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Genera! Abstract

Bone is an organ that is highly sensitive to changes in its mechanical loading 

environment. Although it is known that increased mechanical loading results in 

new bone formation, the cellular mechanisms underlying this response remain 

unclear. This investigation applied A? v/vo and A? vAro methodologies to 

examine the responses of three stages of the osteoblast lineage (osteogenic colony 

forming unit (CFU-O), pre-osteoblast, and osteoblast) to short-term, external 

mechanical loads applied to the tibiae of rats. The results showed that loading 

protocols sufficient to induce ArmeAArbone formation do not affect endocortical 

CFU-O number or the alkaline phosphatase activity, collagen content, calcium 

content, or total cell number of the osteoblasts within each colony. Loading 

protocols sufficient to induce woven bone formation stimulated periosteal pre

osteoblasts to proliferate within 36 h after load application, and contribute new 

osteoblasts to the adaptive response within 48 h. Finally, apoptosis was 

suppressed during the early (1-5 d) post-load period, apparently to maintain the 

number of osteoblasts and pre-osteoblasts contributing to ongoing load-induced 

osteogenesis. These results, combined with previous examinations of post-load 

cellular kinetics (Turner, 1998a), indicate that the adaptive response to short-term 

loading involves the proliferation of pre-osteoblasts leading to the addition of 

new osteoblasts to the active forming surface. The recruitment of CFU-Os may be
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dependent on strain magnitude (which in turn determines the type of bone 

formed) or on the duration of loading (short-term vs. long term).

2



Genera! introduction

The skeletal system is highly reliant upon mechanical forces for maintenance 

of its mass and architecture. In day to day life, bones are mechanically loaded by 

gravity, impact loading, and muscle contractions. Together, these forces provide 

a stimulus sufficient to effect a state approximating bone homeostasis in 

skeletally mature adults. When the mechanical loading environment changes, a 

change in bone status often follows. Whether net gain or loss of bone results is 

addressed by Frost's Mechanostat theory (Frost, 1987), which predicts that bone 

responds to changes in loading environment much as a thermostat responds to 

changes in room temperature. Bone mass is maintained when loading occurs 

within normal limits or thresholds. When loading exceeds the higher threshold 

1500 microstrain (Frost, 1987)), bone formation occurs to make the bone more 

resistant to fracture should the higher loads recur. If, however, loading falls 

below the lower threshold (100-300 microstrain (Frost, 1987)), bone resorption is 

the result. The thresholds are thought to be genetically determined, and may 

vary with age, hormonal status, and treatment with various pharmaceutical 

agents (Frost, 1987).

This project focuses on the bone response to externally applied supplemental 

mechanical loads. The effects of mechanical loading on three distinct stages of 

the osteoblast lineage (discussed below) will be examined.
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V. The Osteob/asf L/neage
Many biological systems require a renewable supply of differentiated cells in 

order to sustain function and effect repair. Stem cells meet this requirement 

because they are capable of self-renewal while providing cells for various 

differentiation pathways. In adult bone, modeling, remodeling and repair rely on 

differentiated cells from two sources: hematopoietic stem cells provide 

osteoclasts, and mesenchymal stem cells provide osteoblasts. This discussion will 

focus on the mesenchymal stem cell and its progeny.

Mesenchymal stem cells are capable of differentiating into multiple 

phenotypes (osteoblast, chondroblast, fibroblast, adipocyte, skeletal muscle cell, 

etc.) depending upon the microenvironment (Owen, 1988; Caplan, 1996). It is 

thought that the mesenchymal stem cell divides to give rise to a daughter cell 

that becomes the first in a series of osteoprogenitor cells (OPCs). The lineage 

progression from stem cell to OPC to osteoblast is not well characterized, and the 

number of progression steps is unknown. Currently, the only OPC that is readily 

identifiable is one with colony forming capabilities (osteogenic colony forming 

unit, or CFU-O (Tibone, 1981; Bellows, 1989)). In culture, the CFU-O undergoes 

mitotic expansion to form discrete regions of cell multilayering, referred to as 

nodules. Given the appropriate conditions (i.e., culture medium supplemented 

with ascorbic acid and (S-glycerophosphate (Bellows, 1986), the cells within a 

nodule will display characteristics of the osteoblast phenotype, such as 

membrane-associated alkaline phosphatase activity (Maniatopoulos, 1988) and
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synthesis and mineralization of a collagenous matrix resembling woven bone 

(Bhargava, 1988; Satomura, 1991).

Changes in CFU-O numbers and the activity of their clones in viiro have 

been documented following treatment with a wide variety of bone-responsive 

agents or procedures in vivo. More specifically, bone marrow collected from rats 

exposed to regimens with known bone anabolic or catabolic effects often displays 

CFU-O changes that are consistent with tissue-level responses. For example, 

marrow stromal cells collected from rats treated with prostaglandin E2 (PGE2) 

daily for two weeks showed increases in mineralized nodule number and 

alkaline phosphatase activity as compared to vehicle treated controls (Weinreb, 

1997). Similarly, marrow stromal cells from pulsatile PTFl-treated animals 

showed a substantial increase in the proportion of alkaline phosphatase-positive 

colonies as compared to vehicle treated controls (Nishida, 1994). Conversely, 

marrow stromal cell cultures from ovariectomized rats showed a decrease in 

colony number and cell proliferation (Tabuchi, 1986), and marrow from the 

vertebrae of aged humans had a substantial decrease in the number of alkaline 

phosphatase-positive colonies as compared to marrow from younger donors 

(D'Ippolito, 1999). In each of these cases, CFU-O changes are reflective of the 

tissue level responses, and indicate the potential involvement of these, and 

possibly other OPC, in the bone response to treatment.

Downstream from the OPCs is the pre-osteoblast, generally considered to be 

the immediate proliferative precursor of the osteoblast (Roberts, 1982).
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Morphologically, the pre-osteoblast is defined as a spindle-shaped cell 

(Roholll994) with a relatively large nucleus (Roberts, 1982) located between the 

osteoblast layer on the bone surface and the fibrous layer of the periosteum 

(Tonna, 1962; Owen, 1963; Nijweide, 1986). Pre-osteoblasts have also been 

identified near osteoblast-covered endocortical (Turner, 1998a) and trabecular 

(Barou, 1998) surfaces. Ultrastructurally, the pre-osteoblast displays moderate 

amounts of rough endoplasmic reticulum (RER) and Golgi bodies (Roholl, 1994), 

indicating reduced amounts of protein synthesis as compared to the osteoblast 

(discussed below). Although the synthetic products of the pre-osteoblast have 

not been determined, alkaline phosphatase is reportedly among them (Aubin, 

1995; Liu, 1994).

The osteoblast is post-mitotic and the most synthetically active cell of the 

osteoblast lineage, responsible for producing and mineralizing a matrix of 

collagenous and non-collagenous proteins. Morphologically, it is described as a 

cuboidal cell on the bone surface. Ultrastructurally, it has abundant RER and 

Golgi bodies, consistent with a cell active in synthesis of secreted proteins. Type I 

collagen, alkaline phosphatase, osteopontin and osteocalcin are among the 

phenotypic protein products of osteoblasts (Malaval, 1994; Owen, 1990).

During active bone formation, the osteoblast has been reported to synthesize 

2-3 times its volume before becoming encased in matrix (Owen, 1963), at which 

point it is an osteocyte. The latter is often referred to as the terminal stage in the 

osteoblast lineage (Nijweide, 1986; Lian, 1999) and is the most abundant cell type
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in bone. As an osfeocyfe matures, it develops long processes that allow 

communication (via gap junctions (Doty, 1981)) with other osteocytes as well as 

osteoblasts on the bone surfaces. The osteocyte network acts as a syncytium and 

is most likely responsible for sensing load-induced deformation in the bone 

matrix. In fact, changes in osteocyte mRNA production are among the earliest 

post-load events, occurring within 30 minutes of load application (Lean, 1995).

