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ABSTRACT 

EFFECTS OF ESTROGEN DEFICIENCY ON THE OSTEOCYTE LACUNAR-
CANALICULAR NETWORK  

by  

Divya Sharma  

Adviser: Dr. Susannah P. Fritton 

 

Postmenopausal bone loss is associated with estrogen deficiency, increased bone 

remodeling, and altered osteocyte viability. Osteocytes are mechanosensory cells that may alter 

their surroundings in response to mechanical or environmental changes. To better understand the 

effects of estrogen loss on bone degradation, osteocyte viability, and bone remodeling that may 

alter the osteocyte mechanical environment, studies were designed. The ovariectomized (OVX) 

rat was used as a model for postmenopausal osteoporosis. Firstly, changes were assessed in the 

osteocyte lacunar-canalicular network using high-resolution microscopy techniques by 

quantifying several aspects of the osteocyte microenvironment. Confocal microscopy analyses 

showed that OVX rats have a larger effective lacunar-canalicular porosity surrounding 

osteocytes from proximal tibial metaphysis, due to increased effective canalicular size. Electron 

microscopy demonstrated nanostructural matrix-mineral level differences surrounding the 

osteocyte in OVX rats. Nanostructural changes in the osteocyte microenvironment suggest that 

lacunar-canalicular walls are becoming more permeable in estrogen-deficient rats, which could 

affect interstitial fluid flow around osteocytes during mechanical loading. The second study 

determined effects of estrogen loss on osteocyte apoptosis and tested two potential candidates of 

bone degradation, matrix metalloproteinases MMP-2 and -3. A temporal increase in osteocyte 

apoptosis was seen in OVX rats. The MMP analysis demonstrated that significant differences 
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were not found in MMP-2 and MMP-3 presence between SHAM and OVX. These results 

indicate that MMP-2 and MMP-3 are not primary candidates of bone degradation that may create 

the nanostructural matrix changes observed in the osteocyte lacunar-canalicular environment in 

estrogen-deficient rats. Finally newly formed bone and differences in mineralization of the OVX 

tissue were assessed using fluorescent bone labels and nanoindentation. Mineral apposition and 

bone formation rates increased in OVX rats at endocortical surface, but no changes were seen in 

mineralizing surface on periosteal surface. A non-significant trend of increasing percent 

mineralizing vascular pores was also seen in OVX rats. The nanoindentation analysis showed 

that elastic modulus and hardness were unaltered due to estrogen deficiency. These results 

suggest that nanostructural matrix-mineral level changes in the estrogen-deficient state are 

alterations occurring locally on the osteocyte lacunar-canalicular surfaces. These results provide 

evidence that osteocytes may be modulating the lacunar-canalicular spaces during estrogen 

deficiency. 
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CHAPTER 1 
 

INTRODUCTION 
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1. BONE FUNCTION AND STRUCTURE 

Bones provide mechanical support to the skeleton, giving the body its form, the ability to 

move, and protecting the internal organs. Apart from structural functions, bone also performs 

critical metabolic functions, including maintaining pH and calcium concentration and production 

of blood by bone marrow. Despite a stable appearance, bone undergoes continuous evolution to 

adapt to the demands of the body [1]. Throughout life bone modifies itself by laying down new 

bone and resorbing old bone tissue.  

Understanding the composition of bone is the first step to making efforts to decipher 

bone-related pathological conditions. Bone is composed of collagen, hydroxyapatite (HA) 

mineral, proteoglycans (PG) and non-collagenous proteins [1-3]. The collective interaction of 

these components gives bone its properties of being hard and stiff and able to sustain heavy 

loads. The organization of these materials is of importance as well, as any alterations to the 

arrangement may lead to pathological conditions.  

Bone is divided into two types: cancellous (spongy or trabecular) bone and cortical 

(compact) bone [1]. Trabecular bone contributes to the larger porosity of the skeleton, ranging 

from 75-95% porous, and is found mainly in the vertebrae, flat bones, and ends of the long bones 

of the skeleton in the confinement of the cortical bone shell [2]. Cortical bone is found in the 

cortex of the shaft of long bones, forming the outer shell and making a dense structure with a 

porosity that is approximately 5-10% [2] (Fig. 1.1). Both types of bone have internal pores that 

contain fluid. A medullary canal that holds the bone marrow is located in the interior of long 

bones, and the inner surface of cortical bone is called the endosteal surface. All bones also have a 

periosteum that is the external smooth surface, which consists of connective tissues and cells that 

help bone to change its architecture [1]. 



3 

Fig. 1.1: Hierarchical structure of bone tissue showing the different levels of porosities 

[http://www.octc.kctcs.edu/gcaplan/anat/images/Image269.gif] 

 

Bone tissue has several levels of porosities that enable transport of soluble molecules 

vital for bone tissue health. The largest porosity is found within the primary and secondary 

osteons, which contains vascular canals that house the bone blood vessels. Primary osteons are 

made when new bone is formed with the blood vessel in the middle, and secondary osteons are 

formed later in life where mineralized bone is excavated to form new osteons [1]. Secondary 

osteons (~200 μm) are the quasi-cylindrical elements in bone [1], with the Haversian canal (~25-

75 μm) present in the middle of each osteon (Fig. 1.1) [2]. The outside boundary of a secondary 

osteon is the cement line. The Haversian canal is usually aligned with the long axis of the bone, 

and Volkmann’s canals (~20 μm) run transverse, connecting the Haversian canals [2]. These 

canals have blood vessels to sustain bone nourishment. Additional bone pores are the osteocyte 

lacunae (10-20 μm) and canaliculi (0.1-0.7 μm), which span a large surface area of the bone, 

giving the three-dimensional network that enables transport of fluid and waste products (Fig. 1.1) 

Cement line 

Endosteal 
surface 

Vascular 
porosity 
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[1,4]. Understanding normal bone organization and porosity helps in understanding the changes 

that occur when bone is altered in conditions like osteoporosis.  

 

1.1 BONE CELLS AND THEIR FUNCTION: FOCUS ON OSTEOCYTES 

The coordinated events of four different cells, osteoblasts, osteoclasts, bone lining cells 

and osteocytes, keep bone healthy and functional. Osteoblasts, osteocytes, and bone lining cells 

come from the same cell lineage, called the ‘osteoblastic lineage.’ Osteoclasts, on the other hand, 

are a part of the hematopoietic cell lineage.  

Osteoblasts and osteoclasts together take care of two aspects of bone remodeling: bone 

formation and resorption (discussed in detail in Section 1.2). Osteoblasts lay down organic 

matrix, forming osteoid. Osteoblasts that are active on the outer bone surfaces change the 

external morphology of the bone and those that are active on inner surfaces create bone density 

changes. Bone lining cells are resting cells found on inactive surfaces and are believed to be 

derived from the same lineage as the osteoblasts. The fate of these cells is interesting as they can 

revert back to becoming stem cells or pre-osteoblasts if needed [2].  

Osteocytes are the non-proliferative cells encased in the bone matrix and are the most 

abundant cells present in bone [1]. The lacunar-canalicular porosity houses the osteocyte cell 

body and processes (Fig. 1.2) [1,4]. The spacing between the osteocyte cell body and the lacunar 

wall is ~1 um [4]. Osteocyte processes extend into the canaliculi, and the space between the cell 

process and canalicular wall (~50-100 nm) is filled with a pericellular matrix made of 

proteoglycans [4,5]. These processes exhibit tortuosity, traveling from lacunae to the periosteal 

and endosteal bone surfaces (Fig. 1.2). Osteocytes are osteoblasts that have no differentiation 

capabilities left and over time are covered by bone matrix. Osteocyte processes are 
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interconnected via gap junctions that transmit signals from osteocytes that reside in the 

mineralized matrix to osteoblasts and osteoclasts residing on the different surfaces of bone [6]. 

Osteocytes are ideally positioned in the bone matrix to sense mechanical loads and can then 

translate that signal into biomolecular signals by triggering osteoclasts or osteoblasts to resorb 

and form bone; this is why osteocytes are believed to be the mechanosensory cells of bone [7]. 

Section 1.4 will discuss theoretical models of fluid flow in the lacunar-canalicular network that 

show how osteocytes are thought to transduce mechanical loads to biomechanical signals. 

Fig. 1.2 Osteocyte lacunar-canalicular network 
[http://www.udel.edu/PR/UDaily/2008/nov/Lacunar-canalicular-syslg.jpg] 

 

 

1.2  BONE REMODELING 

Modeling and remodeling are two ways bone changes its architecture. Growing bones go 

through a process called modeling, which shapes and reshapes the bone and stops at sexual 
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maturity. Modeling creates changes to the cortex, marrow cavity, and overall shape of the long 

bones [1]. When there is bone resorption and formation after the skeleton has matured, it is 

called remodeling. Remodeling can remove trabecular bone, increase cortical porosity, 

increase/decrease cortical width, and has the potential to alter bone strength [1]. This process is 

initiated by bone resorption from the osteoclasts and is followed by bone formation by the 

osteoblasts. In diseased states like osteoporosis, this remodeling process becomes unbalanced 

and a net loss of bone occurs, which leads to a decreased bone mass.  

Bone is a constantly changing tissue and its architectural changes are controlled by the 

forces it experiences and by the circulating hormones in the body [8]. Frost’s Mechanostat 

Theory proposed that bones adapt to mechanical loads and then cellular and biological 

components interact to change the skeletal mass and architecture to sustain the needs of the 

skeleton [8]. Hormones such as estrogen alter the bone remodeling process by increasing the 

resorption process, which creates a net bone loss [8]. 

Targeted bone remodeling has been demonstrated to occur after microdamage, whereas 

non-targeted remodeling has been shown to occur in conditions such as disuse, estrogen loss, and 

lactation [9,10]. Osteocytes are now known to be the key player in this process. Examples of 

how osteocytes can send feedback signals are seen in microdamage studies that have suggested 

that osteocytes can recruit osteoclasts to damaged regions [11]. Verborgt et al. [11] demonstrated 

that osteocytes undergo apoptosis in areas of bone that are damaged. These cells then died by 

apoptosis and the same location was then subsequently resorbed. Apoptosis inhibition studies 

demonstrated that this resorption can be inhibited in the absence of osteocyte apoptosis, thus 

suggesting that osteocyte apoptosis can control the activation and response to remove 

microdamage [12]. Contrary to targeted remodeling, stochastic remodeling (non-targeted 
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remodeling) is thought to occur randomly in bone, as seen in conditions such as estrogen loss, 

glucocorticoid treatment, disuse, and during lactation [13-15]. However, a recent study by 

Emerton et al. [16] showed that osteocyte apoptosis after estrogen loss occurred in a highly 

specific manner in a mouse ovariectomy model, where apoptosis was highest in regions that 

subsequently underwent resorption. Studies in Chapter 3 measure osteocyte apoptosis in the rat 

ovariectomy model and more on osteocyte apoptosis is discussed in Section 4.  

 

1.3  BONE POROSITIES AND INTERSTITIAL FLUID FLOW 

A prerequisite of metabolism in any living tissue is the sufficient supply of nutrients and 

removal of waste products, which is enabled by interstitial fluid flow through bone porosities. 

Because bone is a mineralized tissue, diffusion alone may not be enough to provide nutrients and 

to maintain bone health [17]. Many studies present the importance of this interstitial fluid flow in 

transport and promotion of cell viability and tissue health, making it a major mechanical tool that 

enables the development of an optimal skeleton structure [6,7,18].  

The three different levels of cortical bone porosities that span the three-dimensional bone 

tissue space contain interstitial fluid. These porosities are the vascular porosity, lacunar-

canalicular porosity, and collagen-apatite porosity:  

1) The vascular porosity is the largest bone porosity, consisting of primary and/or secondary 

osteonal canals (Fig. 1.1). This porosity is at a low pressure, around 40-60 mmHg, similar 

to the blood pressure in bone [2]. 

2) The lacunar-canalicular porosity is postulated to be the site where bone 

mechanotransduction takes place. The lacunar-canalicular porosity is at higher pressures 

for a longer time due to mechanical loading in daily activities [19,20]. Hence, there is an 
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interactive relationship between the vascular porosity and lacunar-canalicular porosity via 

exchange of fluid from the lacunar-canalicular porosity to the vascular porosity due to the 

pressure differences [19] (Fig. 1).  

3) The collagen-apatite porosity is associated with spaces between collagen and crystals of 

apatite. Most researchers believe that there is no fluid movement in this porosity because 

water is bound to ionic crystals [21].  

Similar to cortical bone, cancellous bone also consists of three levels of porosity: the 

marrow space surrounding the trabeculae, the lacunar-canalicular porosity, and the collagen-

apatite porosity. 

Fluid flow through these porosities is essential for tissue survival because it helps carry 

vital molecular information to cells like osteoclasts and osteoblasts to enable bone repair process, 

and to help remove waste products. Osteocytes are deeply embedded inside the bone tissue, and 

an efficient solute transport mechanism becomes extremely important for their survival [22]. 

Therefore, it becomes important to know what size molecules can reach these cells. Bone 

exhibits a molecular sieving phenomenon created by the hierarchical levels of fluid spaces 

through which interstitial fluid flows, carrying many different solutes, ions, and waste products 

from the vascular porosity to the lacunar-canalicular porosity [23].  Studies using different sized 

tracers have established transport of molecules by fluid movement in the absence of mechanical 

loading. Studies using larger sized tracers (6-12 nm) have determined the size of the largest 

molecule that can pass through the pericellular matrix surrounding the osteocyte processes [22]. 

It is now assumed that the pericellular fiber matrix is larger than 6 nm but smaller than 12 nm, 

and is postulated to be around 7 nm [19,23]. Alterations in the osteocyte lacunar-canalicular 

network will make the osteocyte microenvironment more permeable (as seen in Chapter 2) to 
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larger sized molecules and could also alter bone mechanotransduction. In the next section, 

theoretical models of fluid flow and bone mechanotransduction are described in detail.   

 

1.4 BONE CELL MECHANOSENSITIVITY AND MECHANOTRANSDUCTION 

Bone experiences mechanical loading in vivo due to daily physiological activities. Fluid 

flows to and from the vascular porosity and lacunar-canalicular porosity during daily activities, 

which enhances the net transport in bone. Load-induced fluid flow has been used by researchers 

to study whether more solute can be transported to osteocytes that are embedded deep within the 

mineralized matrix. In vivo load-induced tracer studies have shown that more of the tracer is 

transported by convection into the bone tissue when loaded compared to controls [24,25]. 

 In vitro studies of fluid shear stress applied to bone cells have shown that mechanically 

stimulated cells release signaling molecules. Fluid flow applied to osteocytes and osteoblasts has 

stimulated release of signaling molecules such as PGE2, PGI2, ATP, Ca2+, and NO [26-30]. 

Pulsatile fluid flow applied to osteocyte cultures in vitro causes the release of PGE2 and PGI2 and 

intracellular calcium [27,28,30]. Exposing osteocytes to fluid shear stresses also causes the 

release of ATP [30]. Furthermore, to establish whether osteocytes may be stimulated at the cell 

body or at its process in vivo, site-dependent experiments have shown that osteocytes respond 

more when the stimulus is applied at the cell process than the cell body [31]. These studies 

provide insight about osteocyte mechanosensitivity, indicating that fluid flow imparted by 

loading regulates signaling events from osteocytes that are important for bone tissue survival. 

Understanding the influence of fluid flow in the osteocyte lacunar-canalicular network is 

important for predicting osteocyte response in normal and disease states that may help predict 

impaired osteocyte mechanosensitivity [32]. 
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In recent years, electron microscopy (EM) imaging has revealed the intricate structure of 

the osteocytes, their processes and attachments. Studies show that osteocyte processes have a 

central actin filament bundle [33]. They also show that the osteocyte processes are connected to 

the canalicular wall by tethering fibers, at a spacing of 40 nm, running across the whole length of 

the process [33]. The annular spacing between the osteocyte process and the canalicular wall is 

filled with pericellular matrix and there are also conical protrusions emanating from the 

canalicular wall, which are canalicular protrusions that infrequently touch the osteocyte process 

[34]. β3 integrin staining has been demonstrated on the cell body and β1 staining on the cell 

process [34]. These integrins are also thought to be situated on top of the canalicular protrusions, 

which may enable signal transduction (Fig. 1.3).  

Fig. 1.3  Top: EM images of the canaliculi in which the osteocyte process extends, with a 
zoomed in image of the tethering elements and the conical protrusions extending from the wall 
and making contact with the cell process. Bottom: a theoretical model of the osteocyte process, 

tethering elements, and the drag experienced when interstitial fluid passes through the 
pericellular matrix. Adapted from Wang et al. [36] 
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Taking these ultrastructural details of the surroundings of the osteocyte, a strain 

amplification and integrin based mechanotransduction model was developed. Han et al. [35] 

proposed a hydrodynamic model of strain amplification showing that 1 Hz loading at 20 MPa 

(0.1% strain) generated a strain equivalent to 0.5% at the cellular level. By adding an integrin 

attachment on the conical protrusion, Wang et al. [36] advanced this model, and showed that the 

same loading conditions generated an even higher (6%) strain at the cellular level, which 

corroborates in vitro studies that show at least 5000 microstrain is needed to obtain a cellular 

response [37]. This model showed how initiation of bone mechanotransduction would occur with 

the help of an integrin-based intracellular attachment site that could initiate signaling by load-

induced interstitial fluid flow. Tethering complexes attach the osteocyte process membrane 

surface to the central actin filament bundle by cross-linking molecules. Due to bone deformation 

actin filaments slide axially, which then allows stress concentrations and large axial strains to 

develop near the integrin attachment sites when fluid flows in the canaliculus [22,34,36]. This is 

how osteocytes are postulated to sense mechanical loads. Thus, architectural alterations to the 

osteocytic network and in the osteocyte annular spaces of the canaliculi have the potential to 

impair mechanotransduction by creating diminished loads to be transmitted to the osteocytes, 

altering the cell’s ability to respond to the mechanical stimulus.  

Osteocytes may sense the fluid flow in vivo by strains experienced by tethering 

attachment sites as fluid flows through the canaliculus as mentioned above, or by receptor 

proteins like ERalpha, which may be triggered by shear stresses caused by the fluid flow over the 

osteocyte processes [38]. Another mechanism that is postulated to initiate bone 

mechanotransduction involves the primary cilia, which may act as a mechanosensor when the 

cilium deflection produces large deformation and strains at its base [39]. Bending of the primary 
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cilia has been shown to cause intracellular calcium release in kidney cells [40]. However, the 

specific role of the cilium in physiological conditions is still not completely understood.  

 

1.5 BONE ADAPTATION TO MECHANICAL LOADING 

Throughout life, bone architecture is continually optimized by altered loads by a process 

called bone adaptation [41]. Bone adaptation occurs when the bone cells detect mechanical 

signals and translate these signals into appropriate changes that can alter the bone architecture 

[42]. The process of cellular mechanotransduction starts with converting the mechanical forces 

into mechanical signals, such as fluid shear stresses and strains that initiate a response by bone 

cells [27-31], then creating biochemical responses by cells that send signaling molecules to other 

cells nearby [41], which then results in an action that either creates bone or resorbs it [41].  

