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Abstract

Mechanical loading and release of endogenous parathyroid hormone (PTH) during exercise 

facilitate the adaptation of bone. However, it remains unclear how exercise and PTH influence the 

composition of bone and how exercise and PTH-mediated compositional changes influence the 

mechanical properties of bone. Thus, the primary purpose of this study was to establish 

compositional changes within osteocytes’ perilacunar region of cortical bone following exercise, 

and evaluate the influence of endogenous PTH signaling on this perilacunar adaptation. Raman 

spectroscopy, Scanning electron microscopy (SEM), and Energy Dispersive X-ray Spectroscopy 

(EDS) were used to evaluate tissue composition surrounding individual lacuna within the tibia of 

19 week old male mice exposed to treadmill running for 3 weeks. As a result of exercise, tissue 

within the perilacunar region (within 0–5 μm of the lacuna wall) had a lower Mineral-to-Matrix 

Ratio (MMR) compared to sedentary controls. In addition, exercise also increased the Carbonate-

to-Phosphate Ratio (CPR) across both perilacunar and non-perilacunar regions (5–10 μm and 10–

15 μm from the lacuna walls). Tibial post-yield work had a significant negative correlation with 

perilacunar MMR. Inhibition of PTH activity with PTH(7–34) demonstrated that perilacunar 

remodeling during exercise was dependent on the cellular response to endogenous PTH. The 

osteocytes’ response to endogenous PTH during exercise was characterized by a significant 

reduction in SOST expression and significant increase in FGF-23 expression. The potential 

reduction in phosphate levels due to FGF-23 expression may explain the increase in carbonate 

substitution. Overall, this is the first study to demonstrate that adaptation in tissue composition is 

localized around individual osteocytes, may contribute to the changes in whole bone mechanics 

during exercise, and that PTH signaling during exercise contributes to these adaptations.

Corresponding Author: David H. Kohn, Ph.D., Dept. of Biological and Material Sciences, 2213 School of Dentistry, University of 
Michigan, Ann Arbor, MI 48109-1078, (tel) 734-764-2206, ; Email: dhkohn@umich.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Matrix Biol. Author manuscript; available in PMC 2017 May 01.

Published in final edited form as:
Matrix Biol. 2016 ; 52-54: 162–175. doi:10.1016/j.matbio.2016.02.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Raman spectroscopy; Exercise; Parathyroid Hormone; Perilacunar Remodeling; Osteocyte

Introduction

Bone is a complex living tissue with the unique ability to model and remodel its structure 

and mechanical properties to support sustained loads. As a composite structure, the 

mechanical properties of bone are influenced by its composition and spatial distribution 

(Boskey et al., 1999; Burstein et al., 1975). Modeling and remodeling of bone tightly 

regulate its composition and distribution to optimize mechanical properties (Robling et al., 

2006). Although extensive work has identified cellular mechanisms that promote bone 

formation and remodeling, the impact of many of these signaling pathways on the 

mechanical properties of bone remains unclear. Understanding how mechanisms at the 

cellular level influence tissue composition and distribution of bone at the matrix-level, and 

also the mechanical properties of bone at the tissue and whole bone-levels, is vital for 

developing treatments that improve bone quality.

Bone quality can improve in response to various forms of exercise. There is an increase in 

bone metabolism in humans at the onset of exercise (Maimoun and Sultan, 2009; Scott et al., 

2011) that is followed by an increase in bone mineral content (Wallace and Cumming, 

2000). However, there is limited understanding of how exercise influences the mechanical 

properties of bone, given that increased mineral content or bone quantity does not always 

translate into improved mechanical function (Hui et al., 1988). To this end, animal studies 

have identified structural and tissue-level mechanical properties that increase during various 

forms of exercise, such as swimming, jumping, voluntary running in a cage wheel or running 

on a treadmill (Gardinier et al., 2015; Hoshi et al., 1998; Huang et al., 2003; Iwamoto et al., 

2004; Iwamoto et al., 1999; Kohn et al., 2009). For example, young adult mice running on a 

treadmill consistently exhibit increased structural and tissue-level properties, such as post-

yield properties of the tibia (Gardinier et al., 2015; Hoshi et al., 1998; McNerny et al., 2015; 

Wallace et al., 2010; Wallace et al., 2009). Both structural and tissue-level properties can 

increase following exercise despite no significant changes in size, geometry, or mineral 

content (Gardinier et al., 2015; Kohn et al., 2009). However, investigation of tissue 

composition reveals increased carbonate-to-phosphate ratio, mineral-to-matrix ratio, and 

ratio of mature to immature collagen cross-links that correspond with strength and post-yield 

displacement gained during exercise (Kohn et al., 2009; Wallace et al., 2010), Given that 

these findings represent a global average taken across the entire intracortical region, it 

remains unclear where these compositional changes are localized or where they may 

originate from, both of which are vital towards understanding how bone optimizes its 

strength without altering its shape and size.