Osteoblasts that do not become osteocytes may undergo a functional and 

morphological change to become flat lining cells on the bone surface. These cells 

are considered the quiescent cell of the osteoblast lineage, and are characterized 

morphologically as a spindle-shaped cell with a flat, elongated nucleus. Synthetic 

organelles are inconspicuous in this cell type (Roholl, 1994). Although 

functionally quiescent, a flat cell may possess the ability to revert to the 

osteoblast phenotype. For example, in rats treated with pulsatile PTH for one 

week, an increase in trabecular osteoblast surface and bone formation occurred 

independently of DNA synthesis (Dobnig, 1995), indicating the recruitment of 

osteoblasts from a non-proliferative pool of cells. Bone lining cells are the most 

likely candidates in this response, as they are already present on the bone 

surface. The conversion of bone lining cells to functional osteoblasts was 

demonstrated at the electron microscopic level in mechanically loaded rat tail 

vertebrae (discussed below) (Chow, 1998). These two studies support the idea 

that the flat lining cell, although functionally quiescent, retains the ability to 

revert to a fully functional osteoblast in response to an osteogenic stimulus.
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Following a period of osteogenesis, there are more osteoblasts than available 

bone surface for all to become bone lining cells. In fact, 50-70% of the osteoblasts 

at a remodeling site cannot be accounted for once lining cells and osteocytes are 

tallied (Manolagas, 2000; Parfitt, 1990). Thus, there must be an alternate fate for 

osteoblasts that do not become bone lining cells or osteocytes. Similarly, not all 

pre-osteoblasts may become osteoblasts. In both cases, the fate of excess 

osteogenic cells may be apoptosis (Kerr, 1972). Reports of apoptosis occurring 

coincident with rapid tissue proliferation support this concept. For example, 

apoptotic cells have been identified among cells lining osteoid surfaces (i.e., 

osteoblasts) at sites of fracture healing (Landry, 1997). Examinations of fetal and 

neonatal murine calvaria revealed apoptotic osteoblasts and pre-osteoblasts 

within the calvaria and the intervening sutures and fontanelles, all areas of 

intense osteogenic activity (Rice, 1999). Rabbit mandibles undergoing distraction 

osteogenesis displayed apoptotic cells within the newly formed gap tissue, with 

more apoptosis occurring in tissues experiencing the greatest amount of strain. 

The higher strain also corresponded with the greatest amounts of cell 

proliferation in the gap region (Meyer, 1999). These studies indicate that 

apoptosis may be acting in opposition to proliferation to balance cell numbers.

2. Ce//s of the Osfeob/asf L/neage and Mechan/ca/ Load/ng

2.1. in Vivo Loading Modeis
Over the past 30 years, a number of rh w'vo animal models have been 

developed to investigate and characterize the adaptive response to loading. For
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an in v/'vo model to be most useful it must: a) involve minimal trauma to the 

animal; b) provide a means of applying a controlled, quantifiable stimulus; and 

c) yield useful biologic endpoints through which the response can be evaluated. 

The earliest model to meet these criteria employed wires inserted into the tibial 

shafts of rabbits (Hert, 1971; Liskova, 1971) for application of bending loads. 

Studies performed with this model revealed the osteogenic potential of 

intermittent (but not continuous) loading, a principle that has been incorporated 

into later loading models. Other investigators have used implanted pins for load 

application in a variety of animals and bones, including the sheep metacarpus 

(Churches, 1982), avian ulna (Lanyon, 1984; Rubin, 1985), and rat caudal 

vertebrae (Chambers, 1993; Chow, 1993). Useful information about the adaptive 

response to mechanical loading has been learned from each model. The 

functionally-isolated avian ulna model, in particular, was the earliest to 

characterize aspects of the strain environment that modulate the adaptive 

response (Lanyon, 1984; Rubin, 1985). However, the requirement of surgery for 

implantation of wires or pins is a potential confounding factor (Frost, 1983). In 

addition, great care must be taken to immobilize the pins between loading 

sessions to avoid inadvertent (i.e., uncontrolled) loading of the target bone.

Functional overload of the radius following ulnar osteotomy is a second type 

of loading model that has been tested on several species (Lanyon, 1982; 

Goodship, 1979; Burr, 1989a,b). Once the ulna is cut, it loses its weight-bearing 

capability and the radius must compensate by bearing both its own loads and



that of the ulna. An adaptive response is subsequently observed in the 

overloaded radius. The disadvantage of this model is that it requires an invasive 

procedure and strain gauging to quantify load on the radius.

Two recently developed loading models have the advantage of being non- 

invasive: the rat ulna compression model (Torrance, 1994; Hillam, 1995) and the 

rat tibia four-point bending model (Turner, 1991; Akhter, 1992; Raab-Cullen, 

1994a). The rat ulna model involves application of an axial load to the ulna 

through padded cups placed at the ends of the bone. To date, this model has only 

been tested with young, growing animals, raising two important issues: 1) all 

experiments must be carefully designed to differentiate growth-related from 

mechanically-induced bone formation; and 2) osteoporosis-related experiments 

that require adult animals may be difficult or impossible, due to the stresses 

placed upon the joints by the loading device. Such stresses may be damaging in 

an aged animal.

Four-point bending has been tested exclusively in skeletally mature female 

rats (Turner, 1991; Akhter, 1992; Raab-Cullen, 1994a), limiting the potential for 

confusion of growth-related and mechanically induced bone formation. Loads 

can be applied in brief episodes, after which the rats are allowed unrestricted 

cage activity. The type of bone formed (lamellar and/or woven) and the surface 

stimulated (periosteal and/or endocortical) are dependent on the force used.

External loading models such as four-point bending are effective at 

stimulating bone formation, but the loads created on the bone of interest are
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usually nonphysiologic in terms of strain type (tension, compression, torsion, 

sheer) and distribution. Models using exercise as the means of bone loading may 

provide results that apply more directly to humans. Use of treadmills with 

species such as rats (Yeh, 1993a; Yeh, 1993b; Chen, 1994; Yeh, 1993c) and pigs 

(Raab, 1991) consistently show increases in histomorphometric indices of bone 

formation that are comparable to those reported with external loading. However, 

exercise-induced bone adaptation in animals generally requires longer periods of 

treatment (5 weeks (Yeh, 1993b) to 20 weeks (Raab, 1991)) than does external 

loading.

Controlled load application to bone has been done //? v/vo with several 

model systems and species. It is advantageous that external loading can be done 

in small animal models that are routinely used to study osteoprogenitor cells. 

Experiments that combine A? w'vo and A? w'Ao methodologies may delineate the 

role of cells of the osteoblast lineage in the bone response to known external 

loads.

2.2 Effects of Loading at the Tissue Leve!

The effects of mechanical loading have traditionally been evaluated by 

fluorochrome labeling and subsequent histomorphometry of cortical and 

trabecular surfaces. The endpoints of mineral apposition rate (MAR, or the 

amount of linear growth between flurochrome labels), formation surface (FS, or 

the percentage of labeled bone surface), and bone formation rate (BFR, or the
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product of MAR and FS) are frequently used to provide information on the rate 

and extent of load-induced bone formation.

Time course studies have shown that the majority of mechanoadaptive bone 

formation at the periosteal surface occurs at a relatively early stage of long-term 

loading regimens. One study observed woven bone formation by day 5 of 

loading, which peaked by day 15 (Turner, 1992). Others have reported increases 

in expansion rate and surface labeling of the radius within 2 weeks of ulnar 

osteotomy, a response that peaks by 4-6 weeks post-surgery then returns to 

control values and remains there for at least six months (Burr, 1989a). Finally, a 

loading protocol using forces sufficient to induce lamellar bone formation 

produced maximum FS, MAR, and BFR after six weeks of loading, with 

decreases in all three endpoints at 12 weeks and a return to baseline by 18 weeks 

of loading. Bone gains were maintained throughout the duration of the study 

(Cullen, 2000a).