Lanyon and Rubin [43] showed that bone adaptation in the avian ulna was related to the 

peak strain that was applied. Studies since then have shown that bone responds to high 

magnitude strain, with short duration exercises, with rest-inserted periods being more beneficial 

to elicit a response, because extended loading durations diminished effects of loading [44,45]. 

Increased bone volume fraction by thickening trabeculae and increased mineral apposition rates 

have been observed in loaded rabbit bones compared to the contralateral unloaded limb [46]. 

Studies using rat ovariectomy (OVX) models show that increased and high impact exercise cause 

bone growth and bone formation and has a positive effect on the rat skeleton by creating 

increasing bone mass and strength, compared to a non-exercised OVX counterpart [47,48]. 

Voluntary exercise in rats has also shown to prevent osteocyte death, which has been associated 

with increased biomechanical properties of bone [49].  Furthermore, osteoporotic bone tissue has 

been shown to gain bone mass by exercise; however, the amount of bone gained is not 
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proportional to that of age-matched control animals [47,48]. This may occur by the action of 

hormones, which have been proposed to enhance or inhibit the effects of mechanical loading at 

some level within the bone cell mechanotransduction machinery [8]. Where and how this 

inhibition takes place is still unknown.  

 

2. OSTEOPOROSIS AND EFFECTS OF REDUCED ESTROGEN LEVELS ON 
BONE 

 
Osteoporosis is a disease characterized by the presence of fragile bones that are more 

likely to fracture due to loss of bone mass and structural deterioration of bone tissue. 

Osteoporosis currently affects 44 million Americans, 55% of the population who are 50 years 

and older [50]. Amongst this number, 10 million have osteoporosis, while 34 million have low 

bone mass, which puts them at risk of developing osteoporosis. Out of these 10 million, 8 million 

are females and two million are males [50]. Thus, even though osteoporosis is a predominantly 

female oriented disease, males are also affected. While most females start losing bone rapidly at 

the onset of menopause due to the reduction of estrogen levels, men also experience bone loss, 

usually a decade later than females. Osteoporotic fractures usually occur in the hip, spine and 

wrist, and sometimes require not only hospitalization but also long periods of care associated 

with high medical expenses [50,51]. At the end of treatment there is very little benefit, as the 

underlying problem still exists; there is still less bone at the site of injury to sustain mechanical 

loads of the body. Hence, preventative methods of bone loss need to be developed. Anabolic 

drugs or applied loading regimes may counteract this bone loss; however, bone quality and 

mechanical strength need to be optimized at the same time for the proper functioning of the 

tissue [51].  
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Estrogen is a major sex hormone that has been shown to influence growth, remodeling, 

and homeostasis of the skeleton [9,10,16]. The influence of estrogen on the normal remodeling 

process helps maintain an optimal level for minerals in fluids of the body. Loss of estrogen 

causes an imbalance in bone formation and resorption, by decreased osteoblastogenesis and 

increased osteoclastogenesis [52]. Studies administering estrogen hormone in in vitro cell 

cultures have shown that estrogens increase the lifespan of osteoblasts and reduce activities of 

osteoclasts [53]. Inflammatory cytokines, such as Interleukin-1 and -6 (IL-1 and IL-6), tumor 

necrosis factor-α (TNF-α), and macrophage colony stimulating factor (M-CSF), enhance the 

formation and activation of osteoclasts, which results in increased bone resorption [54]. 

Osteocytes can also antagonize osteoblasts by producing sclerostin [55].  

 

2.1 RAT OVARIECTOMY (OVX) MODEL OF OSTEOPOROSIS  

An animal model of postmenopausal bone loss must closely mimic the ovarian hormone 

deficiency that occurs in human females. Ovariectomy (OVX) is the most widely used model to 

study bone loss due to estrogen loss. This method involves the removal of the ovaries of female 

animals. Control rats typically undergo sham surgery, without the removal of ovaries. Extensive 

research has been done to study rat skeletal growth and bone loss in the ovariectomized rat. This 

rat model of osteoporosis does not develop fractures; it is called a model of osteopenia rather 

than osteoporosis [56].  

Because basic bone turnover and growth occur similarly in rats and humans, the rat OVX 

model is widely used to examine bone changes due to reduced estrogen levels. OVX bone loss 

occurs in both cancellous and cortical compartments. The more prominently researched sites of 

cancellous bone loss are the proximal tibia, lumbar vertebra, and the distal femur.  Osteopenic 
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changes are most evident at the central metaphyseal cancellous areas of long bones [56,57]. Rats 

ovariectomized at 3 months demonstrate a rapid initial phase of bone loss in the proximal tibia, 

which occurs up to 3 months post-OVX and is followed by a relative stabilization of bone 

volume between 3–9 months post-OVX [57-59]. Mineralizing surfaces and bone formation rates 

are also greater in OVX rats in this model compared to controls [57-59]. Similar trends of bone 

loss in the proximal tibial metaphysis have been observed in rats ovariectomized at later time 

points (e.g., 3.5 months and 8 months of age), in which OVX rats have a decreased cancellous 

bone volume ratio 1 and 9 months after OVX surgery, respectively, compared to controls 

[60,61]. Thus, a net loss of bone in OVX rats occurs, with certain areas of bone that are perhaps 

formed while others resorbed. The rat skeleton does not continuously grow; the proximal tibial 

epiphyseal growth cartilage thins, ossifies, halts endochondral ossification and closes. 

Longitudinal bone growth of the tibia declines by 20 to 26 weeks of age [62,63]. Thus, the OVX 

rat model shows increased endochondral resorption and increased cancellous bone turnover with 

resorption exceeding formation, which leads to a net bone loss (Fig. 1.4) [64,65].  

Fig. 1.4 Cancellous bone loss in the proximal tibial metaphysis 1 month after 
ovariectomy (OVX) surgery at the age of 3 months. Adapted from [66].  

 



16 

2.2 MICRO- AND NANO-STRUCTURAL MATRIX AND MINERAL CHANGES 
DUE TO ESTROGEN DEFICIENCY 

 
Contradictory results exist in the literature regarding mineral content present in 

osteoporotic samples at the micro and nano level. Some studies show decreased mineral content 

in bone tissue due to estrogen deficiency [67-69], or find no changes in mineral content [70,71], 

while others have shown an increase in mineral content [72,73]. An increase in mineral 

heterogeneity is often noted due to increased bone turnover [68]. These discrepancies in mineral 

content may arise due to variations in anatomical sites and animal models used for these studies. 

Similar contradictions exist in regards to the osteoporotic bone crystal characteristics (Table 1.1).  

 

Table 1.1: Techniques used to assess mineral content in humans and other animal models of 
osteoporosis 

Reference Species Site analyzed What is measured? Results What is used? 

Boyde et 
al. 1998 

[72] 

Human Iliac crest Distribution of mineral 
density 

Increased 
mineral density 

Backscattered 
EM 

Cheng et 
al. 2009 

[69] 

Fischer rats Trabecular bone, 
vertebra  

Mineral content (g/cm3) Decreased 
mineral content 

microCT 

Gadeleta 
et al. 2000 

[67] 

Cynomolgus 
monkeys 

Trabecular bone, 
vertebra 

Mineral:matrix ratio 
(mineral content) 

Crystallinity  

Lower mineral 
content, larger 
apatite crystals  

FTIR 

Li & 
Aspden et 
al. 1997 

[70] 

Human Proximal femur 
(neck region) 

Trabecular and cortical 
bone, mineral content 

(g/cm3) 

No change in 
mineral content 

Ash bone 
weight 

McNamara  
et al. 2006 

[73] 

Wistar rats Individual trabecular 
bone, proximal tibia 

Mineral content (g/cm3) Increased 
mineral content 

microCT 

Guo & 
Goldstein 
et al. 2000 

[71] 

Sprague 
Dawley 

Rats 

Trabecular bone Elastic modulus, 
Hardness 

No change Nanoindentation 
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Collagen and noncollagenous proteins are also altered due to estrogen deficiency. 

Alterations in collagen composition have also been shown in osteoporotic patients [74]. TEM 

analysis has indicated structural changes in bone fibril architecture in OVX rats, showing 

irregular and disturbed collagen fibril arrangement compared to a more organized arrangement 

seen in controls [75]. Shrinkage of the D-spacing in collagen fibril periodicity has also been seen 

in OVX bone [76]. Modification in the concentrations of noncollagenous proteins or changes in 

their molecular orientation have also been shown in osteoporotic bone [77]. Thus, the native state 

of matrix proteins in bone tissue may be compromised in osteoporotic tissue. Studies conducted 

for this thesis also show matrix-mineral changes occurring in the OVX rat model as described in 

Chapter 2. 

 

2.3 BONE MATRIX CHANGES BY MATRIX METALLOPROTEINASES (MMPs)  

MMPs regulate many biological functions that influence several physiological and 

pathological processes, including aspects of embryonic development, tissue morphogenesis, 

wound repair, inflammatory diseases, and cancer [78,79]. It has been observed that MMPs are 

expressed in repair or remodeling processes and in diseased or inflamed tissues [78,79]. Murine 

mutation or ablation models of growth plate development that target MMPs have shown skeletal 

abnormalities, indicating the critical role that MMPs play in these animal models and in skeletal 

maturation [81]. Many of these MMPs are crucial for bone growth and development and are also 

regulated by estrogen withdrawal. 

MMPs are likely candidates of bone degradation, especially of increases in bone porosity 

because they are seen to be localized around osteocyte lacunae in several studies of bone defects, 

knockout models and disuse studies [78,79,82]. Osteocytes and osteoblasts synthesize MMP-2, -
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3, -13, -14 [78-84]. The two MMPs studied in this thesis are MMP-2 and MMP-3. MMP-2 is a 

gelatinase that cleaves denatured collagen I, collagen type IV and other ECM molecules (Table 

1.2).  Serum MMP-2 levels have been shown to be significantly higher in postmenopausal 

women with osteoporosis and significantly increased in 50-69 year old women [85]. OVX rats 

exhibited significantly increased MMP-2 levels in cancellous bone as assessed by gel 

zymography. Although this is an interesting finding, gel zymography requires homogenization of 

bone tissue, which makes it impossible to identify which cells may be regulating MMP-2 levels 

in vivo [84]. An MMP-2 knockout mouse shows a disrupted canalicular structure, which leads to empty 

Table 1.2: Relevant MMPs of interest in bone growth, development and homeostasis, with the 
indicative substrates they cleave and phenotypic changes observed. (In blue are MMPs involved 
with osteocytes in growth and development of knockout mice, in red is the osteocyte MMP 
activity seen in disuse) 

MMP Protein Cleaves Secreted By/bound 

to 

Observations 

MMP-1 Collagenase 1 Collagen type I, II, III Osteoblasts  
Osteoclasts 
Osteocytes  

Endochondral bone formation 
Removal of osteoid 
Found upregulated in disuse 
[121]  

MMP-2 Gelatinase A Denatured collagen and 
type IV 

Osteoblasts 
Osteocytes 

Null mice had osteoporotic 
symptoms with apparent 
decreases in bone mineral density 
(BMD), present empty lacunae, 
disruption of canalicular network 
[82] 

MMP-3 Stromelysin 1 Proteoglycans, types III, 
IV, V collagens (non-

helical), casein and 
fibronectin 

Osteoclast 
Osteocytes 

Found in osteocytes close to 
remodeling surfaces of  human 
neonatal ribs [86] 
 

MMP-13 Collagenase 3 Collagen type I, II, III Osteoblast 
Osteoclast 
Osteocytes 

Endochondral bone formation  
Removal of osteoid 
Increased expression in estrogen 
deficient environment (in vitro) 
[79] 

MMP-14 MT1-MMP 
(Membrane-
type – MMP) 

Collagen type I, II, III, 
fibrin, aggrecan, 

fibronectin, vitronectin, 
laminin-1, -5 

Osteoblasts 
Osteoclasts 
Osteocytes  

Skeletal disorders-osteopenia, 
dwarfism  
MMP-14 deficient mice showed 
lack of or smaller canaliculi [79] 
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lacunae as the animal reaches an older age [82]. Compared to wild type mice, MMP-2 knockouts 

exhibit lower bone mineral density (BMD), with decreases in mineralization in trabecular and 

cortical bone compartments [82]. A loss of continuity of the canalicular network visualized by 

Bodian staining of the canals in the long bones and calvaria of MMP-2 knockout animals 

indicates that irregularity of canals may be the cause of the empty lacunae observed [82]. MMP-

2 seems to play a role in osteocyte cell process extension and making of the canaliculi and the 

absence of MMP-2 leads to bone loss [82].  MMP-3, on the other hand, has been found in 

osteocytes close to remodeling surfaces of human neonatal ribs [86] (Table 1.2). Another study 

showed an up-regulation of MMP-3 synthesis in osteoblasts following estrogen withdrawal [87]. 

An in vivo model inhibiting osteoblastic MMPs prevented bone loss created by estrogen 

deficiency, with a significant decrease in bone resorption [88]. There also is a substrate 

specificity with MMP-2 and -3 and those that are present in the pericellular space around 

osteocytes, some of which include osteopontin, perlecan, fibronectin, vitronectin, aggrecan and 

bone sialoprotein [34,89-91]. 

The hypothesis that MMPs may contribute to bone loss during osteoporosis should be 

examined since there have not been many studies focusing on whether MMPs play a role in bone 

degradation around the osteocytic network. Because osteocytes have been shown to focally 

produce MMPs, this may indicate the osteocyte’s ability to regulate its environment. A 

disruption of cell connections after estrogen withdrawal may contribute to the etiology of 

osteopenia through the compromised state of native tissue.  

 

3. THE OSTEOCYTE’S ROLE IN BONE REMODELING, APOPTOSIS, AND 
INTERSTITIAL FLUID FLOW 
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Osteocytes coordinate the bone remodeling process by controlling other bone cell types 

such as osteoblasts and osteoclasts. Osteocytes have the capacity to stimulate osteoclast 

differentiation by producing cytokines like RANKL. Expression of RANKL has been localized 

in osteocytes [55,92], and recent studies indicate that selective genetic ablation of RANKL in 

osteocytes results in impaired resorption during development and decreases remodeling in 

response to mechanical unloading [92]. Sclerostin (SOST) is an inhibitory protein produced by 

osteocytes that antagonizes osteoblasts and has been shown to play an essential role in regulating 

bone's response to mechanical unloading because its expression is upregulated in patients with 

disuse-induced bone loss [93]. Osteocyte apoptosis following estrogen withdrawal has also been 

shown to trigger osteoclasts that resorb areas exhibiting increased apoptosis [16]. The precise 

mechanism by which this happens is still unknown.  

Apoptosis is a programmed cell death that occurs in several tissues of the body during 

growth and development [94]. Apoptosis is the most common method by which many tissues get 

rid of damaged cells without causing local inflammation from leakage of cell contents as seen 

during necrosis [94]. Apoptosis is identified by morphological alterations in the nuclear envelope 

such as DNA laddering and formation of leaky vesicles. Apoptosis is initiated by two pathways: 

intrinsic and extrinsic. The intrinsic apoptosis pathway is triggered from within the cell by 

signals sent during growth or severe cell stress, such as when DNA is damaged. The extrinsic 

pathway is activated when a pro-apoptotic protein binds to a pro-apoptotic receptor (Fig. 1.5). 

The extrinsic and intrinsic pathways merge at the point of the caspase pathway [95]. Caspase 

signaling is initiated by the activation of the initiator caspases (2, 8, 9, 10), which in turn activate 

the downstream effector caspases (3, 6 and 7) (Fig. 1.5). Caspase 3, in particular, is the last 

effector caspase in the cascade, which causes cell death once it has been activated or cleaved 
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[95]. The caspase-3 pathway is the most ideal and definite way to detect cell apoptosis and it has 

been used in several studies as an endpoint for apoptotic cell death. Terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) is also used for detecting apoptosis by visualizing 

DNA fragments by tagging the terminal end of nucleic acids [97]. This method has been used in 

several studies to identify osteocyte apoptosis [96-98]. We chose to study cell death by detecting 

apoptotic cells using cleaved caspase-3 antibody, as discussed in Chapter 3. 

 

Fig. 1.5: The intrinsic and extrinsic caspase pathway showing activated caspase-3 as the 
last effector caspase protease. 

[http://scielo.isciii.es/img/revistas/diges/v102n1/punto_vista_f3.jpg]

 

Osteocyte apoptosis has been documented in conditions of microdamage, aging, disuse, 

and estrogen deficiency [16,96-101]. Microdamage studies have shown osteocytes to initiate 

bone remodeling. Osteocytes located near the sites of microdamage undergo apoptosis, which 
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has been correlated with increased bone remodeling due to enhanced RANKL production and an 

increase in osteoclast formation [11,12]. Cardoso et al. [12] established a correlation between 

osteocyte apoptosis and osteoclast resorption, and gave evidence that apoptosis is indeed 

necessary for microdamage removal, as inhibiting fatigue-induced osteocyte apoptosis prevented 

activation of osteoclast resorption. With aging there is also an increase in osteocyte apoptosis, 

along with an increase in empty and hypermineralized lacunae [99]. Osteocytes also seem to die 

by apoptosis in the absence of loading [100,101]. Tatsumi et al. [102] showed that viable 

osteocytes are necessary to send preventative signals against bone loss, and are also necessary 

for the bone to feel unloading. With reduction of estrogen, osteocyte apoptosis has been shown 

to occur in human cancellous and cortical bone and OVX rat bone [97,98], and this osteocyte 

apoptosis response was blocked by the addition of estrogen [98]. Emerton et al. [16] also showed 

that regions that exhibited higher osteocyte apoptosis were also resorbed thereafter, showing a 

non-random effect due to loss of estrogen. However, it is still unclear how estrogen withdrawal 

might trigger osteocyte apoptosis.  

There is also evidence from the literature suggesting that age-related osteocyte loss is 

caused by accumulation of reactive oxygen species (ROS) in cells. ROS include molecules like 

hydrogen peroxide (H2O2), oxygen (O2) and nitric oxide (NO), which induce oxidative damage 

to cells by altering molecular pathways and changing end results of these pathways [103]. Aging 

causes an increase in anti-oxidative processes that increase damaged lipids, proteins, and DNA 

[104-106]. The amount of oxidative stress a cell experiences is determined by the balance 

between ROS production and antioxidant defense [106]. In vitro experiments have shown that 

ROS stimulate osteoclastogenesis [107]. An increase in ROS in the bone marrow of OVX mice 

led to increased inflammatory cytokines [106,108] that have been shown to increase 
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osteoclastogenesis. Bone loss in OVX rats has been shown to be prevented by administering 

antioxidants [107]. Estrogen is a known antioxidant, which prevents cell death as seen by 

experiments that introduce estrogen to H2O2-induced oxidative damaged tissue [107]. The loss of 

estrogen thus decreases the cells’ defense against oxidative stress in bone. Increase in ROS 

content in connection with osteocyte apoptosis seen after estrogen loss has not yet been tested, 

but may be a mechanism of how osteocytes die following estrogen withdrawal. 

