 does not 

demonstrably alter skeletal properties). P2X7RKO diaphyses were approximately 10% 

smaller in diameter and total cross-sectional area than WT bone (Fig 2). Knockout and WT 

mice showed similar gene expression levels of DMP1, SOST, RANKL and OPG in 

osteocyte enriched diaphyseal samples (data not shown).

 3. Bone remodeling, osteocyte apoptosis and RANKL expression in response to fatigue-
loading in Panx1KO and P2X7RKO mice

Microcrack content resulting from experimental fatigue loading was similar in all ulnae 

regardless of genotype (Cr.N: WT vs. Panx1KO: 3.1 ± 1.0/mm2 vs. 3.8 ± 0.9/mm2; WT vs, 

P2X7RKO: 3.1 ± 1.0/mm2 vs. 3.5 ± 0.9/mm2). In contrast to WT mice, fatigued Panx1KO 

ulnae showed no activation of either intracortical resorption or endocortical tunneling 

resorption (Fig 3A,B). Osteocytes in microdamaged regions of Panx1KO mice ulnae 

underwent similar levels of apoptosis to WT mice (Fig 3C). In contrast, there was no 

increase of osteocyte RANKL expression in fatigued bone in the absence of Panx1 (Fig 3C). 

The results were similar for deletion of P2X7R. Levels of osteocyte apoptosis in fatigued 

bones were equivalent to those in fatigued WT ulnae, but no increases were seen in 

osteocyte RANKL expression (Fig 3C). Finally, we found that pharmacological blockade of 

the P2X7R in wild type B6 mice with BBG mimicked the behavior of both Panx1KO and 

P2X7RKO mice (Fig 4); BBG had no effect on osteocyte apoptosis in fatigued bone, but 

completely prevented the increases in osteocyte RANKL expression, and attenuated 

activation of endocortical and intracortical resorption by more than 50% (p<0.05 and p<0.06 

respectively).

 Discussion

In this study, we showed using in vivo genetic approaches that Pannexin-1 channels do not 

influence osteocyte apoptosis in response to bone fatigue and microdamage, but these 

channels are required for the apoptotic osteocytes to trigger RANKL expression in 

neighboring bystander osteocytes and the initiation of osteoclastic bone remodeling. 

Bystander osteocytes in Panx1-deficient mice do not turn on RANKL expression with bone 

microdamage and osteocyte apoptosis in vivo. Furthermore, absence of Panx1 channels 

completely prevented normal activation of cortical bone remodeling in response to fatigue.

In the bone immediately surrounding microdamage sites, where osteocyte apoptosis has 

been studied extensively, some 50 percent of osteocytes die(1,2,5,6,47). However, Verborgt et 

al. revealed that there are multiple osteocyte responses around microdamage sites(47). They 

found that those osteocytes surrounding microdamage that do not undergo apoptosis actively 

respond by protecting themselves through increased production of anti-apoptotic and 

autophagy protein Bcl-2(47). Kennedy et al. in our laboratory recently discovered that the 

viable osteocytes nearby the dying ones produce the essential osteoclastogenic signal 

RANKL(1). Moreover, in a subsequent report, Kennedy et al. found that it is the apoptotic 

osteocytes at these sites, not the microdamage, that trigger the neighboring viable osteocytes 
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to produce RANKL(2). If osteocyte apoptosis was pharmacologically blocked with a pan-

caspase inhibitor, increases in RANKL expression in the bystander osteocytes is prevented – 

despite the presence of microdamage in the bone.

Speculations about potential signals from apoptotic osteocytes that can trigger and target 

osteoclast activation and recruitment have focused on events that occur and molecules that 

are released late in the cell death process (i.e. after membrane breakdown). Kogiannis(13) 

and Jilka(59) suggested that apoptotic bodies could be a potential signal from dying to 

neighboring osteocytes, as these particles stimulate existing osteoclasts on calvarial surfaces. 

However, our studies and others show that apoptotic bodies cannot serve as significant signal 

among osteocytes in situ, due to physical limitations. Apoptotic bodies are ~20–1000 nm in 

diameter while the molecular spacing in pericellular proteoglycan matrix surrounding 

osteocyte processes permits movement of solutes of 70,000 (≈ 6 nm diameter)(60). A 

number of in vitro studies have shown that necrotic and apoptotic cells release several large 

intracellular proteins like HMGB1(14,61). Bidwell et al. showed that apoptotic MLO-Y4 cells 

release HMGB1, which stimulated TNFα and RANKL synthesis in bone marrow stromal 

cells(12,14,62). In vivo confirmation of this mechanism is lacking. Moreover, recent data show 

that HMGB1 is released late in the apoptosis process, after cell membrane integrity is 

lost.(61,63) In contrast, we found that the onset of RANKL expression in bystander 

osteocytes occurs quickly (<24 hours) after bone fatigue, when early osteocyte apoptosis has 

started (i.e. caspases activated) but cell degradation is not yet present(1,2). Thus, signals that 

are produced acutely by dying osteocytes play a dominant role in triggering RANKL 

expression in bystander osteocytes.