From the studies cited above, it is apparent that much of load-induced bone 

formation occurs within six weeks of the onset of treatment. Short-term loading 

experiments have shown that changes in strain environment result in an 

immediate osteogenic response. In fact, a single load application is sufficient to 

elevate histomorphometric indices of formation in both cortical (Forwood, 1996) 

and trabecular (Chow, 1993) bone. Increasing the number of loading sessions 

results in a dose-response increase in bone formation, due mainly to increases in 

FS (Forwood, 1994; Chowl993).
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Despite differences in animals (species, age, sex), loading modalities, target 

bone, and target bone type, a nearly universal finding amongst animal loading 

models is that of bone formation without a prior resorptive phase. One notable 

exception is a report of a resorptive surface of the rat ulna being converted to a 

forming surface with mechanical loading (Hillam, 1995). Even in this case, the 

end result of loading is bone formation leading to a positive bone balance.

2.3 Effects of Loading at the Ceiiuiar Levei

Increases in osteoblast number with loading have been documented in 

several studies. For example, a single bending load (40N, 2000us) applied to the 

right tibia of skeletally mature female rats increased the percentage of osteoblast 

surface by more than two-fold within three days post-load (Boppart, 1998). The 

increase in osteoblast surface was accompanied by a dramatic increase in 

periosteal thickness, an effect that was also documented in a similar single-load 

study of the avian ulna (Pead, 1988). Although DNA synthesis was not measured 

in either study, it seems likely that cell proliferation contributed to the rapid 

appearance of cells within the periosteum. That cell proliferation occurred in 

response to loading was later confirmed in a single load study conducted in 

adult female rats given bromodeoxyuridine (BrdU) in a sustained-release vehicle 

(Turner, 1998a). The administration of BrdU started immediately post-load and 

extended up to 96 hours. Osteoblast surface and osteoblast labeling index were 

measured at 48 and 96h post-load. No significant difference in labeling index was
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found between loaded and nonloaded legs at 48h, despite a doubling of 

osteoblast surface at the same time point. By 96h post-load, the increase in 

osteoblast labeling index was highly significant and osteoblast surface was still 

elevated as compared to nonloaded controls. From these data, it was concluded 

that the adaptive response to loading has two distinct phases: an immediate 

phase in which osteoblasts are derived from non-dividing cells (such as bone 

lining cells or post-mitotic pre-osteoblasts), and a later phase in which osteoblasts 

are derived from proliferative precursor cells (Turner, 1998a).

The concept of an early, non-proliferative response to loading is supported 

by an electron microscopic evaluation of rat caudal vertebrae subjected to a 

single loading session. In tissues collected lh  to lOd post-load, a series of cells in 

morphologic transition from lining cell to osteoblast was revealed. The 

appearance of osteoblasts (as defined by maximums in mean cell area, nuclear 

area, and cell and nucleus height) peaked 48h post-load, and returned to pre

load status by 120h post-load. This morphologic response occurred 

independently of DNA synthesis, showing that load-induced osteogenesis can 

occur in the absence of cell proliferation (Chow, 1998). In this model, the applied 

load results in low (700uE) strain values, suggesting that the pool of responding 

cells is activated at lower strain levels. In cases of higher strain, proliferation may 

be induced in another population of cells.

From the studies detailed above, it is fairly conclusive that mechanical 

loading increases osteoblast number, and that this response may involve cell
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proliferation if enough strain is produced. Since osteoblasts are post-mitotic, the 

occurrence of proliferation within the periosteum indicates that less 

differentiated cells of the osteoblast lineage are being recruited.

Evidence for increases in osteoblast /bnrhb/i with loading is limited and 

comes mainly from histomorphometric studies. Increases in indices of bone 

formation such as MAR and bone forming surface FS are often considered to be 

the product of increases in osteoblast function and recruitment of new 

osteoblasts in the region or surface of osteogenesis.

3. Mechan/ca/ tVn/oacf/ng and Ce//s of the Osfeob/asf L/neage
The effects of mechanical loading on bone tissue and cells are often studied

by applying supplemental external loads to the long bones of research animals 

(discussed above). Equally informative are experiments in which mechanical 

loading of long bones is decreased.

3.1 /n v/vo Untoading Modeis
As mentioned previously, most if not all of the forces imposed upon the 

skeleton are those engendered by gravitational loading, muscle contractions, and 

impact loading. Animal models have been developed to induce skeletal 

unloading by the removing one or more of these loading sources, jyace 

(Morey, 1978; Wronski, 1983; Jee, 1983) substantially decreases the influences of 

gravitational loading on bone, but has a number of obvious detractions. Firstly, 

the experiments are incredibly costly and the opportunity to fly rodents aboard 

the space shuttle is very limited. Secondly, the number and type of inflight
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treatments are restricted by equipment limitations and safety concerns. The 

.suspension model (Morey, 1979) was developed to overcome some of these 

difficulties. Rats are suspended by the tail, which effectively raises their 

hindlimbs off the ground and eliminates the weight-bearing burden of the tibia 

and femora. The forelimbs remain on the ground, normally weighted, and the 

tail is hooked to a two-way pulley system, allowing the animals to ambulate in 

their cages. Although the hindlimbs no longer bear weight, the rat can still move 

them freely. Thus, tail suspension qualifies as an unloading model, but not one of 

disuse. Other models of unloading take a different approach. One is 

rmmoh/Aza&bn, usually accomplished by taping one of a rat's hindlimbs against 

its abdomen. The taped limb becomes underloaded and disused, while the 

contralateral, untaped limb becomes overloaded and overused. The underloaded 

limb is usually compared to the normally weighted limb of control animals (Li, 

1990; Li, 1991; Chen, 1992). With neurectomy, the nerve(s) supplying motor 

function to a specific body region are severed, resulting in paralysis and thus 

disuse of the neurectomized body part. This approach has been applied to 

hindlimbs of rats through neurectomy of the sciatic (Keila, 1994; Weinreb, 1991; 

Weinreb, 1989) or tibial nerve (Turner, 1986). It has also been applied to the rat 

tail by cutting the spinal cord at the sixth lumbar vertebra (Chow, 1996).

3.2 Effects of Unioading at the Tissue Leve)
The earliest histomorphometric examinations of unloaded bones were of rat

long bones exposed to microgravity. These studies implicated a defect in bone
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formation rather than an increase in bone resorption as the underlying cause of 

the microgravity-induced bone deficit in both cortical and trabecular bone (Jee, 

1983; Morey, 1978; Wronski, 1983; Wronski, 1987). Similarly, tail suspension 

studies using young (Halloran, 1988) and adult rats (Dehority, 1999) have shown 

suppressed indices of bone formation (BFR, MAR (Halloran, 1988) and BFR, MS 

(Dehority, 1999)) in the tibiae of unloaded rats as compared to normally 

weighted controls. When indices of bone resorption were measured, they were 

unchanged by suspension (Dehority, 1999).

Long bones from neurectomized (Weinreb, 1989; Weinreb, 1991; Zeng, 1996; 

Sakai, 1996; Turner, 1986) and taped (Chen, 1992; Li, 1990; Li, 1991) animals also 

show a decrease in bone formation as compared to normally weighted controls. 