Microstructural alterations caused by microfractures or estrogen withdrawal also have the 

potential to alter cell viability by disrupting the lacunar-canalicular network and diminishing 

fluid flow. It has been suggested that estrogen might have the ability to alter in some way the 

equilibrium strain set point of bone such that the response of actual strain is not felt by the bone 

cells in the absence of estrogen [109]. If estrogen loss has a direct effect on osteocytes, the three 

most likely possibilities of how cell viability may be altered are the loss of protective estrogen’s 

antioxidant effect [109], a reduced number of ERalpha receptors, or by a diminished number of 

tethering elements caused by microstructural alterations. Chapter 2 suggests the possibility of 

disrupted connections of osteocytes due to nanostructural alterations in the osteocyte lacunar-

canalicular environment of estrogen-deficient rats, which has the capability of altering the bone 

mechanotransduction. The plethora of studies suggesting that osteocytes dictate several bone 

remodeling processes makes them likely candidates that may be controlling degradation of their 

immediate lacunar-canalicular surfaces during estrogen deficiency.  

 

4. CAN OSTEOCYTES REGULATE THEIR MICROENVIRONMENT? 

Recent evidence suggests that osteocytes are metabolically active cells that produce 

soluble factors like dentin matrix protein-1 (DMP-1), sclerostin (SOST), fibroblast growth factor 



24 

(FGF-23), and receptor activator of nuclear factor kappa-β ligand (RANKL) [53,92,110-112], 

suggesting that osteocytes can regulate a broad range of functions. Osteocytes are also postulated 

to resorb calcified matrix around the lacuna and canaliculi, suggesting their role in bone 

remodeling. Enlarged lacunae have been reported in conditions like primary and secondary 

hyperparathyroidism, increased levels of parathyroid hormone (PTH) and prolonged 

immobilization [113,114]. Acid phosphatase has also been seen around osteocyte lacunae, 

suggesting their probable capacity to resorb [113].  Lane et al. [115]
 

have shown that 

glucocorticoid-treated mice not only have enlarged lacunae but also localized altered material 

properties, with a reduced mineral to matrix ratio determined by Raman microspectroscopy, and 

hypomineralized bone surrounding the lacunae. Recently, Bonewald et al. [14] have also shown 

that during lactation there is an increase in lacunar and canalicular size. This lytic function of 

osteocytes is thought to be how osteocytes either maintain systemic mineral homeostasis or 

initiate bone remodeling processes. Of note is the fact that the space between the mineralized 

bone matrix and the osteocyte cell process contains non-collagenous proteins and proteoglycans, 

which allow calcium ions to bind to these proteins, which are in direct contact with bone fluid 

[116].  

Osteocytes have shown to have the capability of depositing matrix and mineralizing 

ability.  Jande and Belanger [117,118] proposed that osteocytes could physiologically synthesize 

and then remove bone matrix components. In histological sections of cortical bone from rats 

subjected to chronic PTH treatment, Tazawa et al. [119] observed osteocyte lacunae containing a 

matrix positive to hematoxylin or toluidine blue, suggesting a regeneration of the bone matrix 

around the osteocyte after the lacuna was enlarged by the PTH treatment. In a TEM study to 

assess the distribution of osteopontin, McKee and Nanci [120] showed that this protein is found 
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around the osteocytes and their processes. Interestingly, multiple bands of osteopontin were seen 

around some osteocytes, similar to reversal/cement lines seen in osteonal porosity [114]. A 

similar observation was seen in lactating mice as well, with fluorescent labels indicating new 

mineral being laid down [14]. Thus, these observations suggest that osteocytes may be able to 

regulate their immediate surroundings. 

Osteocytes take the center stage as the bone mechanosensory cells and are known to be 

sensitive to interstitial fluid flow. An estrogen-reduced microenvironment may affect the 

osteocyte’s ability to sense fluid forces. The focus of this thesis was to investigate the changes 

occurring in the osteocytic microenvironment with reduced levels of estrogen, and to predict the 

mechanism for changes that may be occurring. In Chapter 2, we used the rat OVX model of 

osteoporosis and high-resolution microscopy techniques to assess several aspects of the 

osteocyte lacunar-canalicular network. Confocal microscopy was used to assess changes in 

lacunar-canalicular porosity, lacunar and canalicular size, and the number of canaliculi per 

lacuna; and scanning and transmission electron microscopy were used to assess canalicular 

diameter and structural aspects of the peri-lacunar-canalicular matrix. In Chapter 3, we 

quantified temporal and spatial patterns of osteocyte apoptosis in estrogen-deficient rats and 

quantified temporal changes in MMP-2 and MMP-3, which were tested as potential candidates 

causing the nanostructural alterations of bone matrix changes around osteocytes. In chapter 4, we 

assessed mineral changes at the whole-bone level using fluorescent labels to determine mineral 

apposition and bone formation rates, and used nanoindentation to identify material property 

changes that could indicate alterations in mineral content around the osteocyte lacunar-

canalicular network. Chapter 5 provides a summary of all the studies and suggests future work 
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that would further help establish the relationship between estrogen deficiency and osteocyte 

mechanotransduction.  
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CHAPTER 2 

 

ALTERATIONS IN THE OSTEOCYTE LACUNAR-CANALICULAR 

MICROENVIRONMENT DUE TO ESTROGEN DEFICIENCY 
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Abstract 

While reduced estrogen levels have been shown to increase bone turnover and induce 

bone loss, there has been little analysis of the effects of diminished estrogen levels on the 

lacunar-canalicular porosity that houses the osteocytes. Alterations in the osteocyte lacunar-

canalicular microenvironment may affect the osteocyte’s ability to sense and translate 

mechanical signals, possibly contributing to bone degradation during osteoporosis. To 

investigate whether reduced estrogen levels affect the osteocyte microenvironment, this study 

used high-resolution microscopy techniques to assess the lacunar-canalicular microstructure in 

the rat ovariectomy (OVX) model of postmenopausal osteoporosis. Confocal microscopy 

analyses indicated that OVX rats had a larger effective lacunar-canalicular porosity surrounding 

osteocytes in both cortical and cancellous bone from the proximal tibial metaphysis, with little 

change in cortical bone from the diaphysis or cancellous bone from the epiphysis.  The increase 

in the effective lacunar-canalicular porosity in the tibial metaphysis was not due to changes in 

osteocyte lacunar density, lacunar size, or the number of canaliculi per lacuna.  Instead, the 

effective canalicular size measured using a small molecular weight tracer was larger in OVX rats 

compared to controls. Further analysis using scanning and transmission electron microscopy 

demonstrated that the larger effective canalicular size in the estrogen-deficient state was due to 

nanostructural matrix-mineral level differences like loose collagen surrounding osteocyte 

canaliculi. These matrix-mineral differences were also found in osteocyte lacunae in OVX, but 

the small surface changes did not significantly increase the effective lacunar size.  The 

alterations in the lacunar-canalicular surface mineral or matrix environment appear to make 

OVX bone tissue more permeable to small molecules, potentially altering interstitial fluid flow 

around osteocytes during mechanical loading.   
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1.  Introduction 

Bone’s lacunar-canalicular porosity is formed by a three-dimensional network of lacunae 

and small canals that house the osteocytes and their cytoplasmic processes and allows 

communication between neighboring osteocytes, osteoblasts, bone lining cells, and the vascular 

porosity. A pericellular fiber matrix surrounds the osteocyte processes, which have been shown 

to be tethered to the canalicular wall [1].  With their distribution throughout the bone matrix and 

their high degree of interconnectivity, osteocytes are in an ideal position to sense mechanical 

deformations and translate them into biochemical signals to enable bone resorption and 

formation [2, 3].   

Mobile exchangeable interstitial fluid external to the osteocytes fills the lacunar-

canalicular porosity and is thought to play an important role in bone maintenance [4].  When 

cyclic mechanical loading is applied to bone, interstitial fluid flows around the osteocytes in the 

lacunar-canalicular porosity and drains into and out of the larger pores surrounding the blood 

vessels and nerves in the vascular porosity. The movement of interstitial fluid in the canalicular 

network affects bone cells in two ways: it is believed to activate osteocytes via deformation of 

transmembrane links between the cell process cytoskeleton and the canalicular wall [5,6], and it 

is involved in mass transport favoring the passage of nutrients and signaling molecules and the 

removal of waste products from the osteocytes [7-11].  

Reduction of estrogen levels has been shown to increase bone turnover, induce bone loss, 

and increase osteocyte apoptosis [12-14]. Modification of bone macroarchitecture via a decrease 

in bone volume fraction is frequently reported in ovariectomized rats [13,15-17], yet there is 

little analysis in the literature related to changes in the lacunar-canalicular porosity that houses 

the osteocytes. Reduced estrogen levels have been shown to increase osteocyte apoptosis, which 
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may reduce the communication between neighboring osteocytes [14,18-20]. Alterations in bone 

mineral content and collagen fibrils have been documented in ovariectomized rats [21,22], but 

whether these changes at the nanostructural level affect the interstitial fluid pathways is not 

known. Alterations in the geometry or the interconnectedness of the lacunar-canalicular network 

may affect interstitial fluid movement and could alter the transduction of mechanical forces to 

the osteocyte [23,24].  

Because changes in the osteocyte lacunar-canalicular microenvironment have the 

potential to impair mechanotransduction that is vital for bone health, the goal of this study was to 

determine whether the osteocyte microenvironment is altered after loss of ovarian function.  

Using the rat ovariectomy model of osteoporosis, this project utilized high-resolution microscopy 

techniques to assess several aspects of the osteocyte lacunar-canalicular network. Confocal 

microscopy was used to assess changes in lacunar-canalicular porosity, lacunar and canalicular 

size, and the number of canaliculi per lacuna; and scanning and transmission electron 

microscopy were used to assess canalicular diameter and structural aspects of the peri-lacunar-

canalicular matrix. 

 

2. Materials and methods 

2.1. Animal model and experimental design 

The ovariectomized (OVX) rat was used as a model for postmenopausal osteoporosis 

[12].  Twenty-week-old rats were used to avoid the early, rapid growth stage that produces 

significant bone turnover in the proximal tibia [25,26].  Bone changes were assessed 6 weeks 

after loss of ovarian function, a duration shown previously to produce significant bone loss in the 
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proximal tibia [27,28]. All procedures were approved by the Institutional Animal Care and Use 

Committee at the Hospital for Special Surgery.  

A total of 35 female Sprague Dawley rats (Harlan Laboratories) were used in the 

analyses.  Eighteen rats underwent OVX at 20 weeks of age and were fed ad libitum for one 

week after surgery. The OVX rats were then pair-fed to the average food intake of control rats 

(20 g standard rat chow per day). The control groups included age-matched (CTRL, n=11) and 

sham-operated (SHAM, n=6).  SHAM surgery was identical to OVX except the ovaries were not 

removed.  At 26 weeks of age all rats were sacrificed, and uterine horn weights were recorded to 

assess the effectiveness of OVX versus SHAM. 

The work was divided into three analyses that examined the osteocyte lacunar-canalicular 

network, with focus on cortical and cancellous bone from the proximal tibia. A subset of rats was 

used for each analysis:  2D confocal study:  OVX, n=6, CTRL, n= 6;  SEM study:  OVX, n=6, 

CTRL, n=5;  TEM and 3D confocal study:  OVX, n=6, SHAM, n=6. 

 

2.2  Sample preparation for the confocal microscopy, SEM, and TEM analyses 

 For the confocal microscopy analyses, harvested tibiae were placed immediately into 

either a fixative used routinely for electron microscopy (0.5% gluteraldehyde, 2% 

paraformaldehyde in 0.05M cacodylate-sodium buffer, pH 7.4) or 10% phosphate buffered 

formalin solution at room temperature.  Transverse cortical bone sections (300-400 µm) were cut 

with a diamond blade saw (Buehler) from the tibial mid-diaphysis and from the metaphysis 2-3 

mm distal to the growth plate and then fixed for 24 h at room temperature. The remainder of the 

proximal tibia, used to analyze cancellous bone from the metaphysis and epiphysis, was fixed for 

48 h at room temperature. After fixation, the cortical sections were ground down to a final 
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thickness of 30-50 µm using Carbimet paper discs (800 and 1200 grit; Buehler) and dehydrated 

in a series of ascending graded ethanol (EtOH) solutions. The proximal tibia samples containing 

cancellous bone were also dehydrated in a series of ascending graded EtOH solutions. To label 

the lacunar-canalicular porosity all the samples were stained using a protocol developed in our 

lab [29]. Briefly, the cortical sections and cancellous samples were stained while gently mixed in 

a rotator for 4 hours in a 1% filtered FITC solution (fluorescein isothiocyanate isomer I from 

Sigma, product #F7250). The cancellous samples were then embedded in PMMA and sagittal or 

frontal sections (400-500 µm) were cut from the plastic blocks with a diamond blade saw. 

Cancellous sections were ground down to a final thickness of 40-70 µm using Carbimet paper 

discs (600 and 1200 grit; Buehler), and dried in ascending graded EtOH solutions. Finally, all the 

cortical and cancellous sections were placed on slides and coverslipped with mounting media 

(Richard-Allan Scientific). 

 For the SEM analyses, ~5 mm thick sections were cut from the proximal end of the tibial 

metaphysis using a diamond blade saw.  The specimens were then cut longitudinally to expose 

cancellous and cortical bone surfaces. After sonication for 40 min in a 20 ml aqueous solution 

(2% dimethyl sulfoxide, 2% Triton 100X, and 2% detergent) to remove cellular debris, the 

samples were rinsed in running water and sonicated for 30 additional minutes in fresh water. 

Samples were then dehydrated in 100% EtOH overnight, mounted on a sticky stub, and coated 

with palladium (300 Å coat thickness).  

 For the TEM analyses, 1-2 mm sections were cut from the proximal tibial metaphysis 2 

mm distal to the growth plate and fixed in 0.5% gluteraldehyde, 2% paraformaldehyde in 0.05M 

cacodylate-sodium buffer, pH 7.4 for 24 h at room temperature.  After fixation undemineralized 

tibial samples were treated with 0.5% reduced osmium tetroxide (EM Sciences) and 1.5 % 
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anhydrous potassium ferricyanide in distilled water, and then dehydrated in a series of ascending 

EtOH solution.  Final dehydration was done with propylene oxide, and samples were then placed 

overnight in a mixture of Epon resin (Embed-812, Electron Microscopy Sciences) and propylene 

oxide (1:1 and then 3:1 overnight) at room temperature. Finally, the samples were embedded in a 

1:1 mixture of Epon resin and nadic methyl anhydride, using 0.5 ml of 2,4,6-

Tri(dimethylaminomethyl)phenol (DMP-30) catalyst.  Thin (80 nm) sections of cancellous bone 

were cut using an Ultracut microtome with an ultra-diamond knife and mounted on single-slot 

Formvar-coated grids.  

 

2.3  Quantification of osteocyte lacunar-canalicular porosity and lacunar area using 2D 

confocal microscopy 

The osteocyte lacunar-canalicular porosity was first quantified using 2D confocal 

microscopy scans (Leica TCS SP2). A 40x oil immersion lens with a 1.25 numerical aperture 

was used with the pinhole set at 1 Airy unit.  A wavelength excitation of 488 nm was used to 

illuminate FITC.   

2.3.1 Quantification of osteocyte lacunar-canalicular porosity of cortical bone cross-sections 

To quantify the lacunar-canalicular porosity of cortical bone from the tibial diaphysis and 

metaphysis, confocal images spanning an entire cross-section were taken at a resolution of 2048 

x 2048 pixels with a field of view of 375 µm x 375 µm (650 gain, -5 offset).  For each region a 

high-resolution confocal image of an entire cross-section was obtained by creating a montage of 

the field-of-view images using Photoshop 7.0 (Adobe Systems) (Fig. 2.1).  Each cross-section 

image was then transformed to grayscale and thresholded using Otsu's method (ImageJ, National 

Institutes of Health). Otsu’s method is a widely used global thresholding algorithm that extracts 
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objects from their background.  The algorithm assumes that an image is composed of two classes 

of pixels, object and background, and then computes an optimal threshold value that minimizes 

the intra-class variance [30]. To ensure that all images were captured similarly, imaging was 

performed at the same z-depth from the specimen surface and the same gains were applied. This 

ensured that there would not be large intensity differences between images. The thresholding 

produced a binary image with the porous areas stained with FITC represented by white pixels, 

and the impermeable area of the mineralized matrix represented by black pixels. After first 

marking the vascular pores (including resorption canals if present), the lacunar-canalicular 

porosity was calculated as the difference between the pixels representing the total FITC-stained 

regions and the pixels occupied by the vascular pores and resorption canals, divided by the cross-

sectional cortical area. The endosteal and periosteal surfaces were excluded for all measurements 

to avoid the accumulation of FITC at these surfaces.  For the cortical metaphysis sections, an 

additional analysis was also performed to assess the lacunar-canalicular porosity in the regions of 

trabecular remnants as well as the lamellar regions found in this portion of the tibia (these 

regions are created during normal long bone growth when marrow space between cancellous 

struts is filled in with new lamellar bone [31]).  

2.3.2 Quantification of osteocyte lacunar-canalicular porosity of cancellous bone 

To quantify the lacunar-canalicular porosity of cancellous bone from the proximal tibia, 

fourteen randomly selected areas were analyzed for each rat, seven from the metaphysis and 

seven from the epiphysis (Fig. 2.2).  Confocal images were taken at a resolution of 2048 x 2048 

pixels with a field view of 375 µm x 375 µm (515 gain, 1.5 offset). The images were 

transformed to grayscale and thresholded using Otsu’s method, with the threshold values 

determined for each image in a region containing canaliculi. The lacunar-canalicular porosity 



35 

was quantified as the percentage of white pixels (FITC-stained space) contained in the 

cancellous bone area examined, excluding marrow space.  

2.3.3 Quantification of osteocyte lacunar area 

To quantify lacunar area, lacunar pores in the 2D confocal images were marked using 

ImageJ, and the average area taken up by each lacuna (including the osteocyte body) was 

measured.  Multiple bone sectors, each containing three to seven lacunae, were analyzed for 

cortical and cancellous bone from the tibial metaphysis. For the cortical metaphysis, both the 

trabecular remnant and lamellar regions were analyzed using six bone sectors for each region. 

For the cancellous metaphysis region, seven bone sectors were analyzed for each rat.  Thus for 

each anatomical region approximately 20 lacunae were analyzed per rat.  The lacunar areas were 

averaged first for each rat and then for each group. 

 

2.4  Qualitative assessment of bone mineral using backscattered electron microscopy  

To further assess the bone microstructure in regions that appeared impermeable to FITC 

as viewed using confocal microscopy, a randomly chosen subset from the 2D confocal 

microscopy study  (OVX, n=3 and CTRL, n=3) was imaged using scanning electron microscopy 

(SEM) in backscattered mode (FEI Quanta 600).  Slide coverslips from cortical cross-sections 

from the tibial diaphysis and metaphysis were removed after being immersed in 100% xylene. 