The mechanical properties, mineral composition, and collagen cross-links that increase with 

exercise are considered a function of the dynamic loading and changes in calcitropic 

hormones that invoke specific cellular responses. In particular, we have demonstrated that 

the cellular response to endogenous parathyroid hormone (PTH) released during exercise 
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facilitates an increase in stiffness and post-yield displacement, and reduction in yield 

displacement compared to sedentary controls (Gardinier et al., 2015). Although PTH and 

mechanical loading are primarily associated with increased bone formation, both forms of 

stimuli also cause structural changes in the lacuna-canaliculi system of cortical bone (Blaber 

et al., 2013; Britz et al., 2012; Qing and Bonewald, 2009). In response to PTH, or in the 

absence of mechanical loads during spaceflight, lacunae volume can increase significantly 

(Blaber et al., 2013; Qing et al., 2012). Lactation similarly increases lacuna size, mediated 

by the calcitonin receptor (Clarke et al., 2015), as well as the osteocytes’ response to PTH 

(Qing et al., 2012). This enlargement of the lacuna is often referred to as ‘osteocytic 

osteolysis’ (Qing and Bonewald, 2009), and can be counteracted by the addition of new 

tissue (Sano et al., 2015). This local remodeling is indicative of the osteocytes’ ability to not 

only alter the lacuna structure, but also modify the mass density and chemical composition 

of the perilacunar tissue (Hesse et al., 2014).

To facilitate perilacunar remodeling, osteocytes can dissolve the surrounding mineral to 

enlarge their lacuna space by increasing acidity and degrading the mineral and matrix 

through tartrate-resistant acid phosphatase (TRAP), cathepsin-k (Ctsk), carbonic anhydrase 

2 (CaII), and matrix metalloproteinase (MMP) activity (Holmbeck et al., 2005; Kogawa et 

al., 2013; Nyman et al., 2011; Qing et al., 2012; Tang et al., 2012). In osteocyte-specific 

PTH/PTH-related protein receptor knockout mice, inhibition of lacuna enlargement and 

TRAP expression was observed during lactation (Clarke et al., 2015; Qing et al., 2012). 

With regards to the matrix, osteocyte expression of MMPs allows the lacuna and canaliculi 

structure to be maintained, while the loss of MMP expression leads to a decrease in 

mechanical properties of bone, specifically whole bone stiffness, strength, and modulus 

(Nyman et al., 2011; Tang et al., 2012). Replacing the mineral or matrix in the perilacunar 

zone is less understood. Given the similarities to osteoblasts, osteocytes have the capacity to 

generate alkaline phosphate (ALP) and type-1 collagen (COL1), along with other non-

collagenous proteins (Bonewald, 2011). As a result, osteocytes have the capacity to alter the 

mineral or matrix composition, such that the structural and/or tissue-level mechanical 

properties of bone are affected without requiring global changes to bone size or geometry.

We therefore hypothesized that endogenous PTH signaling during exercise mediates changes 

in the perilacunar tissue composition, and that this perilacunar adaptation contributes to the 

mechanical property changes that result from exercise. The purpose of this study was to: (1) 

establish that changes in perilacunar composition occur following short-term exercise, and 

(2) demonstrate the influence endogenous PTH signaling has on perilacunar adaptation 

during exercise.

Results

2.1 Perilacunar Tissue Composition is Altered During Exercise

Compared to sedentary controls, the exercise group exhibited a significantly smaller 

mineral-to-matrix ratio (MMR) within the perilacunar region (0 to 5 microns from the 

lacuna wall), but not in either non-perilacunar region (5 to 10, and 10 to 15 microns from the 

lacuna wall) (Fig 1). The exercise group also exhibited a significantly greater carbonate-to-

phosphate ratio (CPR) compared to sedentary controls across both perilacunar and non-
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perilacunar regions. This increase in CPR indicates a more carbonated apatite throughout the 

bone of mice subjected to exercise.

Inhibition of the cellular response to endogenous PTH was achieved by treating mice with 

PTH(7–34) during both exercise and sedentary conditions. Perilacunar MMR was not 

significantly different between exercise and sedentary groups treated with PTH(7–34). The 

CPR in the perilacunar and non-perilacunar regions were also not significantly different 

between exercise and sedentary groups treated wtih PTH(7–34). These data indicate that the 

cellular response to endogenous PTH released during exercise is necessary for the decrease 

in the perilacunar MMR and increase in the CPR across both perilacunar and non-

perilacunar tissue.

To substantiate the Raman data, the mineral density and elemental composition surrounding 

individual lacuna were measured using backscatter electron (BSE) scanning electron 

microscopy along with energy dispersive X-ray spectroscopy (EDS). Based on normalized 

grey-scale values, the mineral density immediately next to the lacuna wall (0 to 2.5 microns 

away) was significantly higher compared to non-perilacunar tissue in sedentary controls (p < 

0.01; Fig 2). However, mineral density next to the lacuna wall was significantly smaller in 

the exercise group compared to the non-perilacunar tissue and also compared to the 

perilacunar tissue in sedentary controls (p < 0.01 for both comparisons). The elemental 

carbon-to-phosphorus ratio (ECPR) was significantly higher (p < 0.01) across each region in 

the exercise group compared to sedentary controls, indicating either a decrease in the carbon 

content or increase in phosphorus. By inhibiting the cellular response to endogenous PTH 

with PTH(7–34), there was no longer a differential in perilacunar mineral density and ECPR 

between exercised and sedentary groups.