The resulting bone deficit can be significant, up to 50-70% in cancellous bone (Li, 

1990; Chen, 1992; Weinreb, 1989), 10% in cortical bone (Li, 1991) and 16% in bone 

mineral content (Weinreb, 1989) after extended (6-26 weeks) disuse. Unlike 

spaceflight and tail suspension, the suppression of bone formation caused by 

neurectomy is often preceded by a transient increase in bone resorption. This 

effect may be specific to weight-bearing bones, as tail vertebrae from caudal 

neurectomized rats show a substantial (88%) decrease in trabecular bone 

formation without changes in bone resorption (eroded surface and osteoclast 

surface) (Chow, 1996). Despite model- and bone-specific differences in 

resorption, all of the unloading models discussed here have a common effect of 

decreased bone formation. This is consistent with the Mechanostat theory's
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prediction of bone loss with decreased loading. That this effect is observed with 

either no change or an increase in resorption indicates an uncoupling of the 

remodeling process. It also reveals that osteoblasts are sensitive to changes in 

their loading environment.

3.3 Effects of Untoading at the Ceitutar Leve!
Region-specific decreases in osteoblast number (Jee, 1983) and decreases in

pre-osteoblast production (Roberts, 1981) have been reported with spaceflight. 

Short-term (six days) tail suspension decreased pre-osteoblast proliferation in 

tibial secondary spongiosa by 80% (Barou, 1998). The examination of marrow 

stromal cells collected from tail suspended or sciatic neurectomized rats and 

cultured /A wArohas revealed decreases in cell adherence (Zhang, 1995; Keila, 

1994) proliferation (Kostenuik, 1997; Machwate, 1993), alkaline phosphatase 

activity (Kostenuik, 1997; Zhang, 1995; Sakai, 1996), colony formation (Zhang, 

1995; Keila, 1994) and mineralization (Kostenuik, 1997) as compared to marrow 

from normally weighted controls. Although changes in mineralization can only 

be attributed to osteoblasts, the changes in proliferation and colony formation 

imply osteoprogenitor cell involvement. Although alkaline phosphatase activity 

is often associated with osteoblasts, it has also been reported in pre-osteoblasts 

(Aubin, 1995) and CFU-Os (Turksen, 1991). Taken together, these studies indicate 

that alterations in the loading environment affect many stages of the osteoblast 

lineage.
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4. Pu/pose of fh/s Pro/ecf
Although changes in the CFU-O and pre-osteoblast populations have been 

demonstrated with reduced mechanical loading (discussed above), changes with 

increased mechanical loading have not been examined. Additionally, the fate of 

surplus cells following mechanical loading has not been documented. The 

purpose of this project is to determine the effects of mechanical loading on 

CFU-Os, pre-osteoblasts and osteoblasts. Cell proliferation, phenotypic cell 

activity, and removal of cells by apoptosis will be among the endpoints assessed 

to test the hypotheses stated below.

5. Hypof/reses
OvemAAypofAasA: short term mechanical loading stimulates less differentiated 

cells of the osteoblast lineage to divide and differentiate, increasing osteoblast 

number and contributing to cortical bone formation. As the adaptive response 

wanes, excess osteogenic cells are removed by apoptosis.

1. Short term, in tv'vo mechanical loading will increase the number of CFU- 

Os and the phenotypic function of clonal osteoblasts A? vAro.

2. A single mechanical load will increase the proliferation of pre-osteoblasts 

in the cellular periosteum. Peak proliferation will occur between 24 and 

48 hours post-load.

3. A single mechanical load will increase apoptosis of osteoblasts and pre

osteoblasts. Peak apoptosis will occur 4-5 days post-load.
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Chapter 1

/n V/vo Mechanics! Loading Does Not Change the 
Characteristics of Osteogenic Co!ony Forming Units

/n y/fro
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Abstract

Bone relies on proliferative precursor cells to supply new osteoblasts during 

osteogenesis. Because increased mechanical loading is a known anabolic 

stimulus for bone, we tested the hypothesis that short-term mechanical loading 

increases the number and activity of a specific stage of osteoprogenitor cell (the 

osteogenic colony forming unit, or CFU-O). Two short-term loading protocols 

were tested on the tibiae of rats, after which the marrow was collected and 

cultured. Endpoints included histomorphometric measurements of fn vivo bone 

formation, and in tnYro assessments of marrow stromal CFU-O number and the 

phenotypic activity of clonal osteoblasts (alkaline phosphatase activity, total cell 

number, collagen content, and calcium content). Our results showed an 

induction of bone formation on the endocortical surface, although the response 

was somewhat inconsistent across all the experiments performed. The n? viiro 

studies showed no change in any of the endpoints examined. From these data, it 

was concluded that bone formation stimulated by short-term mechanical loading 

occurs independently of the CFU-O population, perhaps stimulating more 

differentiated cells (i.e., pre-osteoblasts) or quiescent surface cells (flat lining cells 

or existing osteoblasts) rather than the less differentiated cells of the osteoblast 

lineage.
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!ntroduction

Bone is an organ with substantial regenerative and reparative capabilities. 

Since bone formation is the exclusive function of osteoblasts, and the osteoblast is 

a non-dividing cell (Aubin, 1996), a pool of proliferative osteoprogenitor cells 

(OPCs) is clearly needed to supply new osteoblasts as required. Although the 

number of OPC differentiation stages is unknown, one stage of OPC is readily 

identifiable based on its colony forming ability. This cell, termed the osteogenic 

colony forming unit (CFU-O) (Tibone, 1981) is capable of undergoing mitotic 

expansion leading ultimately to a colony of osteoblasts that will form discrete 

bone nodules when cultured under conditions favoring osteogenesis (Bellows, 

1986).

Changes in CFU-O numbers and the activity of their clones A? vAro have 

been documented following treatment with a wide variety of bone-responsive 

agents and procedures A? who and in many cases, the CFU-O changes are 

consistent with the tissue-level responses. For example, marrow stromal cells 

collected from rats treated with prostaglandin E2 (PGE2) (Weinreb, 1997) or 

pulsatile PTH (Nishida, 1994) showed increases in mineralized nodule number 

(Weinreb, 1997) and alkaline phosphatase activity (Weinreb, 1997; Nishida, 1994) 

as compared to vehicle-treated controls. Conversely, marrow stromal cells from 

ovariectomized rats showed a decrease in colony number and cell proliferation 

(Tabuchi, 1986), and marrow from the vertebrae of aged humans had a 

substantial decrease in the number of alkaline phosphatase-positive colonies
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(D'Ippolito, 1999). Taken together, these studies show that CFU-O changes are 

often reflective of tissue level responses, and indicate the potential involvement 

of these, and possibly other OPC, in the bone response to treatment.

The v/'vo CFU-O model has also been used to examine the cellular effects 

of changes in the mechanical loading status of bone. Studies of decreased 

loading, produced by sciatic neurectomy or tail suspension, provide data that are 

consistent with changes in the CFU-O population. For example, marrow from 

sciatic neurectomized rats displayed lower mineralized nodule formation and 

alkaline phosphatase activity as compared to sham-operated controls (Keila, 

1994). Tail suspension resulted in marrow stromal cell cultures with decreased 

alkaline phosphatase activity, cell proliferation, mineralization (Kostenuik, 1997) 

and colony formation (Zhang, 1995).

Increased mechanical loading has a known anabolic effect on bone, and 

while increases in cell proliferation (Turner, 1998a), osteoblast surfaces (Chow, 

1998; Boppart, 1998), and periosteal thickness (Pead, 1988) 77? w'vo have been 

demonstrated, the effects of mechanical loading on CFU-Os and their progeny 

are unknown. The present investigation was undertaken to assess potential 

changes in the CFU-O population of marrow stromal cells following short-term, 

7/? v?'vo mechanical loading. I hypothesized that loading would increase both the 

number of CFU-Os and the phenotypic activity of the osteoblasts within each 

colony.
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Materials and Methods

Female Sprague-Dawley retired breeder rats (SASCO, Wilmington, MA), 

aged 5-6 months with average initial body weights of 329 ± 31 g, were used in all 

experiments. The animals were individually housed in hanging wire cages, and 

provided with rat chow (Purina Rodent Chow 5001) and water ac/ ATvYum. The 

Creighton University Animal Care and Use Committee approved all procedures.