Sections were then gently polished with 1200 grit sandpaper to eliminate mounting media and 

xylene residues, mounted on a microscope stud holder, and visualized with SEM in 

backscattered mode.  Cross-sectional images of the entire cortical mid-diaphysis and metaphysis 

were obtained and compared to confocal microscopy images of the same sections. 
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2.5  Quantification of canalicular diameter using 2D confocal microscopy, SEM, and TEM 

Canalicular diameter was measured for cortical and cancellous bone from the proximal 

tibial metaphysis using 2D confocal images, SEM images, and TEM images. For the confocal 

analysis of cortical and cancellous bone from the metaphysis, at least 20 canaliculi were 

identified and 4 diameter measurements were made over the length of each canaliculus, resulting 

in approximately 80 measurements per rat per region.  For the SEM analysis, canalicular 

diameters were measured using the built-in microscope software (FEI Quanta 600) on images 

taken at 104 magnification.  At least 40 canalicular diameters were measured per rat for the two 

regions analyzed (cortical and cancellous metaphysis).  Measurements were made on the 

smallest dimension of the canalicular opening (Fig. 2.3a, b).  For the TEM analysis, canalicular 

diameters from cancellous bone were measured using the built-in microscope software (Olympus 

5.1) on TEM images taken at 19000 x magnification (JOEL 100CX-II). Only circular cross-

sections of canalicular diameters were measured (Fig. 2.3c), and at least 60 canalicular diameters 

were measured per rat.  

 
2.6  Quantification of osteocyte lacunar density, number of canaliculi per lacuna, and lacunar 

and canalicular volume using 3D confocal microscopy 

Additional 3D confocal microscopy analyses were performed on cortical bone from the 

proximal tibial metaphysis, a region found to undergo changes in the 2D confocal analysis. A 

Leica TCS SP2 microscope was used with a 63x oil immersion lens (1.4 numerical aperture).  

The pinhole was set at 1 Airy unit, and a wavelength excitation of 488 nm was used to illuminate 

FITC. A linear intensity compensation for gain was applied to compensate for loss in laser 

intensity at increasing depth into the sample, and each image was averaged four times to 

minimize noise. The counter was blinded for all analyses.   
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2.6.1  3D quantification of osteocyte lacunar density 

To calculate volumetric osteocyte lacunar density (N.Lc/BV), confocal images were 

taken at a resolution of 1024 x 1024 pixels with a field of view of 150 µm x 150 µm and a 1 µm 

z-step between images for a scan depth of 25 µm. The 3D z-stack images were loaded in ImageJ 

and lacunae were point-counted directly through the z-stack using the cell counter tool. Partially 

sectioned lacunae at the top surface of the z-stack were included, while partially sectioned 

lacunae at the bottom surface or image sides were excluded. The number of lacunae (N.Lc) was 

divided by the analyzed bone volume (BV) and averaged for three z-stacks per rat to obtain the 

volumetric osteocyte lacunar density. If the average tissue volume surrounding one osteocyte 

lacuna is represented by a cube, the length (L) of one side of the cube can be calculated as  

3√ 1/ (N.Lc/BV) (Fig. 2.4a).  Because L was found to be approximately 25 µm for the SHAM 

group (Table 2.2), the next set of confocal scans was taken with this dimension to quantify the 

number of canaliculi per osteocyte lacuna.      

2.6.2  3D quantification of the number of canaliculi per osteocyte lacuna  
 

To calculate the number of canaliculi per osteocyte lacuna, confocal images of single 

lacunae were taken at a resolution of 1024 x 1024 pixels with a field of view of 25 µm x 25 µm 

and a 244 nm z-step for a scan depth of 25 µm, with an osteocyte lacuna in the middle of the 

scan (Fig. 2.4b). All z-stacks were reconstructed using Volocity (Perkin Elmer), and the number 

of canaliculi penetrating each of the six faces of the cubic volume (considered secondary 

canaliculi), were then point-counted for three z-stacks per rat and averaged (Fig. 2.4c). The same 

confocal z-stacks were then cropped close enough to visualize each osteocyte lacuna, and 

primary canaliculi, considered to be all unbranched, single processes directly connecting to the 

lacuna, were also point-counted for three z-stacks per rat and averaged (Fig. 2.4d). 
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2.6.3  3D quantification of osteocyte lacunar and canalicular volumes 
 

The same confocal z-stacks that were used to quantify the number of canaliculi were also 

used to quantify osteocyte lacunar volumes. Images were thresholded in ImageJ using Otsu’s 

method and were imported into Mimics 3D reconstruction software (Materialise) where 

segmentation tools were used to isolate lacunar volumes (Fig. 2.4e).  

To calculate canalicular volumes, confocal images consisting of only canaliculi between 

two osteocytes were obtained at a resolution of 2048 x 2048 pixels with a field of view of 10 µm 

x 10 µm and a 122 nm z-step for a scan depth of 10 µm (Fig. 2.4f). Scanned images were 

thresholded in ImageJ using Otsu’s method and imported into Mimics, which enabled creation of 

3D volumes to calculate canalicular volume.  

A parametric analysis was performed to assess the effects of threshold on the volume z-

stack measurements. First, a parametric analysis was performed for lacunar volume z-stacks 

using the Otsu threshold, along with a 25% higher and 25% lower threshold. There was less than 

a 10% difference in lacunar volume for the three thresholds (data not shown). Second, for the 

canalicular volume measurements, Otsu thresholding was applied using two approaches:  (1) 

thresholding image-by-image within the z-stack and (2) using an average threshold for all images 

within the z-stack. Both approaches resulted in the same outcome (data not shown), and thus the 

second approach, using a global Otsu threshold for each z-stack, was utilized using ImageJ. 

 

2.7  Statistical analyses 

For the 2D confocal microscopy study, lacunar-canalicular porosity measurements were 

analyzed using two-way repeated-measures ANOVA with Bonferroni post-hoc t-tests for the two 

factors: treatment (OVX and CTRL) and location (cortical bone: diaphysis and metaphysis and 
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cancellous bone: metaphysis and epiphysis).  Two-way repeated-measures ANOVA was also 

used to analyze the lacunar area and canalicular diameter measured using 2D confocal 

microscopy for the different anatomical regions:  cortical metaphysis (trabecular remnant and 

lamellar regions) and cancellous metaphysis.  For the SEM and TEM studies, unpaired, two-

tailed t-tests were performed to compare canalicular diameter in OVX and control groups.  

Unpaired, two-tailed t-tests were also used to assess differences between the SHAM and OVX 

groups for the 3D confocal microscopy measurements (volumetric osteocyte lacunar density, 

side length (L) of cubic volume of bone surrounding an osteocyte, the number of primary and 

secondary canaliculi, osteocyte lacunar volume, and canalicular volume).  Finally, unpaired, two-

tailed t-tests were used to compare animal and uterine horn weights between OVX and controls.  

All the statistical analyses were performed with the Prism 5 statistics software package 

(GraphPad Software Inc.).  The normality of all data sets was confirmed before using parametric 

tests, and the significance level was set at p < 0.05. 

 

3. Results 

3.1  Effectiveness of ovariectomy 

The effectiveness of ovariectomy was verified by the reduced weight of the uterine horns 

in the OVX rats (0.19 ± 0.03g) compared to SHAM (0.58 ± 0.13g).  Despite pair-feeding, at 26 

weeks of age the OVX rats weighed more than the age-matched and sham-operated control rats:  

OVX (n=18):  314 ± 27 g; controls (n=17):  279 ± 36 g. 

 

3.2  Confocal microscopy measurements and observations:  osteocyte lacunar-canalicular 

porosity, canalicular and lacunar size, and number of canaliculi per lacuna  
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The high-resolution 2D confocal microscopy measurements, which measured effective 

penetration by a small molecular tracer, showed that ovariectomized rats had an increased 

effective lacunar-canalicular porosity in the cortical and cancellous bone of the tibial metaphysis 

compared to controls, with no significant differences in the cortical bone of the diaphysis or 

cancellous bone of the epiphysis (Fig. 2.5).  Cancellous bone of the metaphysis showed the 

largest increase in lacunar-canalicular porosity in OVX compared to CTRL (+56%), and the 

cortical metaphysis also had significantly higher lacunar-canalicular porosity (+16%) compared 

to CTRL.   

   Qualitative comparisons of cortical bone sections imaged with both confocal microscopy 

and backscattered electron imaging demonstrated that areas with an absent or disconnected 

canalicular network, where the FITC tracer could not penetrate, had a higher mineralization 

density, whereas areas with lower mineralization densities had a higher canalicular density (Fig. 

2.6).  Cortical bone in the rat tibial metaphysis of both OVX and controls demonstrated 

trabecular remnants surrounded by lamellar regions (Fig. 2.6a-c).  The increase in the effective 

lacunar-canalicular porosity in the cortical bone of the tibial metaphysis in the OVX group was 

due to a 24% increase in effective lacunar-canalicular porosity in the lamellar regions;  the 

trabecular remnants of the cortical metaphysis had no change in lacunar-canalicular porosity due 

to OVX.   

Regions found to have an increased effective lacunar-canalicular porosity after OVX 

demonstrated larger effective canalicular diameter and no change in lacunar area as measured 

with 2D confocal microscopy (Table 2.1). In cancellous bone from the tibial metaphysis, the 

effective canalicular diameter measured using 2D confocal microscopy was larger (+48%) in 

OVX compared to CTRL. In the lamellar regions of cortical bone from the metaphysis, the 
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effective canalicular diameter was also significantly larger (+26%) in OVX compared to CTRL, 

while there were no differences in canalicular diameter in the trabecular remnants in the cortical 

metaphysis. OVX did not significantly change osteocyte lacunar area in cortical or cancellous 

bone of the tibial metaphysis (Table 2.1).    

The high-resolution 3D confocal microscopy measurements of cortical bone from the 

tibial metaphysis showed a 34% increase in effective canalicular volume in OVX compared to 

SHAM (Fig. 2.7). In addition, no significant differences between SHAM and OVX were found 

for osteocyte lacunar density, side length of cubic volume surrounding one lacuna, lacunar 

volume, and number of primary and secondary canaliculi per lacuna (Table 2.2).  

 

3.3  SEM and TEM measurements and observations:  changes in lacunar-canalicular interfaces 

The SEM and TEM measurements did not demonstrate significant differences in 

canalicular diameter due to OVX; however, morphological alterations at the lacunar-canalicular 

interfaces were evident.  While the canalicular diameter measured from SEM images of 

cancellous bone from the metaphysis was similar in both groups (CTRL:  335 ± 32 nm; OVX:  

341 ± 32 nm), loose collagen fiber arrangements that diffusely covered the canalicular openings 

and masked their edges were seen in OVX compared to CTRL (Fig. 2.3a, b).  These fibers made 

it difficult to find canalicular openings that could be measured in the SEM images and prevented 

measurement of canalicular diameter in the cortical metaphysis samples.  While the canalicular 

diameter measured from TEM images of cancellous bone from the metaphysis was also not 

significantly different between groups (SHAM:  228 ± 11 nm; OVX:  242 ± 22 nm), 

morphological differences were observed in lacunae and canaliculi of OVX rats. The SHAM 

group demonstrated smooth lacunar and canalicular boundaries, while loose collagen fibers were 
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observed invading the lacunar and canalicular spaces of the OVX group, throughout the areas 

analyzed (Fig. 2.8). Matrix debris and collagen fragments were also observed in the pericellular 

spaces of lacunae of OVX rats.  

 

4. Discussion 

Using high-resolution analyses, this study has demonstrated alterations in the osteocyte 

microenvironment in the rat OVX model of postmenopausal osteoporosis. Confocal microscopy 

analyses demonstrated that OVX increased the effective lacunar-canalicular porosity surrounding 

osteocytes in cortical and cancellous bone from the rat tibia metaphysis, with the increase in 

porosity largely explained by increased effective canalicular porosity, as measured by 

penetration of a small molecular weight dye.  No significant changes were found in osteocyte 

lacunar density, lacunar size, or the number of canaliculi per lacuna.  TEM and SEM analyses 

demonstrated that the larger effective canalicular size in the estrogen-deficient state was due to 

nanostructural matrix-mineral level differences around the osteocyte canaliculi. These matrix-

mineral differences were also found in osteocyte lacunae in OVX, but the small surface changes 

did not significantly increase the effective lacunar size.  The nanostructural changes of the 

osteocyte lacunar-canalicular microenvironment suggest that the lacunar-canalicular walls in the 

OVX rats became more permeable, which could affect interstitial fluid flow around osteocytes 

during mechanical loading.   

 Because estrogen deficiency leads to increased bone turnover, it is important to assess 

whether the lacunar-canalicular differences seen in OVX rats were related to the maturation of 

osteocytes in newly laid down bone. Osteocytes observed in the TEM analyses were slender cells 

with reduced cytoplasm and diminished quantity of endoplasmic reticulum, Golgi complex, and 
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mitochondria.  Such characteristics are typical of mature osteocytes rather than newly formed 

osteocytes [32,33]. In addition, the nanostructural matrix changes observed in the EM analyses 

of osteocyte lacunae and canaliculi were found uniformly throughout the cancellous bone of the 

OVX rats, and only rarely in osteocytes in the SHAM group.  The osteocyte morphology and 

distribution of changes of the lacunar-canalicular surfaces in OVX lead us to believe that the 

osteocyte lacunar-canalicular changes documented in this study were not simply changes due to 

new bone laid down post-OVX. In future studies, histomorphometric analysis of fluorochrome 

label-based bone dynamics will facilitate the identification of newly formed bone regions that 

arise due to remodeling changes associated with estrogen-deficiency, and quantitative 

backscattered electron imaging can be used to assess mineral heterogeneity.    

Contradictory results exist in the literature regarding mineral content present in 

osteoporotic samples at the micro and nano level. Some studies show decreased mineral content 

in bone tissue due to estrogen deficiency [34-36], or find no changes in mineral content [37], 

while others have shown an increase in mineral content [38,39]. An increase in mineral 

heterogeneity is often noted due to increased bone turnover [40]. Alterations in collagen 

composition have also been shown in osteoporotic patients [41]. TEM analysis has indicated 

structural changes in bone fibril architecture in OVX rats, showing irregular and disturbed 

collagen fibril arrangement compared to a more organized arrangement seen in controls [21]. 

Shrinkage of the D-spacing in collagen fibril periodicity has also been seen in OVX bone 

[21,42]. Modification in the concentrations of noncollagenous proteins or changes in their 

molecular orientation have also been shown in osteoporotic bone [43]. Defects in mineralization, 

changes in matrix fiber architecture or cross-linking may also be explored in future studies 

analyzing changes in bone architecture due to reduced estrogen levels. 
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The lack of response to loss of ovarian function in the tibial diaphysis and epiphysis, and 

the active response in the metaphysis is similar to bone macroporosity changes reported in the 

literature, where the proximal metaphysis of the rat tibia has demonstrated significant cancellous 

bone loss as measured by bone volume fraction, with little change in the diaphysis or epiphysis 

[15,16,27].  It is possible that there is a link between osteocyte-level changes in estrogen-

deficient bone and osteoclast removal of bone, as some studies have suggested [44-46]. Ikeda et 

al. [44] showed osteocytes in the metaphyseal trabecular bone of OVX rats expressed 

osteopontin mRNA, which tended to be resorbed after estrogen withdrawal. Furthermore, 

osteocyte mRNA expression differed in the metaphyseal compartment compared to the 

epiphysis. Emerton et al. [45] showed that when osteocyte apoptosis was suppressed, it 

prevented OVX-induced osteoclast resorption, thus demonstrating a direct link between 

osteocyte apoptosis and osteoclast resorption in the estrogen-deficient state. Expression of 

RANKL has also been demonstrated in osteocytes, which are now believed to be the largest 

source of RANKL [47,48]. RANKL deletion in osteocytes has been shown to prevent osteoclast-

dependent bone resorption due to unloading and has also been shown to lead to an osteopetrotic 

phenotype [48,49]. It is plausible that the loss of estrogen may stimulate bone resorption in part 

by increasing osteocyte apoptosis and thereby RANKL expression [50].  Future work assessing 

osteocyte-related changes in this rat OVX model will include evaluation of osteocyte apoptosis.  

While not directly assessed in this study, a proposed mechanism by which the lacunar-

canalicular surface is altered after OVX is through periosteocytic remodeling, the process by 

which osteocytes may modify their immediate environment through matrix modification. The 

capability of osteocytes to adapt their lacunar wall under certain conditions was suggested in 

early studies [51,52] and then largely dismissed due to criticisms related to the methods of 
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measurement of lacunar size and as well as the mounting evidence that osteoclasts were 

responsible for bone resorption [53].  However, recent studies continue to suggest that osteocytes 

can remodel their local environment in response to hyperparathyroidism, limb immobilization, 

lactation, and parathyroid hormone administration [54-57].  While none of the early studies 

included detailed measurements of changes in canalicular size, likely because of the resolution of 

the approaches used, an increased canalicular volume has recently been documented in lactating 

rats [57]. There is increasing evidence that osteocytes are metabolically active cells and can 

modify the matrix surrounding them via production of collagen-digesting proteins such as matrix 

metalloproteinases that have been demonstrated to be secreted during the development of 

osteocyte processes and are suggested to remain active in mature osteocytes [58,59].  

The assessment of canalicular distribution in this study is one of the few 3D analyses of 

the number of canaliculi that emanate from osteocyte lacunae.  Significant branching of the 

primary canaliculi was found in both OVX and SHAM groups.  In addition, a lower number of 

osteocytic processes emanating from the osteocyte cell body have been documented in other 3D 

confocal studies [60], which may be due to differences in species, animal age, and type of bones 

analyzed.  Nonetheless, the number of primary canaliculi per lacuna reported here is in the range 

(41- 115) previously estimated for different species [61]. 

Contradictory results have been reported concerning osteocyte lacunar density 

differences in osteoporotic bone. While some studies have shown significantly higher lacunar 

density in human osteoporotic bone [62], other reports demonstrate lower lacunar density in 

osteoporotic females compared to healthy females [63]. In our study, we did not find differences 

in lacunar densities between SHAM and OVX rats.  In addition, the average distance between 

two osteocyte lacunae found in the present study (~25 µm) is very similar to a previous 3D 
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confocal study in chicks [60]. Similarly, lacunar volumes are in agreement with previously 

reported values of osteocyte volume for different species using confocal microscopy [60,64].  

While a reduced lacunar area has been reported in human osteoporotic samples [62], our study 

showed no significant lacunar volume differences between SHAM and OVX groups. 

It should be noted that the confocal microscopy analyses present a limitation related to 

overestimation of porosity due to resolution and distortion effects. The diameter of canaliculi is 

of the same order of magnitude as the resolution of confocal microscopy (~ 200 nm), which 

causes confocal images to overestimate the canalicular porosity due to partial volume effects. 