2.2 Post-Yield Properties Gained During Exercise are Regulated By PTH Signaling and 
Correspond With Perilacunar Remodeling

As reported in our previous study (Gardinier et al., 2015), tibiae from the exercise group had 

a significantly smaller yield displacement in the tibia along with a significantly greater 

stiffness and post-yield work compared to sedentary controls (Table 1). The tissue-level 

mechanical properties of the tibia demonstrated similar trends, with a significant decrease in 

yield-strain, but significant increases in modulus and ultimate stress compared to sedentary 

controls. Adaptations in the mechanical properties of the tibia as a result of exercise were 

not accompanied by any changes in cortical area, mineral density, mineral content, or 

moment of inertia when compared to sedentary controls (Table 2). Inhibiting the cellular 

response to endogenous PTH with PTH(7–34) inhibited the increase in stiffness and post-

yield work, and decrease in yield-displacement in exercised mice compared to sedentary 

controls. However, PTH(7–34) treatment did not inhibit exercise from increasing the 

modulus, ultimate stress, or decreasing the yield-strain when compared to sedentary 

controls. Therefore, the structural-level mechanical properties gained during exercise are 

dependent on PTH signaling. There was a significant negative correlation between the MMR 

and post-yield work (Fig 3A). The increase in post-yield work following exercise was 

dependent on the cellular response to endogenous PTH signaling (Fig 3B).
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2.3 Endogenous PTH Signaling During Exercise Contributes to Tissue Resorption and 
Increases in Osteocyte Signaling

To evaluate osteocytes’ ability to mediate perilacunar remodeling during exercise, gene 

expression in osteocyte-rich tibiae was measured during the first week of the exercise 

program. There was a significant decrease in Sclerostin gene (SOST) expression by day 2 in 

exercised mice compared to sedentary controls (0.35 ± 0.08 vs. 1.0 ± 0.23, p-value = 0.01), 

but this decrease was lost by day 4 (Fig 4A) and then regained on day 6 (Fig 4B). Prior to 

day 6, exercise did not affect fibroblast growth-factor 23 (FGF-23) expression, but after 6 

days, FGF-23 expression was ~ 3.5 fold greater in exercised mice than sedentary controls. 

Expression levels of MT1-MMP and TRAP were increased by 4 days of exercise when 

compared to sedentary conditions, but only MT1-MMP was statistically significant 

compared to sedentary controls. However, by day 6, exercised mice exhibited a significant 

decrease in both MT1-MMP and TRAP compared to sedentary controls. Expression levels 

of COL1A2 and ALP were not significantly different between exercise and sedentary 

conditions at any of these times (Supplementary Fig 1).

At day 4, the increase in MT1-MMP and TRAP due to exercise was inhibited by PTH(7–34) 

treatment when compared to sedentary controls (Fig 4A). By day 6, the decrease in MT1-

MMP and SOST along with the increase in FGF-23 due to exercise was inhibited by 

PTH(7–34) when compared to sedentary controls (Fig 4B). Although FGF-23 was higher 

following exercise + PTH(7–34), it was not significantly different from sedentary mice 

treated with PTH(7–34).

2.4 Marginal Changes in Lacuna Size During Exercise

Alongside the changes in tissue composition, lacuna volume was expected to shift as result 

of perilacunar adaptation and local tissue formation or resorption. In response to exercise, 

lacuna area was greater compared to sedentary controls; however this increase was not 

statistically significant. Lacuna size did not correlate with the MMR (R2 = 0.011, p-value = 

0.32); however, there was a positive correlation with CPR (R2 = 0.046, p-value < 0.05), 

meaning that larger lacuna tend to have a higher CPR.

Discussion

The endogenous PTH released in mice while running on a treadmill facilitates adaptation in 

tissue composition of the tibia that is localized 0 to 5 microns from the lacuna wall (Fig 1 & 

2). These changes in composition are not detected over larger regions of tissue 

(Supplemental Fig 2). Within this perilacunar region, the mineral had higher carbonate 

substitution, but decreased mineral density, along with a decrease in the mineral to organic 

matrix ratio. The increase in carbonate substitution may explain the increased stiffness 

measured at the whole bone level (Table 1), while the reduction in mineral-to-matrix ratio 

correlated with the corresponding increase in post-yield properties of the tibia (Fig 3). This 

exercise model increased structural-level mechanical properties in the tibia of young adult 

mice without altering its cross-sectional area or geometry (Table 2), consistent with other 

studies using this model (Gardinier et al., 2015; Kohn et al., 2009). Together, these data 

demonstrate that the structural-level properties gained during exercise correspond with 
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localized changes in tissue composition without requiring significant changes in cortical 

bone size or geometry. In addition, we have established that the cellular response to 

endogenous PTH released during running is a dominant stimulus for tissue adaptation that is 

localized at the lacuna wall.

The mechanical behavior of bone, specifically tissue strength and stiffness, is largely 

determined by its degree of mineralization (Burstein et al., 1975). Although exercise 

increased the stiffness and modulus of the tibia (Table 1), the MMR exhibited no significant 

changes in non-perilacunar regions compared to sedentary controls, while the perilacunar 

MMR was significantly reduced (Fig 1). A reduction in MMR would suggest either 

demineralization in the perilacunar region, which would decrease tissue stiffness and 

strength (Burstein et al., 1975), or an increase in matrix formation, which would increase 

tissue ductility (Boskey et al., 1999). The organic matrix in bone is a key determinant of its 

post-yield properties (Boskey et al., 1999), and we found a negative correlation between 

perilacunar MMR and post-yield work (Fig. 4B). Under bending, cracks often originate and 

propagate through the lacunae-canaliculi system (Reilly, 2000). Therefore, modifying the 

organic matrix or mineral density within the perilacunar region may influence the work or 

energy the bone can sustain.