Over the last several years, a number of key studies established that cells in the early stages 

of apoptosis release a “find-me” chemoattractant signals that stimulate activation and 

migration of professional phagocytes which then remove dying cells(16,20–22,64,65). These 

find-me signals are released early in the apoptotic process - well before cellular membrane 

integrity is compromised. Unlike the contact-based “eat-me” signals on cell membrane 

surfaces that allow phagocytic cells to identify early apoptotic cells (e.g. 

phosphatidylserine), these small find-me molecules diffuse readily through the local tissue to 

bind to appropriate receptors on the responding phagocytic lineage cells(16,20–22,64,65). 

Among principal soluble chemoattractant find-me signals released during the early phase of 

apoptosis (ATP and UTP, lysoPC, CX3CL1), ATP has high potential relevance for resorption 

activation. ATP has been shown to upregulate RANKL in osteoblast-lineage cells(23,24). In 

contrast, UTP influences osteoclast survival, but not recruitment or differentiation (17). 

Hoshino et al (54) and Koizumi at al (72) have shown that CX3CL1 is involved with 

osteoclast differentiation (pre-osteoclasts express its receptor) but it does not alter RANKL 

expression. Kwak et al. demonstrated that LysoPC inhibits osteoclast differentiation(66).

In several elegant recent studies, Elliott et al.(20), Chekeni et al.(64) and Sandilos et al.(38) 

demonstrated that there is an acute bolus release of nucleotide “find-me” signaling 

molecules (ATP and UTP) from apoptotic cells. This release occurs through opening of 

Panx1 channels under the control of caspase-3 and -7 during apoptosis. Furthermore, they 

found that pharmacological blocking of Panx1 channels inhibits ATP and UTP release from 

apoptotic cells and decreases monocyte recruitment. Based on these observations, we tested 

Cheung et al. Page 9

J Bone Miner Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



whether Panx1 could similarly serve as a mediator of apoptotic osteocyte “find-me” signal 

release in bone as it does in other cell types. Furthermore, given that recruitment of 

osteoclasts, the professional phagocytic cells that remove apoptotic osteocytes, requires 

RANKL expression by bystander osteocytes, we asked whether apoptosis-dependent signal 

release from Panx1 channels might be a critical trigger for this localized upregulation of 

osteocyte RANKL production. We found that when microdamage was introduced into ulnae 

of Panx1-deficient mice, osteocyte apoptosis occurred at damage sites exactly as it does in 

WT bone. However, unlike in WT bone, this osteocyte apoptosis did not trigger RANKL 

production in the non-apoptotic bystander osteocytes in Panx1KO ulnae. Consequently, 

there was no activation of new resorption sites, confirming that Panx1 is required for 

apoptosis induced expression of osteocyte RANKL. These results further point to ATP as the 

essential signal that triggers surviving bystander osteocytes at microdamage sites to turn on 

RANKL. As discussed above, the apoptosis-driven opening of Panx1 channels releases high 

levels of ATP locally, and this ATP can serve as a potent activator and chemoattractant for 

macrophages.

We found that when the same fatigue challenge was applied to mice lacking the P2X7 

receptor, the results were identical to those for Panx1 deficiency, i.e. typical osteocyte 

apoptosis but no RANKL signaling by bystander osteocytes and no activation of cortical 

bone resorption. Pharmacological use of the P2X7R antagonist BBG produced the same 

osteocyte response. Further, BBG treatment resulted in a marked reduction in the activation 

of new resorption sites at 14 days after fatigue. BBG suppression of resorption was not as 

complete as in the knockout mice. Indeed similarly attenuated results have reported for BBG 

treatment with neuronal injury in vivo.(57,58) Together these data point to the participation of 

both P2X7R and Panx1 in this bystander signaling and to ATP as the essential signal 

released from dying osteocytes that triggers surviving bystander osteocytes to turn on 

RANKL production in association with fatigue and microdamage.