This overestimation only applies to the measurement of the canaliculi and not the lacunae 

because the lacunar size (order 10 µm) is well-characterized at a resolution of 200 nm. In 

addition, a mismatch in the index of refraction between the immersion oil and mounting media 

can result in z-axis geometrical distortion in confocal images. We have not accounted for any 

elongation along the z-axis because we estimate this distortion will affect all the measurements 

similarly since canaliculi weave in and out of all three dimensions and the lacunae analyzed were 

not oriented in any preferential direction. The SEM and TEM studies were designed to quantify 

the canalicular diameter and to assess the amount of overestimation of canalicular size occurring 

in confocal images, since EM has a higher resolution than confocal microscopy. The SEM 

analysis gave an average canalicular diameter approximately 30% smaller than that measured 

with confocal microscopy, whereas the TEM analysis gave an average canalicular diameter 

approximately 50% smaller than that measured with confocal microscopy. The difference 

between measurements using the two methodologies may arise because SEM samples go through 

minimal processing and topographical images are obtained, while TEM samples are dehydrated 

and embedded in a resin prior to obtaining very thin sections. Another important step needed to 
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calculate lacunar-canalicular microporosities was the image thresholding. Much investigation 

went into the choice of threshold, and the standard method chosen (Otsu’s method [30]) is 

appropriate for this application, since we have emphasized the relative changes in 

microporosities between ovariectomized and control animals without focusing on the actual 

porosity values.   

Other limitations of this study relate to the animal model used.  While the ovariectomized 

rat model is not exactly equivalent to postmenopausal osteoporosis in humans, it has 

characteristics similar to that of postmenopausal bone loss, including increased bone turnover 

with resorption greater than formation, more trabecular than cortical bone loss, and an initially 

rapid loss of bone followed by a slower loss of bone [12,27,28]. Twenty-week-old rats were used 

to avoid the rapid growth stage that produces significant bone turnover in the proximal tibia 

[25,26]. While some studies show that the rat tibia continues to grow until approximately 26 

weeks of age, with a slower rate in the last several weeks, other studies have demonstrated that 

beyond 20 weeks of age tibial growth has essentially stopped, even though the growth plate 

remains open [65,66].  Another limitation of the rat ovariectomy model was that despite pair 

feeding, the body weight of the OVX group was greater than the controls six weeks post-

ovariectomy.  It has been shown that pair feeding reduces ovariectomy-induced weight gain in 

the rat, but it does not prevent increased weight gain compared to age-matched controls [67]. The 

weight gain in OVX rats has been suggested to counteract some of the effects of bone loss due to 

loss of ovarian function.  

The physiological implications of having a more permeable lacunar-canalicular wall 

around the osteocyte in the estrogen-deficient state relate to the potential altering of the effects of 

interstitial fluid flow due to mechanical loading [24]. An increased permeability of the lacunar-
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canalicular wall may alter both solute transport and interstitial fluid velocities around osteocytes 

during mechanical loading.  It is also possible that alterations in the surface of the lacunar-

canalicular network could disrupt the connections of the osteocyte process to the canalicular 

wall, impairing the capability of the osteocyte to perceive mechanical stimuli and potentially 

affecting the viability of the osteocyte [68,69]. If the connections between osteocytes and the 

surrounding matrix are diminished due to ovariectomy, postmenopausal osteoporosis could be a 

remodeling response to reduced perceived loading in the presence of actual continued loading, 

where the bone cells cannot process strain-related information as effectively [68]. Further work 

to identify the mechanisms by which the osteocyte microenvironment is altered in estrogen-

deficient rats as well as to investigate how the alterations in the osteocyte microenvironment 

affect interstitial fluid flow around osteocytes is warranted and is underway. 
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Table 2.1  Osteocyte lacunar area and canalicular diameter measured using 2D confocal 
microscopy images of cortical and cancellous bone from the tibial metaphysis.  Values expressed 
as mean ± standard deviation.  CTRL:  control (n=6);  OVX:  ovariectomized (n=6).   

 

 Lacunar area (µm2) Canalicular diameter (nm) 

 CTRL  OVX  CTRL  OVX  

Cortical bone:  metaphysis   

      trabecular remnants 49.4 ± 4.5 50.4 ± 5.9 520 ± 42 542 ± 33 

      lamellar region 49.2 ± 7.0 51.1 ± 5.2 553 ± 33  697 ± 51a  

Cancellous bone:  metaphysis   60.9 ± 6.9 67.5 ± 13 483 ± 24 714 ± 82a 

ap < 0.05 versus CTRL 
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Table 2.2.  Lacunar-canalicular network parameters measured using 3D confocal microscopy 
images of cortical bone from the tibial metaphysis. Values expressed as mean ± standard 
deviation.  SHAM:  sham-operated (n=6);  OVX:  ovariectomized (n=6).     

 
 SHAM OVX  

Osteocyte lacunar density (#/ mm3) 6.73x104 ± 1.4x104 7.70x104 ± 2.5x104 

Side length (L) of cubic volume surrounding 
one osteocyte lacuna (µm) 

24.8 ± 1.7 23.9 ± 2.1 

Osteocyte lacunar volume (µm3) 352 ± 30 393 ± 92 

Number of primary canaliculi per lacuna 83.9 ± 14 89.7 ± 15 

Number of secondary canaliculi per lacuna  387 ± 34 365 ± 40 

ap < 0.05 versus SHAM 
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Figure Captions 

 

Fig. 2.1  (a)  A typical tibial diaphysis section from an OVX rat created from approximately 50 

montaged confocal images;  scale bar = 300 μm.  (b)  Enlarged image of square region in (a), 

which demonstrates the high resolution of the images;  scale bar = 50 μm.  (c)  Enlarged image 

of the square region in (b), further illustrating the details of the lacunar-canalicular network; 

scale bar = 10 μm.  Osteocyte lacunae (short arrows), and canaliculi (long arrows) are indicated 

in (b) and (c). 

 

Fig. 2.2  (a) A montaged light micrograph of the proximal rat tibia showing the cancellous 

regions sampled with 375 µm x 375 µm field of view images from the metaphysis (dashed line 

boxes) and the epiphysis (solid line boxes); scale bar = 800 μm.  Typical metaphysis (b) and 

epiphysis (c) confocal images; osteocyte lacunae (short arrows) are indicated; scale bars = 50 

μm. 

 

Fig. 2.3 SEM images of cancellous bone from the tibial metaphysis for (a) a CTRL specimen and 

(b) an OVX specimen showing canalicular openings (white arrows); loose collagen fibers are 

visible in the OVX specimen (black arrow). Canalicular diameter was measured as the smallest 

dimension of the opening (black lines).  (c) TEM image of cancellous bone from the tibial 

metaphysis from SHAM showing canalicular cross-sections and measurement of canalicular 

diameter (black lines). TEM sections were counterstained with uranyl acetate for 40 minutes and 

lead citrate for 5 minutes.  
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Fig. 2.4 (a) Schematic of cubic volume of bone (average side length L) surrounding one 

osteocyte lacuna. Secondary canaliculi intersect the faces of the cube.  (b) Confocal scan of cubic 

volume of bone tissue centered on one osteocyte lacuna demonstrating the canalicular network 

spanning in all directions; scale bar = 5 μm.  (c) Confocal scan of a 25 μm x 25 μm x 25 μm 

cubic volume surrounding one osteocyte lacuna with only secondary canaliculi rendered 

viewable on all six faces of the cube; scale bar = 5 μm.  (d) Cropped scan from (c) showing 

primary canaliculi emanating directly from the osteocyte lacuna; scale bar = 3 μm.  (e) Isolated 

osteocyte lacuna from same scan constructed in Mimics software; scale bar = 2 μm.  (f) Higher 

resolution scan of canaliculi taken between two osteocytes; scale bar = 2 μm.  

 

Fig. 2.5  Relative lacunar-canalicular porosities measured using 2D confocal microscopy for (a) 

cortical diaphysis and cortical metaphysis cross-sections and (b) cancellous bone from the 

epiphysis and metaphysis of the proximal tibia. All measurements were scaled to the CTRL 

mean for each porosity;  bars represent mean values ± standard deviations; *statistical difference 

between CTRL (n=6) and OVX (n=6) (p < 0.05).  

 

Fig. 2.6 (a) Confocal reconstructed image of a typical OVX tibial metaphysis cross-section 

(cancellous bone in the medullary region was not preserved in these unembedded sections); scale 

bar = 400 μm. (b) Confocal and (c) backscattered electron images of the rectangular region 

indicated in (a); the region of trabecular remnants is enclosed within the yellow lines and 

lamellar bone is marked with red asterisks. Scale bar in (c) = 200 μm.  (d) Confocal and (e) 

backscattered electron images of the same portion of a CTRL tibial diaphysis section;  a red line 
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traces the same pathway in each image.  Areas with an absent or disconnected canalicular 

network (black regions surrounding osteocyte lacunae in the confocal images) correspond to 

higher mineralization (whiter regions in the backscattered electron images), whereas greater 

canalicular density areas correspond to areas of lower mineralization. Scale bar in (e) = 200 μm.   

 

Fig. 2.7 Box plots showing 3D confocal microscopy measurements of canalicular volume (%) 

from cortical bone from the proximal tibial metaphysis. + indicates the mean of each group. A 

significant difference (34% increase) in canalicular volume was found between SHAM (n=6) and 

OVX (n=6) (*p < 0.05).  

 

Fig. 2.8 TEM images of cancellous bone from the tibial metaphysis showing (a) smooth surfaces 

in a SHAM osteocyte lacuna (red arrows) and (b) collagen fibers in an OVX lacuna giving the 

border a rough appearance (yellow arrow). (c) Smooth SHAM canaliculi (red arrow); scale bar = 

500 nm and (d) OVX canaliculus with collagen fibers at the surface (yellow arrow); scale bar = 

500 nm. 
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Fig. 2.4 
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Fig. 2.5 
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Fig. 2.6 
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Fig. 2.7 
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Fig. 2.8 
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CHAPTER 3 

 

DISTRIBUTION OF APOPTOTIC OSTEOCYTES, MMP-2, AND MMP-3 IN THE 

OSTEOCYTE LACUNAR-CANALICULAR NETWORK OF ESTROGEN-DEFICIENT RATS 
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Abstract 

Postmenopausal bone loss is associated with estrogen loss, increased bone remodeling 

and increased osteocyte apoptosis. Previous work from our laboratory has demonstrated that 

estrogen-deficient rats had a larger effective lacunar-canalicular porosity surrounding osteocytes 

in cortical bone from the proximal tibial metaphysis, with the effective canalicular size increased 

due to estrogen deficiency as measured using a small molecular weight tracer. Increase in 

effective canalicular size coincided with nanostructural matrix-mineral level surfaces changes in 

the osteocyte lacunae and canaliculi as assessed by electron microscopy. In the current study, 

twenty-week-old female Sprague Dawley rats were ovariectomized (OVX) to determine the 

effects of estrogen loss on osteocyte apoptosis, and matrix metalloproteinases MMP-2 and 

MMP-3 were tested as potential candidates of bone degradation in the osteocyte lacunar-

canalicular network. Using immunohistochemistry approaches, we quantified temporal and 

spatial patterns of osteocyte apoptosis in cortical bone of the proximal tibial metaphysis. 

Osteocyte apoptosis, as measured by cleaved caspase-3 activity, increased in estrogen-deficient 

rats at 1 and 2 weeks post-surgery and returned to control levels at 6 weeks. Furthermore, 

apoptotic osteocytes were observed to be uniformly distributed across the width of the proximal 

tibial cortex. Significant changes were not observed in MMP-2 and MMP-3 presence between 

SHAM and OVX groups at any time point. MMP-2 levels decreased significantly in SHAM rats 

over time, and remained unchanged in OVX rats, although a non-significant trend of increased 

MMP-2 was observed in OVX rats at 6 weeks post-surgery. An increase in MMP-3 levels was 

seen in both SHAM and OVX groups over time. These results demonstrate that MMP-2 and 

MMP-3 are not primary candidates of bone degradation that may create nanostructural matrix 

changes in the osteocyte lacunar-canalicular environment in estrogen-deficient rats. The precise 

mechanism by which osteocyte viability is altered is not known; however, it is postulated that 
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fluid flow may have a role in preventing apoptosis. Continued studies in our laboratory will 

explore other potential candidates of bone degradation that may be causing nanostructural 

changes in the osteocyte lacunar-canalicular microenvironment that have the potential to cause 

impaired cell mechanotransduction in conditions like postmenopausal osteoporosis.   
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1. Introduction 
 

Osteocytes are the non-proliferative cells encased in bone matrix that can regulate bone 

remodeling processes in response to mechanical or environmental changes [1,2]. Studies support 

the idea that osteocytes are metabolically active cells that orchestrate the remodeling process via 

signaling to the other bone cell types. Osteocytes antagonize osteoblast activity by producing 

sclerostin and can influence osteoclast activity by producing RANKL/OPG [3,4]. Other evidence 

suggesting the ability of osteocytes to remodel their surroundings is given by enlarged lacunae 

and canaliculi in lactating and glucocorticoid-treated mice [5-7]. The motivation of this study 

comes from our recent findings demonstrating that estrogen-deficient rats have a larger effective 

lacunar-canalicular porosity surrounding osteocytes as measured by a small molecular weight 

tracer, with the change in effective canalicular size coinciding with nanostructural matrix-

mineral level changes in the osteocyte lacunar-canalicular porosity [8]. This study was designed 

to further assess the changes in osteocyte viability and to test potential candidates causing bone 

degradation in the lacunar-canalicular network in estrogen-deficient rats.  

Osteocyte apoptosis has been documented in microdamage, aging, disuse, and estrogen 

deficiency [9-14]. Osteocytes located near the sites of microdamage undergo apoptosis, which 

has been correlated with increased bone remodeling due to enhanced RANKL production [4, 

10,15]. Cardoso et al. [10] showed that osteocyte apoptosis is necessary for microdamge 

removal, as inhibiting fatigue-induced apoptosis prevented activation of osteoclast resorption. 

With aging there is also an increase in osteocyte apoptosis, along with an increase in empty and 

hypermineralized lacunae [11,16]. Osteocytes have also been shown to die by apoptosis in the 

absence of loading [12]. Estrogen reduction studies have shown that osteocytes die in human 

cancellous and cortical bone and in OVX rat bone [13,14]. It has been proposed that osteocyte 
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apoptosis seen after estrogen loss, glucocorticoids and disuse is a non-targeted process [14,17]. 

However, Emerton et al. [9] demonstrated that osteocyte apoptosis occurs non-uniformly in 

cortical bone of ovariectomized (OVX) mice, with increased apoptotic osteocytes in regions that 

are subsequently resorbed and consist of an irregular canalicular network, demonstrating that 

osteocyte apoptosis caused by estrogen reduction may be a targeted process. Impaired fluid flow 

due to the presence of an irregular canalicular network may perhaps be the cause of increased 

osteocyte death. 

The precise mechanism by which osteocyte viability is altered is not known; however, it 

is postulated that fluid flow may have a role in preventing apoptosis. Bones of osteoporotic 

patients have demonstrated that regions with low osteocyte density correspond to areas that 

sustain fractures [18]. It has also been suggested that estrogen might have the ability to alter the 

equilibrium strain set point of bone such that the response to strain levels and rates are dampened 

or not felt by osteocytes in the absence of estrogen [19]. The three most likely possibilities of 

how osteocyte cell viability may be altered due to estrogen deficiency are: 1) By the loss of 

protective estrogen’s antioxidant effect, 2) By downregulation of estrogen receptor proteins, 

which have been shown to be stimulated by fluid flow, and 3) By altered or diminished number 

of tethering elements caused by microstructural alterations in the osteocyte lacunar-canalicular 

network [8,20].  

The ability of matrix metalloproteinases (MMPs) to degrade matrix proteins in the 

osteocyte lacunar-canalicular network of estrogen-deficient rats has not yet been explored. 

Osteocytes express several MMPs; of these, MMP-2 and MMP-3 can cleave substrates similar to 

those present in the osteocyte lacunar-canalicular microenvironment, including osteopontin, 

perlecan, fibronectin, vitronectin, aggrecan and bone sialoprotein [21-26]. MMP-2 and MMP-3 



 67 

are initially synthesized as inactive zymogens with a pro-peptide domain that are removed before 

the enzyme becomes active. MMP-2 degrades collagens type I, IV, V, VII, X, and XI, 

fibronectin, elastin, laminin, vitronectin, and tenascin [24]. It is the most abundant enzyme in the 

MMP family that is secreted by osteoblasts and osteocytes and is known to play a crucial role in 

forming and maintaining the osteocytic canalicular network in growing animals [22,27,28]. 

Cancellous bone tissue extracts from 9-month-old estrogen-deficient rats have shown 

significantly increased MMP-2 levels (both pro and active forms) as detected by gel zymography 

[29]. Serum MMP-2 levels have been shown to be significantly higher in postmenopausal 

women [30]. MMP-3, on the other hand, degrades aggrecan, fibronectin, vitronectin, perlecan, 

decorin and laminin [24,31]. Active MMP-3 expression has also been detected in osteocytes of 

neonatal rib bone and the matrix surrounding osteocytic lacunae [32]; and osteoblasts, the 

predecessors of osteocytes, have been shown to upregulate MMP-3 synthesis following estrogen 

withdrawal [33]. Commonalities in substrate cleavage by MMPs and those present in the 

osteocytic network, and their upregulation in osteocytes and osteoblasts due to estrogen-

deficiency make them likely candidates causing alterations in the osteocyte lacunar-canalicular 

network.  

The goals of this study were to assess the effects of estrogen reduction on osteocyte 

apoptosis and to test matrix metalloproteinases MMP-2 and MMP-3 as potential candidates of 

bone degradation in the osteocyte lacunar-canalicular network using a rat ovariectomy (OVX) 

model of postmenopausal osteoporosis. Temporal and spatial patterns of osteocyte apoptosis, as 

measured by cleaved caspase-3, and MMP-2 and MMP-3 were quantified in the osteocyte 

lacunar-canalicular network. Increased osteocyte apoptosis has the potential to alter fluid flow in 

the osteocyte lacunar-canalicular network, and since MMP-2 and MMP-3 are secreted by 



 68 

osteocytes and osteoblasts and their activity is modulated following estrogen deficiency, it makes 

them likely candidates for bone degradation in the osteocyte lacunar-canalicular network. 
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2. Material and Methods 

2.1 Osteoporosis model and experimental design 

The ovariectomized (OVX) rat was used as a model for postmenopausal osteoporosis to 

study bone loss due to estrogen deficiency [34,35].  Twenty-week-old rats were used to avoid the 

modeling effects on the rat skeleton caused by rapid growth that produces significant bone 

turnover in the proximal tibia [36,37]. The study was approved by the Institutional Animal Care 

and Use Committee at the Hospital for Special Surgery.  