Beyond the degree of mineralization, bone mineral stoichiometry and crystallinity also 

contribute to its mechanical function, particularly strength and stiffness (Boskey, 2003; 

Morris and Mandair, 2011). The mineral phase of bone is comprised of hydroxyapatite 

crystals, where carbonate substitution into the lattice occurs with maturation of the mineral 

(Akkus et al., 2004; Raghavan et al., 2012). Exercise increased the CPR throughout the 

cortical bone of the tibia, with the largest increase occurring at the lacuna wall (Fig. 1). The 

overall increase in CPR across perilacunar and non-perilacunar regions is consistent with 

previous studies demonstrating an increase in CPR across the bulk of the tissue (Wallace et 

al., 2010). Although a more carbonated apatite is expected to provide a locally stiffer and 

possibly stronger material (Burket et al., 2011; de Carmejane et al., 2005; Donnelly et al., 

2010), its ability to do so at the whole bone-level remains unclear. For example, sites of hip 

fracture in postmenopausal women have a higher CPR than neighboring undamaged sites 

(McCreadie et al., 2006), which would indicate that increased CPR occurs in weaker tissue. 

This is supported by observations that ovariectomized monkeys have a larger CPR along 

with weaker and more brittle tissue (Gadeleta et al., 2000). In contrast, areas of diffuse 

damage following repetitive loading tend to exhibit a less carbonated apatite (Timlin et al., 

2000), suggesting that decreased CPR may be associated with weaker tissue. In addition to 

carbonate substitution, crystallinity is also a key determinant of the mechanical properties of 

the mineral, and often exhibits an inverse relationship with CPR (Boskey, 2003; Morris and 

Mandair, 2011; Raghavan et al., 2012). After exercise, the increase in CPR was accompanied 

by a decrease in crystallinity, specifically at the lacuna wall (Fig. 1). A decrease in 

crystallinity can occur from an expansion of the c-axis of the apatite crystal, resulting from 

carbonate substitution of the phosphate (Baig et al., 1999). Although the decrease in the 

perilacunar crystallinity following exercise was not statistically significant, earlier studies 

found significant decreases in crystallinity throughout the bone with exercise (Wallace et al., 

2010).
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It is hypothesized that the decreases in MMR measured with Raman and mineral density 

measured under BSE are due to mineral being removed from the perilacunar region 

following exercise. We therefore anticipated an increase in lacuna area with exercise, similar 

to that observed during lactation (Clarke et al., 2015; Qing et al., 2012). However, only a 

non-significant increase lacuna size occurred with exercise (Fig 5). Enlargement of lacuna 

volume during lactation is mediated by the activation of osteocytes’ PTH/PTH-related 

protein receptor (Qing et al., 2012). To a similar degree, micro-gravity during spaceflight 

causes the lacuna to become enlarged, indicating that the absence of mechanical loading 

accelerates the removal of the perilacunar mineral (Blaber et al., 2013). In contrast, paralysis 

of the hind-limb decreases lacuna volume (Britz et al., 2012). Although the loss of muscle 

function and potential cross-talk with bone may contribute to the discrepancy between 

results from hind-limb suspension and other forms of unloading, it remains unclear how 

lacuna volume may change under mechanical loading. Based on our results, mechanical 

loading may induce enough tissue formation to replace the tissue removed in response to 

PTH, causing a net zero change in lacuna size.

Osteocytes’ ability to mediate this adaptation in tissue composition was evaluated based on 

changes in gene expression. Analysis of osteocyte markers revealed a significant increase in 

FGF-23 and decrease in SOST by day 6 (Fig 4B). FGF-23, in particular, is found only in 

osteocytes, and plays a key role in regulating phosphate wasting within the kidney (Silver 

and Naveh-Many, 2013). The increase in FGF-23 after day 6 of exercise could cause an 

increase in phosphate wasting and a reduction the amount of phosphate circulating in the 

mice. In the process of new tissue being mineralized, the lack of available phosphate would 

likely result in a more carbonated apatite being formed. This could explain the decrease in 

CPR observed during exercise (Fig 1), similar to how hyperphosphotemia from chronic renal 

failure increases cortical bone CPR (Iwasaki et al., 2011). The potential use of FGF-23 to 

augment newly mineralized tissue after 6 days of exercise coincided with a decrease in 

SOST expression (Fig 4B). The subsequent decrease in Sclerostin would then reduce the 

osteocytes’ catabolic activity or ‘osteocytic osteolysis’, given that Sclerostin activates TRAP 

and CaII expression needed to facilitate mineral dissolution (Kogawa et al., 2013). Thus, it 

would make sense that the decrease in SOST expression corresponded with a decrease in 

TRAP expression (Fig 4B). Altogether, the increase in FGF-23 expression alongside a 

decrease in SOST and TRAP expression suggests that after 6 days of exercise, osteocytes are 

reducing their catabolic behavior and are primed to increase carbonate substitution.