How Panx1 and P2X7R may interact in apoptosis-dependent ATP signaling between dying 

and locally surviving osteocytes is not yet clear. Since osteocytes express both Panx1 and 

P2X7R, the most straightforward scenario would be a paracrine mechanism wherein ATP 

released via Casp3-mediated opening of Panx1 channels in apoptotic osteocytes activates 

P2X7Rs on bystander osteocytes. This would not only trigger production of RANKL and 

other pro-osteoclastogenic signals but also amplify the apoptosis–initiated ATP signaling via 

P2X7R-mediated activation of Panx1 channels in bystander osteocytes. ATP was previously 

shown to stimulate RANKL expression in osteoblast-lineage cells(23,24). However, we 

cannot exclude additional mechanisms, e.g. involving same-cell (autocrine) ATP signaling or 

signaling via other receptors such as P2Y, which are expressed on osteoblasts(67) and were 

reported to mediate upregulation of RANKL(68).

Given the clear failure of Panx1KO mice to upregulate RANKL and initiate resorption in 

response to skeletal microdamage, the absence of a demonstrable skeletal phenotype without 

a remodeling stimulus was notable. Based on microCT examination (including trabecular 

bone, data not shown) and histological patterns, it was clear that Panx1KO osteoclasts 

carried out normal bone modeling and remodeling processes during development. This 

normal “baseline” skeletal phenotype of Panx1-deficient mice may result in part because the 
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mice are hypomorphic Panx1 expressors rather than complete knockouts(48). This may also 

contribute to their ability to grow normally despite neurological differences from wild type, 

i.e. diminished seizure threshold(69) and diminished pain sensitivity(70). Interestingly, Panx1-

deficient mice also exhibit a defect in macrophage recruitment that is evident following 

strong inflammatory challenge; this deficiency, however, is not seen in the normal day-to-

day immune functions of these mice(51). Unlike Panx1KO mice, P2X7R-deficient mice 

exhibit a baseline skeletal phenotype that includes differences in skeletal structure and 

mechanoresponsiveness(53). Still, the mice clearly appeared capable of adequate osteoclastic 

activity during the modeling and remodeling processes of skeletal development(53). 

Moreover, baseline expression of the osteocyte-associated genes that we examined were not 

different from wild type mice.

The current studies use an acute bone fatigue model in mice to induce osteocyte apoptosis 

and assess effects on pannexin-1/ P2X7 receptor-activated RANKL synthesis needed for 

activation and targeting of bone remodeling in response to microdamage. This experimental 

approach has proven to be extremely powerful in elucidating the role of osteocytes in the 

targeting and repair of microcracks in bone in using rat models(1,2,5,6,47), and the current 

data indicate that mouse bone fatigue models can be used to similar good effect. Moreover, 

that Panx1/P2X7 receptor-activated RANKL synthesis is required for targeted remodeling 

and maintenance of bone tissue material properties under physiological conditions raises the 

intriguing question of whether these knockout models might develop bone fragility from the 

absence of targeted bone remodeling. Further studies of the aging skeleton in these mice 

should prove intriguing. Lastly, these studies highlight some limitations of the mouse model. 

Kennedy et al. in our laboratory recently established using the rat ulnar fatigue model that 

viable bystander osteocytes near to the apoptotic ones produce RANKL.(1) This RANKL 

expression was triggered in the approximately 50 percent of non-dying osteocytes right near 

the apopototic ones and was further increased in osteocytes up to about 150 µm from 

microdamage sites. In the current study, we found that the apoptotic and RANKL expressing 

osteocytes were adjacent but discrete cells, i.e. non-apoptotic osteocytes near dying ones 

produce RANKL as in the rat ulna. However the spread of RANKL expression among 

osteocytes at some distance from the core of dying cells seen in the rat ulnae fatigue could 

not be assessed in the mouse ulnar cortex; the mouse ulnar cortex is too narrow to allow 

such extended spatial relationship to be evaluated.

Because the genetic defects in Panx1KO and P2X7RKO mice are global and both genes are 

widely expressed(31,32,54,71), alterations in cells other than osteocytes could have contributed 

to the impaired RANKL expression and bone remodeling that we observed following 

microdamage. In particular, defects in cells of the osteoclast lineage could have contributed 

to the failure to form osteoclasts and initiate resorption – one of the two endpoints we 

studied. Recent studies report that both Panx1 and P2X7R are required for osteoclast 

formation in vitro, consistent with this possibility(51). However, the first endpoint we 

examined – RANKL upregulation – occurs extremely early in the pathway to the initiation 

of osteoclastogenesis. That this step was completely blocked by deficiencies in either Panx1 

or P2X7R argues that this is probably the principal restriction point in the damage-induced 

bone remodeling pathway.
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In summary, this study demonstrates a requirement for both Panx1 and P2X7R in the 

initiation of bone remodeling induced by skeletal microdamage. This requirement further 