Fifty-four female Sprague Dawley rats (Harlan Laboratories) were divided into two 

groups, with one group undergoing ovariectomy (OVX, n=27) and the other group acting as 

control (SHAM, n=27). The ovaries were surgically removed in the OVX group and the SHAM 

group underwent sham surgery where the ovaries were exposed but not removed. Nine animals 

from both groups were sacrificed at three different time points: one, two and six weeks post-

surgery.  These particular time points were used to examine bone turnover at the early 

osteoclastic resorptive stage (1 week), at the peak of bone resorption during estrogen-deficiency 

(2 weeks), and when bone turnover has plateaued (6 weeks) as seen in 3-month-old rats [38]. 

Animals sacrificed at the first time point were acclimatized one week after surgery and fed ad 

libitum. The OVX groups sacrificed 2- and 6-weeks post-surgery were pair-fed to the average 

food intake of the SHAM group. Uterine horns were weighed to confirm ovariectomy at 

sacrifice. Animal weights were also recorded at sacrifice. 

The work was divided into two studies that examined the osteocyte lacunar-canalicular 

network: quantification of MMP-2 and MMP-3, OVX n=6, SHAM n=6 per time point (1, 2 and 

6 weeks post-surgery) and quantification of osteocyte apoptosis, OVX n=3, SHAM n=3 per time 

point (1, 2 and 6 weeks post-surgery). 
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2.2 Sample preparation 

The analysis was focused on the proximal tibia, where significant bone loss is seen in the 

proximal tibia following OVX [39,40] and where changes in the osteocytic network were 

observed [8]. The tibiae of each rat were harvested, cleaned of soft tissue, cut ~2 mm below the 

growth plate, and immediately placed in zinc-buffered formalin for 72 hours at 4oC. After 

fixation, samples were decalcified in formic acid for 4 days, and embedded in paraffin wax or 

methylmethacrylate (MMA) resin for the osteocyte apoptosis or MMP analysis, respectively. 5 

µm paraffin-embedded or 4 µm MMA-embedded cross sections were cut from the cortical tibial 

metaphysis and adhered to glass slides (Fig. 3.1). MMA resin enabled better preservation of the 

osteocyte lacunar-canalicular morphology, which was crucial for visualizing MMP staining in 

canaliculi. MMA-embedded sections were adhered to glass slides using Haupt’s adhesive 

solution.  

 

2.3 Immunohistochemistry protocols for cleaved caspase-3, MMP-2, and MMP-3 

Immunohistochemistry protocols were used to quantify osteocyte apoptosis and MMPs in 

the osteocyte lacunar-canalicular network. Sections were deparaffinized or deplasticized, 

rehydrated and treated with 3% hydrogen peroxide to inhibit endogenous peroxidase activity, 

and blocked for 30 minutes afterward. Nonspecific tissue binding was inhibited by incubating 

tissue sections in protein block (Dako and/or Rodent Block R, Biocare Medical, CA) for 30 

minutes at room temperature. Specimens were incubated in a humidified chamber overnight at 4º 

C with either MMP-2 (1:500), MMP-3 (1:50) (ab37150 & ab52915 respectively, Abcam, 

Cambridge MA), or cleaved caspase-3 primary (1:1000) (Cell Signaling #9116, Carpinteria, CA) 
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antibody. Osteocyte apoptosis was quantified via the cleaved caspase-3 pathway. Caspase-3 is 

the last effector caspase that is activated for cell destruction [41] and has been used in many 

studies as an endpoint for apoptotic cell death [9,10]. Detection was performed using secondary 

antibody (HRP polymer, Biocare Medical) and developed with DAB substrate chromogen 

system (Vector Laboratories, Burlingame, CA). Sections were counterstained with toluidine 

blue, dehydrated and coverslipped with mounting medium. Optimal dilution for the primary 

antibody was determined using internal positive control tissues (growth plate or articular 

cartilage). Negative staining controls were established by applying rabbit serum without the 

primary antibody in each immunostaining protocol. 

For qualitative analysis of MMP signal within the canaliculus, a fluorescent secondary 

antibody (Alexa Probes, 488nm) was also used. This was preformed to assess if MMPs were 

present in the osteocyte canaliculi that can degrade matrix proteins in the immediate environment 

of the osteocyte processes. Using a confocal microscope system (Leica TCS SP2), scans were 

taken with a 63x oil immersion lens (1.4 numerical aperture, -1 offset, pinhole set at 1 Airy unit) 

and wavelength excitation of 488 nm. Confocal images were taken at a resolution of 2048 x 2048 

pixels with a field view of 375 µm x 375 µm.  

 

2.4 Quantification of cleaved caspase-3, and MMP-2 and MMP-3 

To assess spatial differences in osteocyte apoptosis and MMP presence, the cortical 

metaphysis sections were divided into four anatomical locations and three regions of interest 

(ROI): endocortical (E), intracortical (I) and periosteal (P), through the cortical width (Fig. 3.1). 

Each sampled ROI was 87.5 µm x 77.5 µm. For both SHAM and OVX groups, stained and non-

stained osteocytes were counted under brightfield microscopy at 40X magnification. Cleaved 
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caspase-3 or MMP positively stained osteocytes (casp+ Ot, MMP 2+ Ot or MMP 3+ Ot) 

appeared as brown-colored cells, and non-stained cells were colored blue by the toluidine 

counterstain. Cell bodies that were 50% or more inside the ROI were counted. Three sections per 

animal, at least 16 µm apart, were used to quantify cleaved caspase-3 or MMP positive 

osteocytes using this approach, such that approximately 100 osteocytes were assessed per rat.  

 

2.5 Statistical analysis 

For the cleaved caspase-3 and MMP analyses, the percent cleaved caspase-3 positive 

osteocytes (% casp+ Ot) and the percent MMP-2 and -3 positive osteocytes (% MMP 2+ Ot and 

% MMP3+ Ot) were analyzed. Spatial differences in cleaved caspase-3 and MMP presence in 

the endocortical (E), intracortical (I) and periosteal (Pe) regions were assessed at each of the 

three time points (1, 2 and 6-weeks surgery) using two-way repeated-measures ANOVA with 

Bonferroni post-hoc tests for the two factors: treatment (OVX and SHAM) and location (E, I and 

Pe). Pooled whole cross-sectional analysis was performed for cleaved caspase-3 and MMP 

presence using two-way ANOVA with Bonferroni post-hoc t-tests for the two factors: treatment 

(OVX and SHAM) and time (1, 2 and 6 weeks post-surgery). All the statistical analyses were 

performed with the Prism 5 statistics software package (GraphPad Software Inc.).The normality 

of all data sets was confirmed before using parametric tests, and the significance level was set at 

p < 0.05.  
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3. Results 

The effectiveness of ovariectomy was verified by the absence of ovaries. Uterine horn 

weights were significantly less at all time points in OVX rats compared to SHAM. Despite pair-

feeding, the OVX rats weighed significantly more than SHAM rats at 2 and 6 weeks post-surgery 

(Table 3.1).  

 

3.1 Quantification of cleaved caspase-3 in osteocyte lacunae 

Cleaved caspase-3 positive cells were clearly visualized in the osteocyte lacunae in the 

chromogenic stained sections (Fig. 3.2). Ovariectomy caused an approximately 4-fold increase in 

overall osteocyte apoptosis within the tibial metaphyseal cortex at 1 and 2 weeks post-surgery, 

while at 6 weeks post-surgery, osteocyte apoptosis was not significantly different in OVX 

compared to SHAM controls (Fig. 3.3a). There were no differences in cleaved caspase-3 in the 

four anatomical regions analyzed (A, P, M, L) (data not shown). 

Spatial differences in osteocyte apoptosis of the four anatomical locations (A, P, M,  L) 

were not observed in the endocortical (E), intracortical (I) and periosteal (Pe) regions. Apoptotic 

activity was significantly increased in the endocortical, intracortical, and periosteal regions of 

OVX rats at 1 and 2 weeks post-surgery compared to SHAM, while no significant differences 

were observed between OVX and SHAM in any of three regions at 6-weeks post-surgery (Fig. 

3.3 b-d). 

 

3.2 Quantification of MMP-2 and MMP-3 in osteocyte lacunae 
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MMP-2 positive osteocytes were clearly visualized in the osteocyte lacunae and 

canaliculi in both chromogenic and fluorescently stained sections (Figs. 3.4 & 3.5). While MMP-

2 staining was not significantly different between SHAM and OVX at any time point, MMP-2 

activity was significantly decreased in SHAM at 6-weeks compared to the 1-week time point, 

such that the presence of MMP-2 6 weeks post-surgery was almost larger in OVX compared to 

SHAM (p=0.0582). In the estrogen-deficient animals, MMP-2 presence remained close to 

baseline levels in the osteocyte lacunar-canalicular network over time (Fig. 3.6a).  

MMP-3 stained osteocyte lacunae were observed, but no staining was seen inside the 

canalicular network. No significant differences were observed in MMP-3 staining between 

SHAM and OVX at any time point. However, MMP-3 activity was significantly increased at 6 

weeks post-surgery in both SHAM and OVX (Fig. 3.6b).  

 

4. Discussion 

The results of this study demonstrate that osteocyte viability is altered due to estrogen 

deficiency, and MMP-2 and MMP-3 are not primary candidates of bone degradation that may 

create nanostructural matrix changes in the osteocyte lacunar-canalicular environment in 

estrogen-deficient rats. Osteocyte apoptosis, as measured by cleaved caspase-3 activity, 

increased in estrogen-deficient rats at 1 and 2 weeks post-surgery and returned to control levels 

at 6 weeks. Furthermore, this activity was observed to be distributed throughout the cortical 

width. The MMP analysis demonstrated that significant differences were not found in MMP-2 

and MMP-3 presence between SHAM and OVX groups at the time points analyzed, although a 

non-significant increased trend was observed in MMP-2 in OVX rats at 6-weeks post-surgery.  
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Parfitt [17] proposed that bone remodeling was a ‘stochastic’ or ‘targeted’ process. 

Targeted remodeling has been shown in studies of microdamage and estrogen loss. Verborgt et 

al. [42] demonstrated that bone areas that show increased osteocyte death due to microdamage 

was subsequently resorbed. Other studies suggest a relationship between cell death and bone 

turnover. Spatial and temporal associations of osteocyte apoptosis have been demonstrated 

following estrogen withdrawal in humans and animals [9,43,44].  Noble et al. [44] found that 

there was a non-uniform distribution of apoptotic osteocytes in human cancellous bone. 

Hedgecock et al. [43] showed in rabbit cortex that remodeling occurred in areas where 

osteocytes died. Emerton et al. [9] demonstrated that osteocyte apoptosis occurred in a non-

random manner; areas that exhibited increased osteocyte apoptosis were the same regions that 

were resorbed at a subsequent time point. In our study osteocyte apoptosis increased in estrogen-

deficient rats at 1 and 2 weeks post-surgery and returned to control levels at 6 weeks following 

estrogen withdrawal, and osteocyte apoptosis did not increase in any preferential region. Similar 

temporal increases in osteocyte apoptosis have been shown to occur after immediate loss of 

estrogen that fall to control levels later on [9].  

A role of reactive oxygen species in increasing osteocyte apoptosis is suggested in 

several aging studies. Osteocyte death due to aging is thought to be caused by loss of estrogen 

and accumulation of reactive oxygen species (ROS) in women [45]. ROS has been shown to 

stimulate osteoclast differentiation, formation, and activity [11,46]. Increased ROS levels have 

been demonstrated in the bone marrow of OVX mice and the introduction of antioxidants has 

shown to decrease the OVX-induced bone loss [46]. Estrogen is an antioxidant and the absence 

of it creates oxidative stress in cells. Administering animals with estrogens prevents H2O2-

induced oxidative damage [47]. Therefore, the increased osteocyte apoptosis following estrogen 
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loss in our study may be a result of increased oxidative stress to the osteocytes. Other factors for 

increased apoptosis besides age-related stress include microstructural alterations as seen by 

microfractures. Osteocytes are bathed in interstitial fluid that enables transport of molecules in 

the lacunar-canalicular network by dynamic mechanical loading. Microdamage has the potential 

to sever the osteocyte canalicular network, which could alter cell viability by causing diminished 

fluid flow.  

It is postulated that there are two ways that osteocytes may sense the fluid flow in vivo: 

by strains experienced by tethering attachment sites as fluid flows through the canaliculus [23], 

or by receptor proteins like ERalpha, which may be triggered by shear stresses caused by the 

fluid flow over the osteocyte processes. Cell viability may then be altered either by a diminished 

number of tethering elements caused by microstructural alterations or by a decreased number of 

cell surface receptor proteins, which are shown to be down-regulated in the absence of estrogen 

[20]. Future studies are being designed to study whether tethering connections are altered in 

estrogen-deficient rats possibly due to the nanostructural matrix-mineral level changes in the 

lacunar-canalicular network, which may elicit a direct relation between structural changes of the 

osteocyte microenvironment and osteocyte apoptosis. 

Limitations of this study are related to the type of fixative used and the 

immunohistochemistry techniques. The measured cleaved caspase-3 levels are higher than 

previous reports for controls (~5% casp+ Ot), which may be due to the zinc-fixative used for 

tissue fixation, as it has been shown to increase antigenicity [48]. The higher caspase levels 

compared to the previous studies may also be due to the difference in anatomical site; the cortical 

proximal tibial metaphysis was analyzed in this study. Immunohistochemistry techniques have 

limitations with regard to commercially available antibodies. Although immunohistochemistry 
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demonstrates the quantity of MMP protein, the approach is restricted by currently available 

antibodies that do not differentiate between latent and proteolytically active forms of the enzyme. 

Electrophoretic techniques such as zymography that require tissue homogenization or in situ 

approaches that use fluorescent markers can be used to demonstrate active MMP quantities, but 

are restricted to how the sample is prepared as well as low signal strengths [29]. Despite these 

limitations, identifying MMP presence specifically in the osteocyte lacunar-canalicular network 

makes immunohistochemistry the best technique because it clearly demarcates the response from 

osteocytes and is not limited by signal strength.  

While this study found no significant differences in MMP-2 and MMP-3 levels in 

estrogen-deficient rats, it is possible that other MMPs besides MMP-2 and MMP-3 need to be 

studied in future experiments. Continued work in our laboratory will test other MMP candidates 

such as MMP-13 and MMP-14. MMP-13 has recently been shown to be necessary for lactation-

induced osteocyte perilacunar remodeling [49], and MMP-14 has recently been shown to 

modulate mechanosensitivity affecting bone mass [50]. MMP-14 levels are also shown to be 

affected by estrogen deficiency [51,52]. Thus, there may be a link between other MMPs and 

bone matrix degradation around the osteocyte lacunar-canalicular network that needs to be 

further tested. Additional studies that identify the exact mechanisms by which degradation 

occurs in the osteocyte microenvironment and how it contributes to diminished bone quality after 

estrogen withdrawal will help in the design of approaches to treat and potentially prevent 

postmenopausal osteoporosis.  
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Table 3.1. Uterine horn and animal weights for the three time points analyzed. Values expressed 
as mean ± standard deviation.  SHAM:  control (n=9 per time point);  OVX:  ovariectomized 
(n=9 per time point).   

 1 week 2 weeks 6 weeks 

 SHAM  OVX SHAM OVX SHAM OVX 

Uterine horns (g) 0.49 ± 0.06 0.25 ± 0.03*  0.53 ± 0.10 0.19 ± 0.04 * 0.72 ± 0.23 0.14 ± 0.03* 

Body weights (g) 224 ± 5.2 235 ± 8.0  231 ± 21 262 ± 8.3* 238 ± 11  290 ± 14* 

* Different from SHAM at same time point (p < 0.05) 
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Figure Captions 
 

Fig. 3.1 (a) A schematic of the rat tibia showing the metaphysis region where cross sections were 

analyzed for MMP and cleaved caspase-3 staining. (b) Schematic of a cortical tibia metaphysis 

cross section showing the four anatomical locations (A = anterior, P = posterior, M = medial, L 

= lateral) analyzed. The three regions of interest analyzed (Endocortical (E), Intracortical (I), 

Periosteal (Pe)) are also indicated. 

Fig. 3.2 (a) Hypertrophic chondrocytes and (b) osteocytes positively stained for cleaved caspase-

3; Black arrows indicate positively stained cells; scale bars = 20 μm. 

Fig. 3.3 (a) Osteocyte apoptosis over the time-course of the experiment. Data pooled for all 

anatomical locations (A, P, M, L). Osteocyte apoptosis was significantly increased 1 week post- 

ovariectomy (OVX) and remained elevated at 2-weeks post-surgery (*p < 0.05); osteocyte 

apoptosis was not significantly different from SHAM controls at 6 weeks. Osteocyte apoptosis 

across the cortical width in the endocortical (E), intracortical (I) and periosteal (P) regions at (b) 

1 week, (c) 2-weeks, and (d) 6-weeks post-surgery (*p < 0.05).  

Fig. 3.4 (a) Hypertrophic chondrocytes and (b) osteocytes positively stained for MMP-2, and (c)  

articular cartilage chondrocytes and (d) osteocytes positively stained for MMP-3. Arrows 

indicate positively stained cells; scale bars = 50 μm. 
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Fig. 3.5 (a) Image taken with confocal microscopy of fluorescently-labeled osteocyte lacunae 

and canaliculi, and (b) chromogenic-labeled osteocyte canaliculi showing positive staining for 

MMP-2; positive staining (yellow arrows) are indicated; scale bars = 10 μm. 

Fig. 3.6 Matrix metalloproteinase (MMP) changes over time between SHAM operated and 

ovariectomized (OVX) rats (a) % positive MMP-2 osteocytes (% MMP 2+Ot), and, (b) % 

positive MMP-3 osteocytes (% MMP 3+Ot) over the time-course of the experiment (*p < 0.05). 
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Fig. 3.2 
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Fig. 3.3 
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Fig. 3.4 
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Fig. 3.5 
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Fig. 3.6 
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CHAPTER 4 

 

ASSESSING BONE TURNOVER IN ESTROGEN-DEFICIENT RATS USING 

FLUORESCENT BONE LABELING AND NANOINDENTATION 
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Abstract 

Increased bone turnover during postmenopausal osteoporosis contributes to bone loss and 

decreased mechanical integrity of bone tissue. Previous work from our laboratory using the rat 

ovariectomy (OVX) model of postmenopausal osteoporosis demonstrated that a larger effective 

canalicular size and nanostructural matrix-mineral level changes occurred in the osteocyte 

lacunar-canalicular porosity of estrogen-deficient rats. In the current study, bone turnover and 

mineral changes were studied in OVX rats using fluorescent bone labels and nanoindentation. 