Experimenta! Design
Five experiments were conducted to characterize the osteogenic responses of 

marrow stromal cells from rat tibiae exposed to short-term, in vivo mechanical 

loading. In Experiment 1', the tissue-level, in vivo osteogenic response to the 

loading protocols (described below) was examined by endocortical 

histomorphometry. In Experiment 2, a sham loading study was performed to 

examine the relative effects of pad pressure and bending forces on the in vivo 

osteogenic response. Subsequent experiments were performed with marrow 

stromal cells collected from loaded and nonloaded tibiae. In Experiment 3, the in 

viiro osteogenic response was examined; in Experiment 4, limiting dilution 

analysis was performed to assess differences in CFU-O numbers; and finally, in 

Experiment 5, alkaline phosphatase activity, calcium content, collagen content, 

and total cell number were assessed. The experimental design is depicted in 

Table 1, and each experiment is described in detail below.

i Experiment numbers were assigned arbitrarily and are not reflective of the 
order in which the experiments were performed.
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Mechanics! Loading
Two loading protocols (described below) were used in order to examine the 

relative effects of loading days and cycle number on the CFU-O population. Prior 

to loading, each rat was anesthetized with isoflurane (Aerrane, Provet, Kansas 

City). The right tibia was then placed in a four-point bending device (Turner, 

1991; Ahkter, 1992; Raab-Cullen, 1994a) and a cyclic load of 63N, 2Hz was 

applied for a total of 400 cycles. Half the rats received all the cycles in a single 

loading session, and the remainder received 133 cycles on each of three 

consecutive days. These loading protocols will be referred to as 1x400 and 3x133 

cycles, respectively. The left tibia served as a nonloaded control. The rats were 

closely monitored after loading and returned to their cages when fully conscious. 

Both loading schedules were well tolerated by the animals, and although some 

swelling was noted in the loaded legs, no apparent gait alteration was observed.

Sham Loading
The four-point bending device applies mechanical loads through the soft 

tissues of the tibia. Since direct pressure to the periosteum could itself be an 

osteogenic stimulus (Frost, 1983), and since the periosteal and endocortical 

surfaces are connected by a network of osteocytes, a sham loading experiment 

was performed to isolate the relative contributions of bending and direct 

periosteal pressure to the endocortical bone formed following four-point 

bending. The upper and lower pads of the four-point bending device were 

spaced 19mm apart, and in direct opposition to each other. Previous studies with
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strain gages (Raab-Cullen, 1994b) have shown that this pad configuration results 

in the least amount of strain on the tibial shaft; thus, the effects of pad pressure 

can be examined in the absence of bending. Only the 3x133 protocol was tested 

with the sham loading configuration, applying the same force (63N) as was used 

in the bending experiments. Sham loading using protocols similar to the 1x400 

protocol with high forces have been examined previously by other investigators 

(Robling, 2000; Forwood, 1996).

Strain Catenations
Peak compressive strains on the lateral periosteal surface were calculated as 

described previously (Ahkter, 1992) using the equation below: 

gstrain = 0.828 (MC/ATJ -127.16

where AT= bending moment (force divided by two, multiplied by a lever arm 

length of 6 cm), C= the distance between the centroid and lateral surface, A= 

longitudinal Young's Elastic modulus of 29.4 Gpa, and /= pre-treatment moment 

of inertia (Akhter, 1992). Endocortical strains were estimated to be 25% less than 

those found at the lateral periosteal surface (Cullen, 2001).

Marrow Stromai Ce!! Cuiture
Processing of bone marrow was performed without pooling of samples. 

Tibiae were collected aseptically and a segment of tibia diaphysis spanning 

approximately 1 to 10mm proximal to the tibiofibular junction was excised using 

a Dremel saw with a sterile blade. This segment was selected because it includes 

the region of maximal bending in loaded bones and is of sufficient size to ensure
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adequate marrow yields. The marrow was flushed from each bone segment 

using lOcc of complete cell culture medium (defined below) in a syringe with a 

20G T' needle. The aspirates were collected in 15cc centrifuge tubes and the 

marrow plugs disrupted into single cell suspensions by repeated pipeting with a 

P I000 Pipetman. Each cell suspension was centrifuged and the cell pellet 

resuspended in fresh complete medium twice before viable, nucleated cells were 

counted using the Trypan Blue exclusion test and a hemacytometer. Plating 

densities varied among the experiments.

The marrow stromal cells were processed and plated in a-MEM (Sigma) 

supplemented with 10% fetal bovine serum (FBS, Sigma), 50pg/ml ascorbic acid, 

5mM P-glycerophosphate (P-GP, Sigma), 100 pg/ml Penicillin G (Sigma), 

50pg/ml Gentamicin (Sigma), and 300ng/ml Fungizone (Gibco). At the first 

media change (on day 3), 10 nM dexamethasone (Sigma) was added. Media 

changes occurred three times a week thereafter, and the length of the culture 

period varied according to the experiment. All cultures were maintained in a 

humidified atmosphere of 5% CO2, 95% air at 37°C.

Experiment 1: /n V/'vo Osteogenic Response to Loading

Sixteen rats were randomized by body weight into two treatment groups of 

eight each. One group received a 1x400 load, and the other received 3x133. 

Loading was initiated on day 1 of the experiment for both groups, and 

subcutaneous injections of calcein (8 mg/kg, Sigma) were administered on days
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5 and 13. On day 16, rats were anesthetized with ketamine (50mg/kg) and 

xylazine (lOmg/kg) and killed by intracardiac administration of euthanasia 

solution (0.02 ml Fatal Plus, Vortech Central Research Division, Dearborn, MI). 

Right and left tibiae were collected and cleaned of most adherent soft tissue, 

leaving the periosteum intact. They were then fixed in 70% ethanol for a 

minimum of 24h, block-stained in Villanueva Osteochrome for 72h, dehydrated 

in graded ethanol rinses and acetone, and embedded in methyl methacrylate 

(Barone, 1983). Eighty micron sections were collected from within the region of 

maximal strain, 5-7mm proximal to the tibiofibular junction (TFJ) (Raab-Cullen, 

1994a). Two sections per leg were analyzed for this site. For the Sham Loading 

experiment, sections were also collected from the region of diaphysis located 0-1 

mm proximal to the TFJ. This region corresponds with the placement of the distal 

upper and lower pads on the lateral and anteromedial aspects of the tibia, 

respectively, when placed in a four-point bending device configured for sham 

loading (Raab-Cullen, 1994b). Due to the small size of this sampling site, only 

one section per leg was analyzed. All sections were blind-coded prior to being 

measured.

Measurements were made using an Olympus epifluorescence microscope 

equipped with camera lucida and digitizing pad. Measurements included 

periosteal and endocortical single-labeled surface (sLS), double-labeled surface 

(dLS), interlabel width (Il.Wi), and woven bone surface (Wo.BS). Calculated 

endpoints were endocortical mineral apposition rate (MAR = interlabel
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width/labeling period) forming surface (FS = (single label/2 + double label + 

woven bone surfaces)/bone surface), and bone formation rate (BFR = FS*MAR).

Experiment 2: Sham ioading

Sixteen rats were randomized by body weight into two groups of eight each. 

Half received a 3x133 bending load, and the remainder received a 3x133 sham 

(i. e., pressure) load. Calcein injections and tissue collection, processing, and 

analysis occurred as for Experiment 1 (above).

Experiment 3: /n V/fro Osteogenic Response to Loading

Sixty rats were randomized by body weight into ten groups of six each. Half 

received a 1x400 load, and the remainder received 3x133. One group of rats from 

each loading treatment was killed either 1-5 days post-load (for the 1x400 group) 

or 1-5 days following the final load application (for the 3x133 group), and 

marrow was collected for culture as described above.