implicates ATP as a likely signal required to trigger bystander RANKL signaling in 

osteocytes. Such a mechanism is consistent with signaling pathways used in other tissues to 

carry out apoptosis-initiated remodeling of local damage. In addition, the methods used in 

this study to induce microdamage in mouse ulnae should be applicable to other mouse 

models including knockout and transgenic strains. Furthermore, the ability to replicate the 

effect of genetic deficiencies by pharmacologic means using BBG indicates that these 

approaches can also be used in other species.
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Figure 1. 
Summary of mouse ulnar fatigue studies. (A) Basic fuchsin-stained WT mouse ulnar mid 

diaphysis bone isolated immediately following fatigue loading; arrows show the locations of 

microdamage in the bone. (B) The enlargement region shows a fluorescence image of the 

microcracks (arrow) caused by the fatigue loading regime used (bar = 50 µm). (C) 
Microcrack content (Cr.Dn) in fatigue loaded ulnae vs. non-loaded ulnae and NON-MDX 

regions within same ulnae (FATIGUE vs No FATIGUE control, p<0.01). (D) Schematic 

showing principal microdamage locations (MDX) in fatigued ulnae and non-damaged 

(NON-MDX) regions within the same bone section. (E and F): Osteocyte apoptosis (% 

Casp3+ Ot) and osteocyte RANKL expression (% RANKL+ Ot) in fatigued ulnae at 3 days 

after loading. Both osteocyte apoptosis and RANKL expression are dramatically increased, 

and were highly localized to the MDX regions noted in A and B (above); osteocytes in 

NON-MDX areas were similar to non-loaded controls (data not shown). (G and H) 
demonstrate intracortical resorption (thin arrow), endocortical tunneling site (thick arrow) 

and a microcrack in fatigued ulnae at 14 days post loading; this resorption is not seen in 

baseline mouse ulnae (bar = 50 µm).
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Figure 2. 
Cortical bone morphology of WT, Panx1KO and P2X7R KO mice. (A) Micro-CT images of 

diaphyseal cross-sections. (B) Summary of micro-CT-based architectural parameters for 

mid-femoral diaphyses. (Tt.Ar = Total Cross-section Area; Ct.Ar = Cortical bone Area; 

Ma.Ar = Marrow Area; Ct.Th = Cortical Thickness; Ct.Ar./Tt.Ar = Cortical Area / Total 

Area; CSMI = Cross-Sectional Moment of Inertia)
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Figure 3. 
Osteocyte apoptosis, osteocyte RANKL expression and resorption in fatigued ulnae of WT, 

Panx1KO and P2X7RKO mice. (A) Left side photomicrographs show IHC staining for 

osteocyte apoptosis within MDX regions of WT, Panx1KO and P2X7RKO mice at 3 days 

post-fatigue (bar = 25 µm) (c-Caspase 3 staining); arrows illustrate examples of positively-

stained cells (brown colored). Right side photomicrographs show IHC staining for osteocyte 

RANKL expression in MDX regions at 3 days post-fatigue; RANKL staining (arrows) is 

evident in WT ulnae, but effectively absent from fatigued ulnae from Panx1KO and 

P2X7RKO mice. (B) Histomorphometry data for osteocyte apoptosis (%Casp3+ Ot.) and 

osteocyte RANKL expression (%RANKL+ Ot.) in fatigued ulnae at 3 days after loading: 

Osteocyte apoptosis at microdamage sites occurred similarly in Panx1KO, P2X7RKO and 

WT ulnae, consistent with IHC images shown in (A), with apoptosis increased almost 5-fold 

vs. NON-MDX bone areas with same bone (p<0.02). In contrast, osteocyte RANKL 

expression was absent from fatigued Panx1KO and P2X7RKO bones. (C) 
Histomorphometry data for resorption space number (Rs.N) and endocortical tunneling foci 

number (En.Tun.N) in WT, Panx1KO and P2X7RKO ulnae at 14 days after fatigue (p<0.02 

vs WT), showing complete absence of new resorption activity in both KO strains.
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Figure 4. 
(A and B) Osteocyte apoptosis and RANKL expression in fatigued mouse ulnae treated in 
vivo with the P2X7R antagonist, Brilliant Blue G (BBG) or Vehicle (VEH). BBG inhibited 

the normal increase in osteocyte RANKL expression in ulnar cortex following fatigue 

loading (p<0.05), but did not alter the amount of osteocyte apoptosis. (C and D) BBG 

treatment dramatically reduced the activation of resorption after fatigue at both intracortical 

(Rs.N, p<0.06 vs VEH) and endocortical (En.Tun.N, p<0.05 vs VEH) locations.
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