Twenty-week-old female Sprague Dawley rats were ovariectomized to study bone remodeling 

changes occurring 6-weeks post-surgery in the proximal tibial metaphysis, where significant 

bone loss occurs after estrogen loss. Rats were given calcein and xylenol orange, dynamic labels 

of bone formation and mineralizing surfaces, at day 11 and 3 before sacrifice, respectively. To 

assess alterations in the degree of mineralization of the matrix surrounding the osteocytes of 

estrogen-deficient rats, changes in elastic modulus and hardness were determined by 

nanoindentation. Mineral apposition and bone formation rates increased at the endocortical 

surfaces in OVX rats, while no changes were seen in percent mineralizing surfaces on the 

periosteal surface. A non-significant trend of increasing percent mineralizing vascular pores was 

also seen in OVX. The elastic modulus (SHAM: 23.3 ± 1.19 GPa; OVX: 22.6 ± 1.88 GPa) and 

hardness (SHAM: 0.78 ± 0.04 GPa; OVX: 0.79 ± 0.05 GPa) were unaltered due to estrogen 

deficiency. Together, the bone labeling and nanoindenatation results suggest that the 

nanostructural matrix-mineral level changes in the osteocyte lacunar-canalicular porosity of 

estrogen-deficient rats demonstrated in our previous work are indeed due to alterations occurring 

on the local surfaces of the osteocyte lacunae and canaliculi, and not because of bone matrix 

changes occurring by a change in mineralization of OVX tissue due to bone turnover.  
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1. Introduction 

 
Postmenopausal osteoporosis occurs after the sharp reduction in estrogen after 

menopause, and is characterized by an increase in bone remodeling, leading to decreased bone 

mass, decreased strength, and increased fracture risk [1, 2]. Several parameters, such as bone 

porosities, trabecular and cortical architecture, and mineral-matrix content and organization 

determine bone strength [3-5]. The deteriorating effects of estrogen loss on the architecture and 

mechanics of bone are becoming increasingly well understood in terms of altered bone macro-

structure and a decrease in bone mineral density (BMD) [5-7]. However, the role that altered 

nanostructural elements play in the pathophysiology of osteoporosis still needs to be better 

understood.  

Previous work from our laboratory using high-resolution techniques demonstrated 

alterations in the osteocyte microenvironment in the rat ovariectomy (OVX) model of 

osteoporosis. Confocal microscopy analyses demonstrated that OVX increased the effective 

lacunar-canalicular porosity surrounding osteocytes in cortical and cancellous bone from the rat 

tibia metaphysis, with the increase in porosity largely explained by increased canalicular 

diameter, as measured by penetration of a small molecular weight dye. Furthermore, electron 

microscopy analyses indicated nanostructural matrix-mineral level surface changes in the 

osteocyte lacunae and canaliculi in OVX rats [8]. These changes were better characterized in this 

study using bone labels and nanoindentation. 

Several studies have used bone labels to identify histomorphometric indices of mineral 

apposition and bone formation to study the high bone turnover that takes place following 

estrogen withdrawal. Wronski et al. [9,10] used fluorochrome labels to show that rats 

ovariectomized at 3 months had a marked increase in cancellous bone formation for several 
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months after surgery compared to controls. Rats ovariectomized at 7 months of age showed 

increased periosteal and endocortical bone formation rates in the cortical bone of the tibial 

diaphysis 12 weeks after surgery [11]. Higher bone turnover experienced by OVX rats can 

increase bone formation rates and the amount of newly deposited bone that would first go 

through a phase of rapid primary mineralization and a slower secondary mineralization phase 

[9,10,12,13]. For this reason, it becomes important to differentiate between newer, lower-

mineralized bone versus older, higher-mineralized bone. 

Nanoindentation helps characterize the mechanical behavior of bone at the 

submicrostructural level and has been used to study changes occurring due to estrogen deficiency 

[14-16]. Using nanoindentation, mechanical properties of structural units such as lamellae and 

interlamellae in cortical bone [17-19] and trabecular bone in different locations [14,19-21] have 

been characterized. This technique has the advantage that it can measure mechanical properties 

of mineral and mineral organization [14,15,20]. Nanoindentation has the potential to detect 

submicron level changes in bone quality parameters like elastic modulus and hardness of both 

dry and wet bone tissue with a high spatial resolution (~1µm or less) [22].  Microscopic and 

nanoscopic studies have assessed the effects of estrogen withdrawal on the arrangement of the 

submicron building blocks of bone. Using electron microscopic imaging it has been shown that 

collagen fibers and mineral crystal may change due to estrogen withdrawal [23-25]. 

Nanoindentation of cancellous bone from ovariectomized rat vertebrae and proximal tibiae 

shows that estrogen deficiency causes a loss of bone mass but the elastic and hardness properties 

of the remaining bone tissue are unchanged [26-30].  Other studies have also shown that estrogen 

deficiency decreases elastic modulus in OVX sheep compared to controls, while there is no 

change in hardness in cancellous bone [20].  



 91 

In the current study we assessed mineral changes in rats that underwent overiectomy at 

20 weeks of age to better determine dynamic indices of mineralization and bone formation post-

surgery since data do not exist on animals of this age.  Fluorescent labels were used to determine 

mineral apposition and bone formation rates at the whole tissue level. Nanoindentation was also 

used to examine variations in the submicron properties of the mineralized matrix around the 

osteocytes in estrogen-deficient rats. These two methodologies together helped determine 

whether the nanostructural alterations observed in our previous work [8] were an effect of higher 

bone turnover experienced by estrogen-deficient rats.  

 

2. Materials and methods 

2.1  Ovariectomized (OVX) rat model 

The ovariectomized rat was used as a model for postmenopausal osteoporosis [31].  

Twenty-week-old rats were used to avoid the early, rapid growth stage that produces significant 

bone turnover in the proximal tibia [32,33]. Twenty-four female Sprague Dawley rats (Harlan 

Laboratories) were used of which twelve rats underwent ovariectomy (OVX, n=12) and were fed 

ad libitum for one week after surgery. The OVX rats were then pair-fed to the average food 

intake of control rats (20 g standard rat chow per day) for the remainder of the study. The control 

group (SHAM, n=12) underwent sham surgery where the ovaries were exposed but not removed. 

Six weeks post-surgery (at 26 weeks of age) rats from both groups (SHAM and OVX) were 

sacrificed because this duration of ovariectomy has previously been shown to produce significant 

bone loss in the proximal tibia similar to postmenopausal osteoporosis [9,34]. Uterine horn 

weights were also recorded to assess the effectiveness of ovariectomy. Twelve of the animals 

used in this study (SHAM n=6, OVX n=6) were also used in the studies described in Chapter 3.  
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Both the SHAM and OVX groups received two bone formation markers via the 

intraperitoneal (IP) cavity at 11 and 3 days before sacrifice (15 mg/kg calcein and 90 mg/kg 

xylenol orange, respectively) to assess histomorphometric indices of bone formation rate, 

mineral apposition rate and percent mineralizing surfaces. Bones from a subset of twelve animals 

(OVX, n=6; SHAM, n=6) were used for the nanoindentation study. All procedures were 

approved by the Institutional Animal Care and Use Committee at the Hospital for Special 

Surgery.  

 

2.2 Sample preparation for histomorphometric and nanoindentation analyses 

For cortical bone histomorphometric analysis, the right tibiae were fixed in phosphate-

buffered formalin for 72 hours at 4oC and remained undecalcified. Bones were embedded in 

PMMA and cortical cross sections (120 µm thickness) were cut from the proximal metaphysis at 

~2 mm distal to the growth plate using a sawing microtome (Leica Instruments, Nussloch, 

Germany), polished to a final thickness of 70 µm, and then coverslipped. 

For nanoindentation testing, the left tibiae were collected at the time of necropsy and 

tissue was kept frozen at -20 oC. Prior to embedding bones were thawed and cut using a diamond 

blade saw (Buehler) at the proximal metaphysis ~2 mm distal to the growth plate. Specimens 

were then placed in peel-away molds and filled with an epoxy resin (Loctite Medical Epoxy, M-

21HP, Hysol), which does not infiltrate the tissue but merely holds it in place. The embedded 

specimens were polished first using silicon carbide abrasive papers of decreasing grit sizes (600, 

800, and 1200 grit) under deionized water, then with 0.5 and 0.25 µm diamond bead suspension 

solution and sonicated between each polishing step to remove debris. Samples were then 

dehydrated overnight at room temperature before testing.  
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2.3  Mineral apposition and bone formation rates 

Histomorphometric bone parameters were measured using a bone-specific image analysis 

semi-automated system, Osteomeasure software (OsteoMetrics Inc., Atlanta, GA). To assess 

bone formation rates, the following parameters were measured and calculated: double-labeled 

surface (dLS/BS, %); single-labeled surface (sLS/BS, %); mineralizing surface (MS/BS, %); 

mineral apposition rate (MAR, µm/day), calculated as the distance between double labels 

divided by interval labeling time; and bone formation rate (BFR/BS, µm3/µm2/day), calculated as 

MAR×MS/BS. For surfaces displaying a single label, the MS/BS value was recorded, while for 

those displaying double labels, MAR and BFR values were documented. Mineralizing vascular 

pores were quantified by counting fluorescently labeled vascular pores throughout the tibial 

cortex. Pores with 50% or more of their parameter labeled with the calcein label were considered 

to be stained and were divided by the total number of vascular pores to obtain the percent 

mineralizing vascular pores. 

 

2.4  Nanoindentation testing 

Load-control nanoindentation tests were performed on dry specimens using a 

TriboindenterTM (Hysitron, MN) nanoindenter. A Berkovich diamond tip (a pyramidal-shaped 

indenter), with a defined elastic modulus of 1141 GPa and Poisson’s ratio of 0.07, was calibrated 

using fused quartz crystals prior to testing. Load was applied at a constant rate by driving the 

indenter into the bone specimen. The maximum load (Pmax) was held on the sample for 10 

seconds, to minimize effects of viscoelastic deformation of the specimen. The indenter was 

unloaded at the same rate used in the loading step (Fig. 4.1). The loading creates a complex 

combination of elastic and post-yield deformation. When the load on the tip is released, the 
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elastic response of the material is detected. The slope at the point of initial unloading is used to 

derive the elastic properties of the sample. The indenter was held on the surface of the specimen 

for approximately 100 seconds to establish thermal drift before proceeding to the next indent.  

For each tibia specimen, two matrices of 25 indents, 5 µm apart, were made in the 

anterior and posterior regions of the cortical proximal metaphysis (Fig. 4.2). The indents were 

each ~800 nm wide. The elastic modulus (E) and hardness (H) were measured in an osteocyte-

rich area, which was identified using the optical microscope installed in the nanoindenter system. 

Identifying an osteocyte-rich area was important because the changes observed in our previous 

study were only in lamellar bone regions that can be identified as an area with a dense osteocyte 

lacunar-canalicular network [8]. The endocortical and periosteal regions were excluded for 

nanoindentation. 

The load-displacement data from each indentation were used to calculate the elastic 

modulus (E) and hardness (H) using the Oliver and Pharr method [16]. The load can be 

expressed according to a power-law relationship, which is valid for the upper portion of the 

unloading curve (Fig. 4.3). This relation is of the form: 

P = α (h – hf) n              (1) 

where α and n are the power-law fitting constants. Equation (1) is then differentiated at the 

maximum contact depth (hmax), with the initial slope of the unloading curve used to determine the 

elastic constant stiffness (S) (Fig. 4.3): 

S = (dP/dh)              (2) 

The contact stiffness (S) is used to calculate the reduced elastic modulus (Er) using the Oliver 

and Pharr method [16]. The elastic modulus, E, is then calculated using 
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1 = (1 - vi
2) + (1 – v2)                           (3) 

Er         Ei                 E 
    

where Ei and vi are the modulus and Poisson’s ratio of the indenter, respectively. The Poisson’s 

ratio of bone, v, is taken to be 0.3 [15,19]. Contact hardness (H) is defined as the hardness (H) at 

peak load (Pmax).  

 H = Pmax /A               (4) 

 

2.5  Statistical analyses 

Unpaired, two-tailed t-tests were used to assess differences between the SHAM and OVX 

groups for uterine horn weight, body weight, endocortical bone formation rates (Ec.BFR), 

endocortical mineral formation rates (Ec.MAR), periosteal mineralizing surface (Ps.MS/BS), 

percent mineralizing vascular pores, elastic modulus (E), and hardness (H). All the statistical 

analyses were performed with the Prism 5 statistics software package (GraphPad Software Inc.).  

The normality of all data sets was confirmed before using parametric tests, and the significance 

level was set at p < 0.05. 

 

3. Results 

 

3.1  Effectiveness of ovariectomy (OVX) 

The effectiveness of ovariectomy was verified by the reduced weight of the uterine horns 

in the OVX rats (0.14 ± 0.02g) compared to SHAM (0.84 ± 0.34g).  Despite pair-feeding, at 26 

weeks of age the OVX rats weighed significantly more than the SHAM-operated control rats:  

OVX (n=12):  291 ± 18 g; SHAM (n=12):  239 ± 11 g. 
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3.2  Mineral apposition and bone formation rates 

Animals that did not successfully receive the IP injections of calcein or xylenol orange 

were eliminated from the analysis. Thus, 6 SHAM rats and 7 OVX rats were analyzed for 

mineral apposition and bone formation rates, while percent mineralizing vascular pores (calcein 

label only) was analyzed in 9 SHAM and rats and 8 OVX rats.  

Dynamic fluorochrome-based parameters indicated that bone formation rate and mineral 

apposition rate increased by 54% and 71%, respectively, on the endocortical surface in the OVX 

group. No significant bone formation was found on the periosteal surface of OVX. A non-

significant trend was observed for percent mineralizing vascular pores in estrogen-deficient rats 

(p = 0.072) (Fig. 4.4, Table 4.1).  

 

3.3  Analysis of material properties using nanoindentation 

The results were pooled from the two anatomical locations analyzed (anterior and 

posterior) since no differences were observed within groups in the two locations. The elastic 

modulus (SHAM: 23.3 ± 1.19 GPa; OVX: 22.6 ± 1.88 GPa) and hardness (SHAM: 0.78 ± 0.04 

GPa; OVX: 0.79 ± 0.05 GPa) in the proximal cortical tibial metaphysis did not change in the 

OVX group (Fig. 4.5a). The distributions of values were also similar between SHAM and OVX 

for E and H (Fig. 4.5b). 

 

4. Discussion 

The present study used bone labeling and nanoindentation techniques to determine 

dynamic bone changes of the mineralized matrix of estrogen-deficient rats that may occur due to 

higher bone remodeling.  Previous work from our laboratory demonstrated that OVX increased 
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the effective lacunar-canalicular porosity surrounding osteocytes in cortical bone from the rat 

tibia metaphysis, with the increase in porosity largely explained by increased effective 

canalicular porosity, as measured by penetration of a small molecular weight dye [8]. Further 

analysis with electron microscopy demonstrated that the larger effective canalicular size in the 

estrogen-deficient state was due to nanostructural matrix-mineral level differences around the 

osteocyte canaliculi, and surface matrix changes were observed on lacunar surfaces [8]. Mineral 

apposition and bone formation rates were increased in OVX rats at the endocortical surfaces 6-

weeks post-surgery, while no changes were seen in mineralizing surfaces on the periosteal 

surface. A non-significant trend of increasing percent mineralizing vascular pores was also seen 

in OVX rats. The nanoindentation analysis demonstrated that the elastic modulus and hardness 

were not altered due to estrogen deficiency. Since the degree of mineralization of bone tissue has 

been shown to be related to the mechanical properties of hardness and elastic modulus [14, 35] 

and no changes were observed in these parameters, the results suggests that the nanostructural 

matrix-mineral level changes observed in our previous study are indeed matrix-mineral changes 

occurring in the local surfaces of the osteocyte lacunae and canaliculi, and not because of a 

change in degree of mineralization of OVX tissue due to bone remodeling. A local mineral 

change in the immediate environment of the osteocytes suggests that these cells may play a role 

in mineral mobilization in diseased conditions like postmenopausal osteoporosis.   

Nanoindentation helps identify differences in mechanical properties of bone tissue 

without homogenizing the bone tissue. Techniques that determine mineral differences at the 

microstructural level, e.g. x-ray diffraction, require powdering of the bone tissue, which makes it 

impossible to find local gradients in mineral characteristics. Other techniques like Fourier 

Transform Infrared Spectroscopy (FTIR) and micro-computed tomography (µCT) do not give 
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the resolution needed to assess nano-level mineral changes. Nanoindentation has been 

instrumental in identifying differences in mineralization of older and higher mineralized 

interstitial lamellar bone versus newer bone as in osteons [19]. It has also successfully shown 

that osteons have a mineralization and age gradient [36]. Future work will be done using 

quantitative backscattered electron imaging (qBSE), which helps assess mineral differences by 

giving high resolution (~1 µm) images. Thus, alterations of local surface minerals of the 

osteocyte lacunae in estrogen-deficient animals can be better detected by qBSE. 

The values of elastic modulus and hardness found in the present study are similar to those 

found previously for human and rat bone tissue [22,29,37,38]. Trabecular bone from a 92-year-

old female cadaver showed a mean elastic modulus of 20.8 GPa and mean hardness of 0.8 GPa 

[37]. Human cortical tibial osteons showed an elastic modulus of 22.4 GPa and hardness of 0.62 

GPa and interstitial lamellae exhibited an elastic modulus of 25.7 GPa and hardness of 0.74 GPa 

values, respectively [15].  A few studies have examined the material properties of osteoporotic 

bone using nanoindentation. Lane et al. [29] showed that trabecular bone from OVX rat tibia 

exhibited elastic moduli ranging from 20 to 27 GPa and hardness values from 0.7 to 1.3 GPa. 

Hengsburger et al. [38] showed that the vertebral body cortex had an elastic modulus that ranged 

from 15 to 21 GPa and hardness 0.7 to 1 GPa.  

Dehydration of bone tissue has been shown to affect its material properties. The 

dehydration process has been shown to increase tissue stiffness up to 22.6% [30].  An increased 

elastic modulus in osteonal and interstitial lamellae tissue (15% and 10%, respectively) and 

hardness (18% and 12%, respectively) have been documented in dehydrated bovine bone tissue 

[15]. It has also been postulated that drying of bone tissue contracts the individual fibrils, with 

contraction depending on the level of mineralization of the tissue [15]. As noted, dehydration of 
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bone may increase the material properties of elastic modulus and hardness; however, in our study 

this would occur similarly in both SHAM and OVX.  

The observations from our previous work showing altered matrix-mineral nanostructural 

properties in the osteocyte lacunar-canalicular network of estrogen-deficient rats in combination 

with the current work imply that the nanostructural alterations seen in the ovariectomized rats are 

occurring in the immediate local environment of the osteocytes: the osteocyte lacunae and 

annular spaces of the canaliculi. Previous studies have implicated that osteocytes are 

metabolically active cells and may also have the capability to adapt to environmental changes 

[39,40]. Studies have shown that renal calcium absorption is substantially impaired in 

postmenopausal patients [41,42], and if an increased global demand of calcium ion can arises, 

mobilization of mineral ions from the osteocyte lacunar-canalicular network may be required. 

Future studies need to investigate whether mineral is being mobilized from the osteocytic 

network or whether matrix degradation is occurring in the osteocyte lacunar-canalicular porosity.  

 

 

 



Table 4.1. Bone histomorphometric indices measured (mineral apposition and bone formation 

rates along with percent mineralizing surfaces). Values expressed as mean ± standard deviation.  

SHAM:  control;  OVX:  ovariectomized.   