Marrow stromal cells were plated at a density of 500,000 viable, nucleated 

cells/cnA ^  triplicate wells of 12-well plates (Corning-Costar, Fisher Scientific). 

The cultures were maintained for 17 days then fixed with 95% ethanol and 

stained using the von Kossa method for visualization of mineralized surface 

area. Each plate was then scanned (ScanMaker IIXE, Microtek), and the images of 

individual wells were cropped and assigned a blind code. Mineralized surface 

area was measured for each well using an image analysis program (Quantimet, 

Leica).
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Experiment 4: Limiting Diiution Anaiysis

Twenty-four rats were randomized by body weight into four treatment 

groups of six each. Half received a 1x400 toad, and the remainder received 3x133. 

One group from each loading treatment was killed 2 or 5 days post-load, and 

marrow was collected for culture as described above. Each cell suspension was 

counted and the initial cell concentrations adjusted to 320,000 cells/ml. Three 

serial dilutions (1:1) were performed to yield additional cell concentrations of 

160,000 cells/ml, 80,000 cells/ml, and 40,000 cells/ml. One full 96-well plate was 

prepared for each dilution, with lOOul per well.

After 17d in culture, all plates were fixed and stained for visualization of 

mineralized nodules, as described above. Each well of each plate was then 

examined for the presence or absence of nodules, and the ratio of nodule

negative wells to total wells (=F(0)) was calculated for each plate (Bellows, 1989). 

F(0) was plotted against plating density, and the density corresponding with the 

0.37 level was determined. Assuming that the frequency of CFU-Os in bone 

marrow follows a Poisson distribution, an F(0) of 0.37 indicates the density at 

which there is 1 CFU-O per well (Bellows, 1989).

Experiment 5: Aikatine Phosphatase Activity, Caicium Content, Cotiagen 
Content, and Tota! Ceti Number

Twenty-four rats were randomized by body weight into four treatment 

groups of six each. Half received a 1x400 load, and the remainder received 3x133. 

One group from each loading treatment was killed 2 or 5 days post-load, and
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marrow was collected for culture as described above. Each cell suspension was 

counted and plated at a density of 200,000 cells/cm^ in triplicate wells of 12-well 

tissue culture plates (Corning-Costar, Fisher Scientific). The cultures were 

maintained for 16 days and then fixed for 30 minutes in 10% phosphate buffered 

formalin. Following rinses in ddFFO, they were serially assayed for alkaline 

phosphatase activity, calcium content, collagen content, and total cell number as 

detailed below. All absorbance values were determined on a plate reader 

(Microkinetics Reader, Model BT 2000, FisherBiotech) and cultures were rinsed 3 

times with ddH20 between assays.

Alkaline phosphatase activity was evaluated by adding 1 ml of buffer 

(Sigma), diluted 1:1 with ddFFO and combined with 2mg/ ml of alkaline 

phosphatase substrate (p-nitrophenol phosphate, Sigma), to each well of the 

culture plate. The samples were incubated for 30 minutes in the dark at 37°C, 

and the reaction was stopped by combining the 1ml of fluid from each well with 

10ml of 0.5N NaOH. Absorbances were read at 405nm (Yee, 1985).

To assess calcium content, 1% Alizarin Red-S (AR-S, Sigma) in 2% ethanol, 

pH 4.0, was added to the cultures for 5 minutes, followed by 3 rinses in ddHzO to 

remove unbound dye. Bound dye was eluted with 0.5N HC1, 5% SDS, and the 

absorbances were read at 405 nm (Kostenuik, 1997). '

To assess collagen content, 1% Sirius Red (SR, Aldrich) in saturated picric 

acid was added to the cultures for one hour, followed by three rinses in ddHzO to
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remove unbound dye. Bound dye was eluted with 1:1 0.1M NaOH: methanol 

and absorbances read at 490 nm (Scutt, 1999; Junqueira, 1979).

To assess total cell number, 0.2% Crystal Violet (CV, Sigma) in 2% ethanol 

was added to the cultures for 30 minutes, followed by five rinses in ddH20 to 

remove unbound dye. Bound dye was eluted with 10% glacial acetic acid and 

absorbances read at 595 nm (Kueng, 1989; Kostenuik, 1997).

Statistics
Two-way ANOVA followed by the Bonferroni post-hoc test were used to test 

for loading effects (loaded leg vs. nonloaded leg) and collection day, or loading 

effects and loading protocol (bending vs. pressure) where applicable. A P value 

<0.05 was considered significant.

Resuits

/n V/vo Osteogenic Response to Loading
Both loading protocols stimulated lamellar bone formation at the

endocortical surface. The 1x400 treatment increased MAR by 48%, FS by 50%, 

and BFR by 28% as compared to contralateral, nonloaded control bones. These 

differences were significant (p<0.001) with the exception of BFR, which was 

marginally significant (p = 0.06) (Table 2). In the 3x133 group, loading increased 

MAR by 65%, FS by 72%, and BFR by 48% as compared to contralateral, 

nonloaded control bones (p<0.02). The relative loading response (i.e., the 

difference between loaded and nonloaded legs) did not differ between the two 

loading protocols for any endocortical endpoint (Table 2).
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The predominant loading response at the periosteal surface was woven bone 

formation. This effect was especially pronounced in the 3x133 group, which had 

57% more woven bone surface than the 1x400 group (p<0.001, Table 2). No 

woven bone was observed in nonloaded samples.

Sham Loading
The endocortical surface did not differ with loading protocol (bending vs. 

pressure), or load application (loaded leg vs. nonloaded leg) in either sampling 

site (Table 3). The periosteal surface of loaded legs produced mainly woven bone 

with both loading protocols, although the bending group had a greater 

percentage of woven bone surface (Wo.BS, Table 3) than the pressure group at 

both sites. No woven bone was observed on the periosteal surface of nonloaded 

bones or on the endocortical surface of any bones.

Strain Caicuiations
Predicted peak strains of loaded tibiae averaged 1904 + 285 on the 

endocortical surface and 2539 ± 380 (mean ± SD) on the lateral periosteal surface 

(Table 4). For both surfaces, strains did not vary with treatment, although the 

3x133 group of the in tn'vo osteogenic response study (Expt. 1) had the smallest 

strains of the three bending groups. Moments of inertia, an index of a bone's 

resistance to bending forces (Nordin, 1989), were greater in the 3x133 pressure 

group than in the 3x133 bending group of Expt. 1.
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Marrow Stroma) Ce!) Cutture

!n Vitro Mineraiized Surface Area

The number of samples per group varied due to technical problems during 

cell processing. The final sample numbers were as follows: n=6 for 1 and 2 day(s) 

post-load collections, n=5 for 3 and 4 days post-load, and n=4 for 5 days post

load. High variability within treatment groups limited statistical power for this 

experiment and no significant differences were found (Figure 1). However, there 

was a general pattern of greater MinSA in loaded than non-loaded samples. For 

the 1x400 group, the difference in MinSA between cells from loaded and non

loaded legs was highest in samples collected 1 and 2 days post-load. No 

differences between samples from loaded and non-loaded legs were evident in 

1x400 cells collected five days post-load. For the 3x133 group, the difference in 

MinSA between cells from loaded and non-loaded legs was maximal in samples 

collected 2 days post-load and remained elevated in samples collect 3, 4, and 5 

days post-load.

Limiting Diiution Anaiysis
Marrow stromal cells collected from loaded and nonloaded tibiae and 

cultured for 17d showed mineralized nodule development at all densities, 

although nodules were not present in every well of every plate. This was 

especially true for the lowest plating density. One sample from the 1x400, 2d 

group was lost during processing, reducing the n to 5 for that group. 