Prior to day 6, the catabolic function of osteocytes is difficult to clearly define. We observed 

an initial increase in MT1-MMP and TRAP expression by day 4 (Fig 4A). Although these 

proteins are not exclusive to osteocytes, they are used by osteocytes to maintain the lacunae-

canaliculi system and have a large impact on whole bone mechanical properties (Nyman et 

al., 2011; Tang et al., 2012). The lack of changes in Col1 or ALP gene expression by day 4 

(Suppl Fig 1), would also suggest the presence of more catabolic activity at the onset of 

exercise. The potential increase in catabolic activity is also consistent with the increase in 

lacuna size, even though it was not statistically significant (Fig 5A). The initial increase in 

catabolic activity among osteocytes may be offset by the subsequent reduction by day 6, 

based on osteocytes’ expression of SOST along with the decrease in TRAP and MT1-MMP 

expression.
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Osteocyte gene expression and perilacunar adaptation were both dependent on the cellular 

response to endogenous PTH released during exercise. The structural-level mechanical 

properties that increase with exercise are also dependent on the cellular response to the 

increase in endogenous PTH levels (Gardinier et al., 2015). While other studies have 

demonstrated increased tissue strength and post-yield behavior following 3 weeks of 

exercise, opposite trends in MMR and CPR were also found (Kohn et al., 2009; Wallace et 

al., 2010). However, the tissue composition reported in these earlier studies represented a 

global average across the entire cross-section that was based on individual measurements 

from larger regions of tissue, roughly 20 times greater than the perilacunar and 

nonperilacunar regions presented in this study. In a secondary analysis, the MMR and CPR 

were measured across a larger region expanding 0 to 20 microns away from the lacuna wall. 

The MMR and CPR across this larger region were not significantly different between 

exercise and sedentary groups (Supplementary Fig 2). As a result, localized variations in 

tissue composition are easily negated when taking measurements across larger portions of 

tissue. Our ability to assess MMR and CPR localized within 5 μm of the lacuna wall enabled 

us to identify tissue adaptation within the osteocytes’ perilacunar region and its potential to 

alter the mechanical properties of bone.

One of the limitations in this study was the inability to completely avoid the presence of 

non-osteocytic cells when evaluating changes in gene expression. Although care was taken 

to remove the bone marrow and any remaining lining cells, as prescribed by established 

techniques (Kelly et al., 2014), the expression levels of MT1-MMP, TRAP, ALP and 

collagen are not osteocyte specific. However, SOST and FGF-23 are not expressed in other 

cells, and the changes in expression of these genes indicate that osteocytes play a key role in 

mediating bone adaptation during exercise and in response to endogenous PTH signaling.

This study is the first to establish the presence of perilacunar adaptation in response to 

exercise and demonstrate that endogenous PTH signaling during exercise mediates this 

adaptation. Based on our data, this perilacunar adaptation may facilitate changes in 

structural-level mechanical properties of the tibia, specifically post-yield properties. As a 

result, these data suggest that osteocytes may play a direct role in governing the mechanical 

properties of cortical bone.

Experimental Procedure

4.1 3-Week In-vivo Exercise Model

Animal procedures were performed at the University of Michigan with University 

Committee on Use and Care of Animals (UCUCA) approval. Male C57Bl/6J mice were 

purchased from Jackson Laboratories (ME) at the age of 15 weeks and were individually 

housed throughout the entire study (because of their aggressive nature) with sufficient water, 

food, and items for enrichment. Mice were allowed to acclimate for one week. At 16 weeks 

of age, they were divided into four weight-matched groups with 8 mice in each group: 

sedentary + vehicle, sedentary + PTH(7–34), exercise + vehicle, and exercise + PTH(7–34). 

Exercise groups were subjected to 30 minutes of running on a treadmill at 12 m/min and 5° 

incline for 21 consecutive days. Each day, mice received subcutaneous injections of a 

vehicle control (50μl of 0.9% saline) or 60μg/kg of PTH(7–34) to inhibit PTH signaling. On 
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day 22, each mouse was sacrificed and tibiae were removed, stripped of soft tissue, wrapped 

in gauze soaked with Ca2+ buffered saline and stored at −80°C. The left tibia was later 

scanned using micro-CT and then tested under mechanical loading to determine its 

mechanical properties. The right tibia was used to identify corresponding changes in tissue 

composition within the osteocytes’ perilacunar region.

4.2 Micro-CT

Cortical bone mineral content, density, and cross-sectional geometry were determined from 

ex-vivo scans of the entire tibia using a Scanco microCT system (μCT100 Scanco Medical, 

Bassersdorf, Switzerland). Each tibia was embedded in 1% agarose, placed in a 19 mm 

diameter tube, and scanned with the following settings: 10 μm, voxel size, medium 

resolution, 70 kVp, 114 μA, 0.5 mm AL filter, integration time 500ms. Image slices were 

processed using the manufacturer’s software and a single greyscale threshold, which was 

optimized between 0–1000 across all the samples. Cortical bone mineral content, mineral 

density and geometry (cortical area, moment of inertia) were quantified at a standard site, 

located 3 mm proximal of the tibia-fibula junction. To estimate the tissue-level mechanical 

properties, cortical bone area, moment of inertia about the medial-lateral axis, and the 

distance from the most medial point to the neutral axis was determined at the fracture site.