 SHAM  OVX 

Endocortical bone formation rate (Ec.BFR) 
(µm3/µm2/day) 

0.68 ± 0.20 1.27 ± 0.32* 

Endocortical mineral apposition rate (Ec.MAR) (µm/day) 1.62 ± 0.27 2.29 ± 0.44* 

Periosteal mineralizing surface / bone surface (Ps.MS/BS) 
(%) 

19.6 ± 6.5 22.5 ± 7.1 

Mineralizing vascular pores (%) 16.3 ± 7.0 25.2 ± 12 
* Different from SHAM (p < 0.05 vs. OVX) 
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Figure captions 

Fig. 4.1 Loading profile used for the nanoindentation tests. 

 

Fig. 4.2 A schematic representation of the rat tibia showing the regions analyzed. Cross sections 

at the proximal metaphysis (M) were analyzed for mineral apposition and bone formation rates 

as well as for nanoindentation.  A matrix of 25 nanoindents 5 µm apart, was made in the anterior 

and posterior regions (A = anterior, P = posterior) of the cortical tibial metaphysis in an 

osteocyte-rich area. 

 

Fig. 4.3 A representative load-displacement curve for a nanoindent made during one cycle of 

loading and unloading, showing quantities [peak load (Pmax), the maximum displacement (hmax), 

and the initial loading stiffness (S)] used to determine elastic modulus and hardness properties.  

 

Fig. 4.4 Calcein and xylenol orange labels in an OVX rat demonstrate double labels on the 

endocortical surface and single label in the vascular pore. Yellow dashed box shows a vascular 

pore labled with calcein in the cortical bone; scale bars = 100 μm 

Fig. 4.5 The elastic modulus (E) and hardness (H) derived using nanoindentation of bone matrix 

surrounding osteocytes in the cortical proximal tibial metaphysis. (a) There were no significant 

differences in E and H between SHAM and OVX. Values expressed as mean ± standard 

deviation. (b) Box plots of E and H values showing the distribution of the 300 indents (50 

indents per animal) in SHAM (n=6)  and OVX (n=6).  
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Fig. 4.1 
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Fig. 4.2  
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Fig. 4.3 
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Fig. 4.4 
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Fig. 4.5 
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CHAPTER 5 

 

GENERAL CONCLUSIONS AND FUTURE WORK 
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GENERAL CONCLUSIONS AND FUTURE WORK 

The goal of this dissertation was to better understand bone degradation that occurs during 

postmenopausal osteoporosis by investigating how the osteocyte mechanical environment is 

altered in the estrogen-deficient state. The ovariectomized (OVX) rat was used as a model for 

postmenopausal osteoporosis, and the analysis focused on the proximal tibial metaphysis, where 

significant bone loss occurs during osteoporosis [1-3].  

While it has been previously shown that osteoporosis causes bone macroarchitecture 

changes via a decrease in bone volume fraction, there is little analysis in the literature related to 

changes in the lacunar-canalicular porosity that houses the osteocytes. Studies in Chapter 2 

determined whether the osteocyte lacunar-canalicular network is altered after loss of estrogen. 

To investigate alterations in the osteocyte microenvironment we utilized high-resolution 

microscopy techniques to assess several aspects of the osteocyte lacunar-canalicular network, 

including lacunar-canalicular porosity, lacunar area and volume, canalicular diameter and 

volume, and number of canaliculi per lacuna using the rat ovariectomy model of osteoporosis.  

Results from Chapter 2 using confocal microscopy analyses indicated that OVX rats have 

a larger effective lacunar-canalicular porosity surrounding osteocytes in both cortical and 

cancellous bones from the proximal tibial metaphysis, with little change in cortical bone from the 

diaphysis or cancellous bone from the epiphysis. The increase in the effective lacunar-canalicular 

porosity in the tibial metaphysis was not due to changes in osteocyte lacunar density, lacunar 

size, or the number of canaliculi per lacuna. Instead, the effective canalicular size measured 

using a small molecular weight tracer was larger in OVX rats compared to controls. Further 

analysis using scanning and transmission electron microscopy demonstrated that the larger 

effective canalicular size in the estrogen-deficient state was due to nanostructural matrix-mineral 
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level differences like loose collagen surrounding osteocyte canaliculi. These matrix-mineral 

differences were also found in osteocyte lacunae in OVX, but the small surface changes did not 

significantly increase the effective lacunar size. This study is the first to perform a 3D 

characterization of the osteocyte lacunar-canalicular porosity in estrogen-deficient rats. 

The results from Chapter 2 suggest that the changes occurring in the osteocyte lacunar-

canalicular microenvironment are making the lacunar-canalicular surfaces more permeable, 

which could affect interstitial fluid flow around osteocytes during mechanical loading. An 

increased permeability of the lacunar-canalicular wall may alter both solute transport and 

interstitial fluid velocities around osteocytes during mechanical loading. It is also possible that 

alterations in the surface of the lacunar-canalicular network could disrupt the connections of the 

osteocyte process to the canalicular wall, impairing the capability of the osteocyte to perceive 

mechanical stimuli and potentially affecting the viability of the osteocyte. If the connections 

between osteocytes and the surrounding matrix are diminished due to ovariectomy, bone loss 

during postmenopausal osteoporosis could then be a remodeling response caused by reduced 

perceived loading in the presence of actual continued loading, where the bone cells may not be 

able to process the strain-related information effectively.  

To build upon the findings of Chapter 2, future work needs to investigate whether the 

tethering connections between the osteocyte and the canalicular wall are altered in the estrogen-

deficient state. Previous studies analyzing the tethering connections in control animals have used 

the mouse as the experimental model because perfusing mouse bone with electron microscopy 

fixative to preserve the proteoglycan components in the lacunar-canalicular network is relatively 

easier than in rats because mice are much smaller [4]. Thus, to study the tethering connections 

during estrogen deficiency it is recommended that ovariectomized mice are used. Additional 
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experiments could also be designed to assess the changes in lacunar-canalicular permeability due 

to OVX. An in vivo injection of two tracers, one that freely passes through the lacunar-

canalicular porosity (e.g., albumin) along with a larger molecular tracer that has been shown to 

be excluded from the lacunar-canalicular pores (e.g., ferritin) [5] could be used to demonstrate an 

increase in permeability around osteocytes due to OVX. 

Chapter 3 had two aims: to assess osteocyte apoptosis and to test potential candidates of bone 

degradation around the osteocyte in the estrogen-deficient state. The fist aim of Chapter 3 used 

an immunohistochemistry approach to quantify temporal and spatial patterns of osteocyte 

apoptosis in the cortical bone of the proximal tibial metaphysis in estrogen-deficient rats at 1-, 2-

, and 6-weeks post-OVX. Results indicated that osteocyte apoptosis, as measured by cleaved 

caspase-3 activity, increased in estrogen-deficient rats at 1- and 2-weeks post-surgery and 

returned to control levels at 6 weeks. Furthermore, apoptotic osteocytes were observed to be 

uniformly distributed across the width of the tibial cortical bone. The role of osteoclast activity 

may need to be tested in future studies along with including trabecular bone from the tibial 

metaphysis in the analysis, in order to elucidate bone resorption and spatial and temporal patterns 

of apoptosis that may exist in the cancellous compartment, which goes through a high 

remodeling phase following estrogen loss [1-3].  

The precise mechanism by which osteocyte viability is altered is not known; however, it is 

postulated that fluid flow may have a role in preventing apoptosis. Estrogen deficiency is 

postulated to affect osteocyte viability by the loss of protective estrogen’s antioxidant effect, and 

by downregulation of estrogen receptor proteins, which have been shown to be stimulated by 

fluid flow. Cellular debris from dead and fragmented osteocytes could inhibit fluid flow by 

obstructing the lacunar-canalicular pathway and later possibly by hypermineralization of the 
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lacuna. Altered or diminished number of tethering elements that may occur due to the 

nanostructural alterations seen in Chapter 2 may also increase osteocyte apoptosis due to 

estrogen deficiency.  

The second aim of Chapter 3 was to test for the presence of molecules that would have the 

capability to cause the nanostructural changes in the bone matrix surrounding osteocytes that was 

demonstrated in Chapter 2. The potential candidates tested were metalloproteinases MMP-2 and 

MMP-3, both of which have been shown to cleave substrates similar to those present in the 

osteocyte lacunar-canalicular microenvironment; in addition, their activity has been shown to be 

regulated by estrogens [6,7]. Temporal changes in MMP-2 and MMP-3 were assessed in the 

osteocyte lacunar-canalicular network in estrogen-deficient rats and no significant differences 

were found between SHAM and OVX at any time point. While MMP-2 levels decreased 

significantly in SHAM rats over time, they remained unchanged in OVX rats, although a non-

significant trend of increased MMP-2 was seen in estrogen-deficient rats at 6-weeks post-

surgery. This non-significant increase may be due to the activity of newly formed osteocytes on 

the endocortical surfaces or by the activity of older osteocytes present in the cortical bone. This 

difference needs to be further assessed in future studies. In addition, an increase in MMP-3 levels 

was seen in both SHAM and OVX groups over time. The increase of MMP-3 presence in 

controls may be due to periosteocytic remodeling of the non-collagenous proteins after the 

animal has surpassed its peak skeletal bone growth. 

Because MMP-2 and MMP-3 levels were relatively unmodulated in the lacunar-

canalicular network in the OVX rat model, it appears that these two MMPs do not play a critical 

role in bone degradation around osteocytes after estrogen withdrawal. Future work should test 

other matrix metalloproteinases, such as MMP-13 and MMP-14, to see whether they may be 
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involved in this process. MMP-13 has recently been shown to be necessary for lactation-induced 

osteocyte perilacunar remodeling [8], and MMP-14 has recently been shown to modulate 

mechanosensitivity, affecting bone mass [9]. Other potential candidates that could cause 

nanostructural degradation in the osteocyte pericellular region are ADAMTS (A disintegrin and 

metalloprotease with thrombospondin motifs), proteases that can cleave proteoglycans such as 

aggrecan, versican, and brevican, and have been shown to be present in osteoblasts and 

osteocytes during rat tooth eruption [10]. Additional proteinases that could be investigated are 

cathepsin B and dipeptidyl peptidase I & II, which
 
have also been associated with osteoblasts and 

osteocytes [11]. The work presented in Chapter 3 has effectively eliminated two candidate 

proteinases that do not seem to cause changes in the osteocytic environment, although it should 

be noted that a closer analysis of MMP-2 may be warranted since a non-significant trend of 

increased MMP-2 at the 6-week time point could be further investigated with a higher power 

experiment using an increased number of rats per group. Identification of the MMP(s) or other 

proteases responsible for degrading matrix in the osteocyte lacunar-canalicular network can help 

to develop appropriate drug regimes, e.g., MMP inhibitors, for effective osteoporosis treatments. 

Because MMPs cleave non-collagenous proteins, the concentration of chondroitin 

sulphates was also tested as part of this work (see Appendix), and was found to remain 

unchanged in OVX tissue. Because changes in noncollagenous proteins have also been shown in 

osteoporotic bone [12], it is likely that other non-collagenous proteins may be altered during 

estrogen deficiency. Thus, changes in heparan sulphate proteoglycans (e.g., perlecan) [13] in the 

osteocyte lacunar-canalicular network of estrogen-deficient rats can be tested in future studies.  

Bone remodeling by osteocytes, also called periosteocytic remodeling, in estrogen-

deficient rats has not been previously shown, but indications of this process were observed in 
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Chapter 2. Thus, it becomes vital to determine if the nanostructural mineral-matrix changes in 

estrogen-deficient rats may be due to a bone remodeling process that may create new, less 

mineralized bone after OVX. Our final objective, which was summarized in Chapter 4, was to 

assess bone remodeling differences that may arise due to new bone formed in OVX tissue, using 

fluorescent bone labels and nanoindentation.  

Results from Chapter 4 indicated that mineral apposition and bone formation rates were 

increased at the endocortical surfaces in OVX rats, but no changes were seen in percent 

mineralizing surfaces on the periosteal surfaces. A non-significant trend of increased percent 

mineralizing surfaces of the vascular porosity was seen in OVX rats as well. The elastic modulus 

and hardness were found unaltered due to estrogen deficiency. Together the bone labeling and 

nanoindentation results suggest that the nanostructural matrix-mineral level changes in the 

estrogen-deficient rats seen in Chapter 2 are indeed alterations occurring in the local 

environment of the osteocyte lacunar-canalicular network, and not global bone matrix changes 

caused by a change in mineralization of OVX tissue due to increased bone turnover. 

Future work needs to study bone mineral density distribution (BMDD) and tissue mineral 

density (TMD) of the cortical tibial metaphysis of estrogen-deficient rats using quantitative 

backscattered electron imaging (qBSE) and micro-computed tomography (µCT). qBSE, using a 

field-emission gun, will enable taking high resolution images (~1µm) to help determine if 

surface mineral changes are occurring in the osteocyte environment of estrogen-deficient rats. 

TMD studies will further strengthen the findings of the fluorescent labels that were used in 

Chapter 4 and would determine whether global mineral changes are occurring in estrogen-

deficient rats. Geometric changes in the cortical tibial metaphysis could also be assessed using 

µCT imaging. 
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To further investigate changes in the osteocyte microenvironment in the estrogen-

deficient state, the role of fibroblast growth factor-23 (FGF-23) should also be investigated. 

FGF-23 regulates serum phosphate concentration by affecting renal function. FGF-23 synthesis 

by osteocytes coincides with a regularly distributed osteocyte lacunar-canalicular network [14]. 

The role of this molecule needs to be tested in estrogen-deficient animals to see whether 

osteocytes may be remodeling and regulating local phosphate ions from the lacunar-canalicular 

surfaces via the FGF-23 pathway and also inhibiting osteoblast activity through the sclerostin-

estrogen link. Osteocytes may be intimately involved in mineral mobilization in conditions like 

osteoporosis perhaps due to the demand of calcium that arises by impaired calcium absorption in 

the kidney that has been shown in some studies [15,16], which could contribute to the altered 

matrix-mineral level changes seen the osteocyte lacunar-canalicular network of OVX rats. Serum 

levels of calcium and phosphate share an inverse relationship, and modulated levels of FGF-23 

in osteocytes of OVX animals would suggest that osteocytes may be controlling the renal ion 

concentrations during estrogen deficiency.  

Together, the results of this dissertation have demonstrated micro- and nano-structural 

changes that occur in the osteocyte microenvironment after estrogen withdrawal and have 

assessed how these changes may be occurring. By understanding the relationship between 

microarchitectural changes in the osteocyte lacunar-canalicular environment, temporal and 

spatial patterns of osteocyte apoptosis, the role of MMPs as candidates of bone degradation, and 

bone remodeling changes in estrogen-deficient animals, we have advanced the understanding of 

the role osteocytes play in postmenopausal osteoporosis. Additional studies that identify the 

exact mechanisms by which osteocyte degradation occurs and contributes to diminished bone 
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quality after estrogen withdrawal will help in the design of approaches to treat, and potentially 

prevent, postmenopausal osteoporosis.  
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APPENDIX 

A.1. Assessing Changes in Chondroitin Sulphate Proteoglycans in Estrogen-Deficient Rats 

Purpose 

To assess changes in chondrotin sulphate proteoglycans in the cortical metaphysis of the 

proximal tibia in estrogen-deficient rats. 

Methods 

Osteoporosis Model 

Ten female Sprague Dawley rats (Harlan Laboratories) were divided into two groups, 

with one group undergoing ovariectomy (OVX, n=5) and the other group acting as control 

(SHAM, n=5). The right tibiae were harvested from the 6-weeks time point from the animals 

used in the study described in Chapter 3.  

 

Sample preparation 

Right tibiae of each rat were harvested, cleaned of soft tissue, cut ~2 mm below the 

growth plate, and immediately placed in phosphate-buffered formalin for 72 hours at 4oC. After 

fixation, samples were decalcified in ethylenediaminetetraacetic acid (EDTA) for 2 weeks, and 

embedded in paraffin wax. 5 µm paraffin-embedded longitudinal sections were cut from the 

cortical tibial metaphysis and adhered to glass slides to stain for chondroitin sulphate 

proteoglycans. 

 

Immunohistochemistry protocol  
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An immunohistochemistry protocol was developed to quantify chondroitin sulphate 

proteoglycans like aggrecan, versican, brevican etc., around the osteocyte lacunae. Sections were 

deparaffinized, rehydrated and treated with 3% hydrogen peroxide to inhibit endogenous 

peroxidase activity and blocked for 30 minutes afterwards. Nonspecific tissue binding was 

blocked by incubating tissue sections in protein block (Dako) for 30 minutes at room 

temperature. Specimens were incubated in a humidified chamber overnight at 4º C with 

chondroitin sulphate (1:200) (C8035, Sigma-Aldrich) antibody. Detection was performed using 

secondary antibody (VECTASTAIN ABC Systems, Vector laboratories, CA) and developed 

with DAB substrate chromogen system. Sections were counterstained with Weigert's 

hematoxylin, dehydrated and coverslipped with mounting medium. Optimal dilution for the 

primary antibody was determined using internal positive control tissues (growth plate). 

Appropriate negative staining controls were examined. 

 

Quantification of chondroitin sulphate around osteocyte lacunae 

Stained (CS+ Ot) and non-stained osteocytes were counted under brightfield microscopy 

at 40X magnification. Stained osteocytes were counted in three regions of interest (ROI 87.5 µm 

x 77.5 µm) per anatomical location (anterior and posterior) through the cortical width. Stained 

cells were identified as brown-colored cells and non-stained cells were stained purple. Cell 

bodies that were 50% or more inside the ROI were considered to be part of the quantification. 

Three longitudinal sections per animal from the cortical tibial metaphysis, at least 16 µm apart, 

were used to quantify chondroitin sulphate positive osteocytes (Fig. A.1). 

 

Statistical Analysis 
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Whole cross-sectional analysis was performed by pooling all data from the three ROIs 

and two quadrants because no statistical differences were observed within the quadrants. 

Unpaired, two-tailed t-tests were used to assess differences between the SHAM and OVX groups 

for the chondroitin sulphate stained osteocytes (CS+ Ot). Quantification was performed by 

pooling data from the anterior and posterior quadrants on the longitudinal sections. All the 

statistical analyses were performed using the Prism 5 statistics software package (GraphPad 

Software Inc.).The normality of all data sets was confirmed before using parametric tests, and 

the significance level was set at p < 0.05.  

 

Results 

Quantification of chondroitin sulphate staining around osteocyte lacunae 

Only ~ 5% of osteocytes stained positively for chondroitin sulphate proteoglycans (CS+ 

Ot) at 6-weeks post-surgery in both SHAM and OVX groups. This amount was not significantly 

different between SHAM and OVX animals at this time point (Fig. A.2).  
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Fig. A.1 Osteocytes stained for chondroitin sulphate proteoglycans; Black arrows indicate 

positively stained cells; scale bars = 100 μm. 
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Fig. A.2 Box plots showing chondroitin sulphate (%) positive osteocytes from cortical bone from 

the proximal tibial metaphysis. + indicates the mean of each group. No significant differences 

were found between SHAM and OVX. 
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