Additionally, one sample from the 3x133, 2d group was omitted as an outlier
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(greater than 2 SD away from the group mean). For each of the remaining legs, 

the four F(0) values (= ratio of nodule-negative wells: total number of wells for 

each plate) were plotted against plating density, and a trendline was then 

generated (data not shown). The equation of each line was used to determine the 

frequency of CFU-Os at an F(0) of 0.37, and the ratio of loaded: nonloaded 

frequencies was calculated and used for statistical analysis (Figure 2). For 

example, if one of every 5,000 marrow stromal cells collected from a loaded leg 

was a CFU-O (= frequency of 1/5000 = 0.0002) and one of every 10,000 marrow 

stromal cells from the contralateral, nonloaded leg was a CFU-O (= freuquency 

of 1/10,000 = 0.0001), then loaded:nonloaded = 0.0002/0.0001 = 2. In reality, the 

frequencies of CFU-Os ranged from -1/30,000 to 1/60,000 in both and loaded 

legs (data not shown).

Since the first applied load could potentially be the most important in the 

adaptive response to short-term loading (see discussion), the CFU-O frequency 

results were examined relative to the first load rather than the total load number. 

In other words, the group averages were organized to reflect increasing number 

of days between the initial (or only) load application and marrow collection 

(Figure 2). When viewed in this context, a trend emerged. An elevation in the 

CFU-O frequency ratio was evident two days after load application (1x400, 2d 

group), followed by a suppression at four days (3x133, 2d group) and five days 

(1x400, 5d group) after the first load application. By 7 days after the first load 

(3x133, 5d group), the CFU-O frequency ratio reached 86% of baseline,
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nonloaded values. No statistical differences between groups were found, likely 

due to the high variation within the 1x400, 2d group.

Alkaline phosphatase activity, calcium content, collagen content, and total cell 
number

Neither of the mechanical loading protocols used in this study had an 

influence on cell activity, as assessed by alkaline phosphatase activity, calcium 

content, collagen content and total cell number after 17 days in culture (Figure 3).

Discussion

These studies were conducted in order to assess potential changes in the 

marrow stromal osteoprogenitor pool following short-term, external mechanical 

loading. 7b tbvo methods were used to examine the osteogenic response to two 

short-term loading protocols and to examine the relative contributions of pad 

pressure and bending in the loading response. 7b wYro methods were used to 

examine changes in CFU-O number and the activity of clonal osteoblasts in 

marrow collected from loaded and nonloaded bones. The endocortical surface 

was examined in order to compare our fn ibvo histomorphometry results with 

our ex tbvo marrow stromal cell studies.

The fn w'vo, tissue-level loading studies showed that both the 1x400 and 

3x133 bending protocols were equally osteogenic, despite differences in the 

distribution of loading cycles with time. There are two potential explanations for 

this outcome: 1) total cycle number is more critical than number of loading
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sessions in the adaptive response to short-term mechanical loading; or 2) the 

adaptive mechanism was saturated on the first day of loading, and incapable of 

responding further to additional loading sessions. Considering the relatively 

high forces used in this experiment, the latter explanation may be the most 

probable. A saturation point for mechanosensitivity has been suggested by other 

authors (Turner, 1998b; Robling, 2000; Robling, 2002) and is a topic that merits 

further investigation in order to optimize load-induced bone formation in 

research and clinical applications.

Although tissue-level osteogenesis was observed at the endocortical surface 

of the 1x400 vs. 3x133 experiment bones, the results of the A? vAro studies do not 

support the hypothesis that marrow stromal CFU-Os are stimulated in response 

to short-term mechanical loading. The trend observed in the limiting dilution 

experiment suggests a potential increase in CFU-O number following the first 

load application, but the experiment needs to be either repeated with a larger 

n/ group or examined using different methods before conclusions can be drawn 

from the data. Since it is believed that each CFU-O gives rise to an individual 

bone nodule (Bellows, 1989), direct nodule counts would be an ideal method of 

quantification. However, it has been my experience that marrow stromal cells 

tend to form nodule masses rather than discrete nodules, even at low plating 

densities. Thus, limiting dilution was used in place of nodule counts. Once 

markers for the various stages of the osteoblast lineage become available, a more

37



CFU-Os and Mechanical Loading

definitive answer to the question of CFU-O stimulation following mechanical 

loading will be possible.

It is interesting to note that the frequency of CFU-Os in the marrow stromal 

cells of this study was substantially less (1/30,000 to 1/60,000) than that reported 

for rat calvaria cells (^1/300) (Bellows, 1989), but greater than CFU-Os in murine 

marrow stroma, which were found at a frequency of 1/2.2x105 (Falla, 1993). The 

reason for this variation is unclear, but may be due to differences in age (fetal vs. 

adult), species (rat vs. mouse), and/or tissue (calvaria vs. marrow).

It is possible that lamellar bone formation can be initiated by activation of 

quiescent osteogenic cells already present on the bone surface, without the need 

for osteoprogenitor involvement. This has been demonstrated in the trabecular 

response to short-term treatment with pulsatile PTH (Dobnig, 1995). It is also 

possible that pre-osteoblasts were stimulated by loading, thereby adding new 

osteoblasts to the adaptive response, but that the less differentiated OPCs, such 

as the CFU-O population, were not recruited. Longer-term studies may reveal a 

point at which the supply of early response cells (lining cells, existing osteoblasts, 

pre-osteoblasts) is exhausted, requiring OPC involvement to replenish the pool 

and maintain ongoing osteogenesis. In fact, the studies that detected changes in 

CFU-O number or activity generally involved longer m v/'vo treatment times 

(1 week -  6 months) (Nishida, 1994; Weinreb, 1997; Tabuchi, 1986) than were 

used in this study.
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The lack of an endocortical response in the sham loading experiment was 

unexpected, but may be explained by differences observed in pre-experiment 

moments of inertia (MI). The MI of the 3x133 bending group was -16% greater 

than the 3x133 bending group of Expt. 1, despite having nearly identical initial 

body weights (Table 4). The larger MI is consistent with a stronger bone that 

would experience less bending given the same applied force. The endocortical 

surface also tends to display more variability in its adaptive response to loading 

than does the periosteal surface, which may also explain the inconsistent 

responses between the bending groups of the various experiments.

Previous four-point bending studies using high applied forces have reported 

higher predicted periosteal strain values than those observed here. For example, 

a load of 64N resulted in -3000-3150 pstrain (Turner, 1994b; Turner, 1995) 

compared to -2500 induced by a load of 63N in the animals used in this study. 

This discrepancy could be explained by differences in bone size as would be 

indicated by differences in total cross-sectional area or Mis. Unfortunately these 

endpoints were not reported in the earlier publications, which prevented us from 

doing a data comparison between studies. Given the variability in Mis among 

the rats used in this study, it is possible that variable bone size between our rats 

and the animals used in the earlier studies is responsible for the differences in 

predicted strain values.

The question remains as to whether the negative m wYro results were due to 

a lack of CFU-O recruitment or an overall lack of an adaptive response at the
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endocortical surface. The strains at the periosteal and endocortical surfaces, 

although lower than expected, were still more than sufficient to induce bone 

formation at both surfaces (Turner, 1994b). In fact, all loaded bones incorporated 

at least one calcein label on portions of the endocortical surface (data not shown), 

indicating that bone formation was indeed initiated even if to a lesser extent than 

anticipated. Based on this finding, it seems reasonable to conclude that the CFU- 

O population was not stimulated under loading conditions that produce lamellar 

bone formation.
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Table 1. Experimental Designs. Days without events are not shown.
Expt #. Name #cycles/load dl 2 3 4 5 6 7 8 13 16 19 20 21 22 23 24 25

1. In Vivo Osteogenic Response 400 L C C T
133 L L L C C T

2. Sham Loading 133 S/L S/L S /L c c T
3. In Vitro Osteogenic Response 400 L Mi M2 M3 M4 Ms Fi F2 F3 F4 Fs

133 L L L Mi M2 M3 M4 Ms Fi F2 F3 F4 Fs
4. Limiting Dilution Analysis 400 L Mi M2 Fi F2

133 L L L Mi M2 Fi F2
5. Cell #, ALP, Calcium, Collagen 400 L Mi M2 Fi F2

133 L L L Mi M2 Fi F2

C = Calcein injection, 8 m g/kg s.c. S -  Sham load (i.e., pressure)
L = Bending load T = Tibia collection
M = Marrow collection, group number indicated by subscript F = Fix cell cultures, group number indicated by subscript
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Table 2. Tibial cortical bone formation for the Vn ITVo Osteogenic Response study (Expt. 1), means (SD).