4.3 Mechanical Loading

The mechanical properties reported in this study represent a subset of tibia from our early 

study (Gardinier et al., 2015). Since perilacunar remodeling was only evaluated in this 

subset of tibia, we only included their mechanical properties. This also allowed us to run 

correlation studies between the mechanical properties and their respective properties in 

perilacunar remodeling. As described in our study, the mechanical properties were 

determined under four-point bending with a base support of 9 mm and loading points 3 mm 

apart. Each tibia was positioned in the loading device with the lateral surface under 

compression and the most distal portion of the tibia-fibula junction over the outer base 

support. Each sample was tested until failure at a loading rate of 0.01 mm/s (Admet eXpert 

Universal Testing Machine). The location of failure was noted, while load and deflection 

were recorded to quantify structural-level properties: yield-force, ultimate-force, yield-

deformation, ultimate-deformation, failure load, failure displacement, stiffness, and strain-

energy. Tissue-level mechanical properties were estimated using beam-bending equations 

along with the cross-sectional area, distance from the most lateral surface to the neutral-axis, 

and the moment of inertia (MOI) at the fracture site. The resulting stress-strain relationship 

provided yield-stress, ultimate-stress, yield-strain, ultimate-strain, and modulus. The mean 

and standard error for each group are reported.

4.4 Raman Spectroscopy and Lacuna Size

Tissue composition localized around individual lacuna was measured using Raman 

spectroscopy. Tibiae were first dehydrated in a graded ethonal (70%, 80%, 100%), then 

embedded in methyl methacrylate (Koldmount Cold Mount kit, Mager Scientific, MI). 

Sections 1 mm thick were cut at the mid-diaphysis with a diamond wafering blade (Mager 

Scientific, MI) on a low-speed sectioning saw (South Bay Technology, Model 650, CA) and 

then polished to a final thickness of 200 μm on wet silicon carbide abrasive disks. Each 
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section was imaged using a Raman microprobe with a line focused laser beam (135 to 180 

μm in length) (Carden et al., 2003; Timlin et al., 2000). A 785-nm diode laser (Invictus, 

Kaiser Optical Systems) was focused through a 40X/0.75N objective (S Fluor, Nikon 

Instruments) on a motorized translation stage. Hyperspectral Raman images were taken at 3 

distances from the lacuna wall: 0–5 μm, 5–10μm, and 10–15 μm. The region closet to the 

lacuna (0–5 μm) is referred to as the perilacunar region. Image data was processed using 

custom MATLAB scripts (Carden et al., 2003; Timlin et al., 2000), which normalized each 

image to the peak intensity of phosphate and then implemented a peak fitting routine to find 

peak intensities for phosphate (959 cm−1), carbonate (1070 cm−1), and the hydroxyprolines 

(851 cm−1 and 873 cm−1) to represent the matrix phase. The carbonate-to-phosphate ratio 

(CPR) was defined 1070 cm−1/958 cm−1, and the mineral-to-matrix ratio (MMR) was 

defined as 959 cm−1/(851 cm−1 and 873 cm−1), while the crystallinity was calculated by 

taking the inverse of the phosphate band width at half of the maximum intensity (1/958 

cm−1, FWHM). The size of each lacuna assed under Raman was determined by outlining an 

image of each lacuna in Matlab and measuring its cross-sectional area. Each parameter was 

averaged across 3 to 4 imaged lacunae taken from the same sample. Each lacuna was 

selected from the medial aspect of the sample’s transverse cross-section to correspond with 

the mechanical properties of contralateral limb, which was loaded with the medial aspect 

under tension. A total of 8 samples were tested for each group and the mean and standard 

error calculated for each group is reported.

4.5 SEM and EDS Imaging

Mineral density and the relative elemental abundance of phosphorous and carbon were 

evaluated using backscatter electron (BSE) imaging along with energy dispersive X-ray 

spectroscopy (EDS). Tibial sections were cut at the mid-diaphysis from previously 

embedded bones adjacent to those prepared for Raman. Each section was polished to a final 

thickness of 1 μm using silicon carbide abrasive disks followed by a 0.25 micron diamond 

suspension and then thinly coated with gold. A JEOL-7800FLV Scanning Electron 

Microscope with an integrated EDS detector was used to image each section under a 7×10−4 

Pa vacuum and the electron beam energy was kept at 15 kV with an operating distance of 10 

mm. To account for variations between each imaging session, BSE and EDS images were 

taken of a hydroxyapatite standard.

Digital images of individual lacuna and their surrounding tissue were captured first under 

BSE detection. For each BSE imaged lacuna, the mean grey-scale value was recorded within 

concentric regions every 2.5 microns, starting at the lacuna wall (Fig. 6). Each grey-value 

was normalized by the mean grey-value of the corresponding hydroxyapatite standard and 

then normalized by the non-perilacunar tissue furthest away from the same lacuna. For EDS 

analysis, spectra were taken every 2.5 microns along a line extending perpendicular from the 

lacuna wall. The elemental ratio between carbon and phosphorus was determined using 

AzTec Software and normalized to the hydroxyapatite standard imaged during the same 

session. For each tibia, the grey-scale value and carbon-to-phosphorus ratio within each 

region was averaged across 7 to 8 lacuna. Similar to the lacunae selected for Raman 

spectroscopy, each lacuna was selected from the medial aspect of the sample’s transverse 

cross-section. The mean and standard error across the 8 tibia within each group are reported.
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4.6 Initial Changes in Gene Expression During Exercise

Changes in gene expression were evaluated in response to exercise at different time points in 

a second batch of mice. Using the same genetic strain and gender, 16 week-old mice were 

divided into 5 groups: baseline, sedentary + vehicle, sedentary + PTH(7–34), exercise + 

vehicle, and exercise + PTH(7–34). Within each group, mice were divided into 3 different 

sub-groups that represented the number of days each mouse was subjected to exercise: 2 

days, 4 days, and 6 days. Each sub-group was assigned 8 mice. Mice were exposed to the 

same exercise regimen and treatments described in the 3-week study. Once each mouse was 

treated according to their allotted time span, the mice were sacrifice, the tibiae were 

removed, cleaned of excess tissue along with their epiphysis and centrifuged to remove the 

bone marrow and lining cells as described (Kelly et al., 2014). Both tibiae were 

homogenized and mRNA was extracted using a Trizol extraction method. The mRNA was 

purified using an RNeasy® Mini Kit (Qiagen) and cDNA was generated with the Taqman 

cDNA synthesis kit (Applied Biosystems) according to the manufacturer’s specifications. 

qRT-PCR was carried out using an Applied BioSystems 7500 RealTime PCR machine along 

with Taqman primers: RN18S (Mm03928990-g1), MT1-MMP (Mm00485054-m1), TRAP 

(Mm00475698-m1), COL1A1 (Mm00801666-g1), Alp (Mm00475831-m1), FGF-23 

(Mm00445621-m1), and SOST (Mm00470479-m1). Gene expression for each sample was 

quantified based on a standard curve derived for each primer and then normalized by their 

respective RN18S expression. The mean and standard error was reported for each group.

4.7 Statistical Analysis

Raman, SEM, and EDS outcomes were tested for statistical differences in the same manner 

using SPSS software. Within each group, differences between spatial regions were tested 

using a one-way ANOVA, with a p-value < 0.05 indicating statistical significance. At each 

location, the effects of exercise and PTH(7–34) were tested using a two-way ANOVA, with a 

p-value < 0.05 indicating a significant difference. Student-Newman Keuls post hoc tests 

were employed to assess differences between sedentary and exercise groups along with the 

interactions between vehicle and PTH(7–34) treatments. Two-way ANOVA was also used to 

determine differences in mechanical properties between sedentary and exercise groups, 

along with the interactions between vehicle and PTH(7–34) treatments. Gene expression was 

evaluated using a similar a two-way ANOVA and post hoc tests. The relationship between 

lacuna size and CPR and MMR was tested using a Pearson correlation and linear regression, 

with a p-value < 0.05 representing a significant relationship.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Perilacunar tissue composition exhibited lower mineral density following 

exercise

• Endogenous PTH signaling during exercise mediated changes in tissue 

composition

• Perilacunar remodeling may explain corresponding changes in mechanical 

properties

Gardinier et al. Page 15

Matrix Biol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Perilacunar adaptation during exercise is evident by significantly decreased Mineral-
to-Matrix Ratio (MMR) and significantly increased Carbonate-to-Phosphate Ratio (CPR), both 
of which were dependent on endogenous PTH signaling
Subscript ‘a’ indicates p-value < 0.05 between sedentary and exercise groups within the 

same region, ‘b’ indicates p-value < 0.05 between vehicle and PTH(7–34) treatment within 

the same region, ‘c’ indicates p-value < 0.05 between regions 0–5 and 5–10 within a single 

group and treatment. Power analysis of differences between sedentary and exercise was 

0.835 with an alpha of 0.05. Mean ± SEM (n = 8, each n represents average of 3–4 images).
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Figure 2. SEM and EDS confirmed the significant decrease in mineral content at the lacuna wall 
along with a significant increase in carbon content throughout the surrounding tissue
Subscript ‘a’ indicates p-value < 0.01 between exercise and sedentary measurements for a 

set distance from the lacuna wall. Displayed is the Mean ± SEM (n = 8, each n represents an 

average of 7 to 8 lacuna).
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Figure 3. Post-yield work of the tibia demonstrated a significant negative correlation with the 
Mineral-Matrix Ratio (MMR) measured at the lacuna wall
A) Post-yield work exhibited a negative correlation with the perilacunar MMR (tissue within 

0 to 5 microns of the lacuna wall). Linear regression is shown (black dashed line) with 95% 

confidence intervals (grey dashed line) and 95% prediction intervals (grey small dashed 

line). B) Among vehicle treated groups, exercise increased the post-yield work compared to 

sedentary controls, while PTH(7–34) treated groups displayed no significant difference. 

Displayed is the Mean ± SEM (n = 8).
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Figure 4. Gene expression in cortical bone revealed changes in tissue resorption and significantly 
increased osteocyte signaling during exercise
A) Each group was treated with exercise and/or PTH(7–34) for 4 days (A) or 6 days (B), 

after which gene expression within cortical bone was measured. By day 4, exercise increased 

MT1-MMP and TRAP expression. By day 6, exercise decreased MT1-MMP, TRAP, and 

SOST expression, but increased FGF-23 expression. Between PTH(7–34) treated groups, 

there were no significant changes in gene expression by day 4 or day 6. Based on paired t-

test analysis, ‘a’ indicates p-value < 0.05 compared to sedentary control, ‘b’ indicates p-

value < 0.05 compared to vehicle control (n = 4, each n represents tibias from 2 mice).
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Figure 5. Perilacunar remodeling during exercise was accompanied by a non-significant increase 
in lacuna area, which correlated with an increase in CPR
Although lacuna area was greater following exercise (A), it was not statistically different 

from sedentary controls (p-value = 0.2). Lacuna area had a positive correlation with CPR 

(B), but did not correlate with MMR (C). Each correlation was performed using samples 

pooled from all the groups. Mean ± SEM is displayed for lacuna area.
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Figure 6. Raman spectra, SEM, and EDS analysis was performed around individual lacuna 
selected along the medial side of the tibia
A) The perilacunar region was defined as 0 to 5 microns away from the lacuna wall, while 

properties in non-perilacunar regions were measured in 5 micron increments in a zone 5–15 

microns from the lacuna. B) For each BSE image the lacuna was outlined and then 

concentric outlines every 2.5 mm were identified. The mineral density in each region was 

defined as the grey-value of the histogram peak (inset).
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Table 1

Both structural and tissue-level mechanical properties were increased by exercise, while only the structural-

level properties were dependent on endogenous PTH signaling.

Sedentary + Vehicle 
ave. (sem)

Exercise + Vehicle ave. 
(sem)

Sedentary + PTH(7–34) 
ave. (sem)

Exercise + PTH(7–34) 
ave. (sem)

Structural-level Properties

Yield Displacement (mm) 260.3 (13.6) 208.0 (10.9)a 230.4 (6.3) 218.1 (6.7)

Yield Load (N) 18.06 (0.70) 17.63 (1.02) 17.01 (0.70) 17.11 (0.58)

Ultimate Displacement (mm) 278.1 (10.8) 251.9 (11.7) 279.2 (13.4) 254.5 (14.7)

Ultimate Load (N) 18.51 (0.62) 18.96 (1.08) 18.42 (0.73) 18.43 (0.73)

Stiffness (N/m) 81.40 (5.46) 99.91 (5.36)a 85.85 (3.03) 91.94 (2.50)

Failure Displacement (mm) 363.9 (12.5) 401.8 (40.8) 354.2 (29.2) 367.7 (28.8)

Failure Load (N) 15.74 (0.67) 14.49 (1.48) 16.03 (0.97) 15.73 (0.95)

Pre-Yield Work (mJ) 2.48 (0.19) 2.01 (0.20) 2.07 (0.11) 2.01 (0.12)

Post-Yield Work (mJ) 1.75 (0.14) 2.90 (0.43)a 2.06 (0.53) 2.50 (0.59)

Total Work (mJ) 4.23 (0.18) 4.91 (0.42) 4.13 (0.51) 4.51 (0.52)

Tissue-level Properties

Yield Strain (με) 21126 (1062) 17201 (983)a 19174 (471) 17025 (641)b

Yield Stress (MPa) 175.89 (8.05) 184.40 (9.30) 172.27 (6.23) 183.55 (8.09)

Ultimate Strain (με) 22638 (987) 20896 (1233) 23302 (1323) 19964 (1436)

Ultimate Stress (MPa) 180.0 (6.9) 197.9 (8.9)a 186.8 (7.8) 197.2 (7.8)

Modulus (GPa) 9.65 (0.46) 12.68 (0.58)a 10.46 (0.40) 12.71 (0.68)b

a
indicates p-value < 0.01 between vehicle treated sedentary and exercise groups,

b
indicates p-value < 0.01 between PTH(7–34) treated sedentary and exercise groups (n = 8).
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Table 2
The cross-sectional geometry and mineral density of the tibia were not affected by 3 
weeks of exercise

The moment of inertia was derived about the anterior-posterior axis, while the distance to the neutral axis was 

measured from the most medial portion of the tibia since failure occurred along the medial side under tension. 

Each parameter was derived at the standard site located mid-way between the loading points of the mechanical 

testing (n = 8).

Sedentary + Vehicle 
ave. (sem)

Exercise + Vehicle ave. 
(sem)

Sedentary + PTH(7–34) 
ave. (sem)

Exercise + PTH(7–34) 
ave. (sem)

Cortical Area (mm2) 0.747 (0.020) 0.744 (0.190) 0.733 (0.022) 0.724 (0.013)

Distance to Neutral Axis (mm) 0.607 (0.008) 0.612 (0.013) 0.607 (0.011) 0.586 (0.010)

Moment of Inertia (mm4) 0.093 (0.005) 0.088 (0.005) 0.088 (0.005) 0.082 (0.003)

Mineral Content (mg Ha) 1201.7 (7.7) 1200.5 (5.6) 1208.2 (6.6) 1220.7 (5.2)

Mineral Density (mg Ha/cm2) 150.9 (4.3) 150.0 (4.0) 148.8 (4.7) 148.5 (3.1)
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