Endpoint Nonloaded
1x400 Group 

Loaded Loaded-
Nonloaded

Nonloaded
3x133 Group 

Loaded Loaded-
Nonloaded

E.FS, % 10.1 (7) 20.2 (13) * 10.1 (8.7) 26.9 (27) 37.1 (36) a 10.2 (13)
E.MAR, pm/d 0.91 (0.3) 1.89 (0.4) a 1.11 (0.57) 1.63 (0.3)' 2.51 (0.4) ab 1.03 (0.46)
E.BFR, gm/d 42.4 (33) 154 (98) 107 (75) 266.6 (151)' 550.6 (316) ab 185 (205)

P.FS, % 9.0 (11) 51.2 (11)a 42.2 (13) 22.4 (14) 78.7 (16) ab 56.3 (26)
P.WoBS, % 0(0) 38.2 (16) a 38.2 (16) 0(0) 67.6 (14) ab 67.6 (14) d

E=Endocortical; P=Periosteal
a, different from nonloaded leg; b, different from 1x400 loaded leg; c = different from 1x400 nonloaded leg; 
d = different from 1x400 group; p<0.05.



Table 3. Tibial cortical bone formation for the sham loading study (Expt. 2), means (SD). The site located 0-lmm from the 
TFJ was directly below one of the upper pads in the four-point bending device. The 5-7 mm site was within the region of

CFU-Os and Mechanical Loading

Distance from TFJ

3x133 Bending 3x133 Pressure
nL

0-1 mm
L

0-1 mm
nL

5-7 mm
L

5-7 mm
nL

0-1 mm
L

0-1 mm
nL

5-7 mm
L

5-7 mm
E.FS, % 5.94 15.93 12.46 10.95 23.38 30.29 22.11 23.80

(7.42) (14.32) (8.35) (8.15) (28.14) (33.28) (23.22) (28.12)
E.MAR, pm/ d 1.03 1.19 1.46 1.28 0.89 1.22 1.64 1.38

(0.45) (0.20) (0.53) (0.49) (0.26) (0.42) (0.56) (0.49)
E.BFR, pm/d 0.16 0.28 0.23 0.17 0.38 0.53 0.39 0.44

(0.13) (0.11) (0.17) (0.12) (0.37) (0.46) (0.30) (0.46)
P.FS, % 10.17 58.75 a 22.14 70.55 a 9.34 39.93 ab 20.66 52.99 a

(8.02) (7.40) (14.47) (11.98) (5.57) (23.74) (8.91) (20.14)
P.Wo.BS, % 0 53.47 a 0 66.79 a 0 22.02 ab 0 35.35 ab

(Q) (8.82) (0) (11.54) (Q) (26.15) (Q) (32.95)
nL=nonloaded; L=Loaded

a different from nonloaded leg
b different from loaded leg of 3x133 bending group, same sampling site
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CFU-Os and Mechanical Loading

Table 4. Initial rat body weights and characteristics of loaded rat tibiae, means 
(SD). The 3x133 Bending and 1x400 Bending groups were tested together in the 

Wvo Osteogenic Response study (Expt. 1); the 3x133 Bending and 3x133
Pressure groups were tested together in the Sham loading study (Expt. 2). Tibial 
characteristics were determined from cross-sections collected within the region 
of maximal bending (5-7 mm proximal to the TFJ).

Group Moment of 
Inertia 

(xlO ,̂ mnd)

Peak Lateral 
Periosteal Strain 

(pstrain)

Peak
Endocortical 

Strain (pstrain)

Initial
Body

Weight (g)
3x133 Bending 2.13 (0.4) a 2635 (410) 1976 (307) 322 (23)
1x400 Bending 2.32 (0.4) 2490 (346) 1868(259) 341 (18)
3x133 Bending 2.54 (0.5) 2485 (417) 1864(313) 321 (16)
3x133 Pressure 2.69 (0.5) * * 323 (13)

3x133 = one load of 133 cycles, 64N, 2Hz, applied on each of three consecutive days; 
1x400 = one load of 400 cycles, 64N, 2Hz, applied all on one day

a different from 3x133 Pressure group.

* The four-point bending device has been shown to induce marginal strains when configured for 
sham loading (Raab-Cullen, 1994b).
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CFU-Os and Mechanical Loading
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Days Post-Load

Figure 1. The mineralized (von Kossa-positive) surface area of marrow stromal 
cells collected from loaded and nonloaded bones and cultured for 17d. Marrow 
collections occurred either 1-5 days after a 1x400 protocol or 1-5 days after the 
final load a 3x133 protocol. Data are shown as the difference between loaded- 
nonloaded legs, means ± SE. Load-induced differences tended to be elevated on 
days 1 and 2 after a single load and days 2 to 5 after multiple loads. There were 
no significant differences.
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CFU-Os and Mechanical Loading

3-i

2 -

Group 1x400, 2d 3x133, 2d 1x400, 5d 3x133, 5d

2 4 5 7
Days after first load

Figure 2. The frequency of CFU-O numbers in marrow stromal cell 
cultures collected from loaded and nonloaded bones and cultured for 17d 
(means + SE). Data are expressed as a ratio of loaded:nonloaded (see 
text). Groups are defined by loading protocol (1x400 or 3x133) followed 
by post-load marrow collection day (2 days or 5 days), and organized to 
reflect increasing number of days between the first (or only) load 
application and marrow collection. The 1x400 load,2d post-load 
collection group tended to have a greater number of CFU-Os than later 
groups. No significant differences were found.
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CFU-Os and Mechanical Loading
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Figure 3. Cell number, alkaline phosphatase activity, calcium content, and collagen content of marrow stromal 
collected from loaded and nonloaded bones. Data are shown as means + SE, and groups are indicated by loading 
protocol (1x400 vs. 3x133) followed by marrow post-load collection day (2 days or 5 days). Alkaline phosphtase 
activity, calcium, and collagen are normalized to cell number. No significant changes occurred with loading or post
load collection day.
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BrdU Time Course

Chapter 2

Time Course of Periostea! Pre-osteob!ast Proiiferation 
FoNowing the Apptication of a Sing!e Mechanica! Load
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BrdU Time Course

Abstract

The appearance of osteoblasts following a brief episode of increased 

mechanical loading has been documented, but the proliferation of osteoblast 

precursors in the cellular periosteum has not yet been investigated. In this study, 

a single bending load (36 cycles, 2Hz, 2000 pstrain) was applied to the right tibia 

of skeletally mature female rats and the time course of pre-osteoblast 

proliferation in the periosteum was examined. A single injection of 

bromodeoxyuridine (40mg/kg) was administered 1 h prior to collection times at 

12, 24,30,36,42,48, 60, and 72 h post-load. Endpoints included surface type 

(based on the morphology of surface cells), pre-osteoblast labeling index, and the 

distance of labeled and unlabeled cells to the bone surface. Loaded bones 

showed a significant increase in pre-osteoblast proliferation from 36-72 h as 

compared to nonloaded bones. Osteoblast surface was increased during the same 

time span, indicating that at least some of the early osteoblasts were derived 

from non-proliferative sources. The distance of labeled and unlabeled cells 

increased with time, but the distance of the two cell populations did not differ, 

indicating that there was no partitioning of the proliferative cells. Collectively, 

these results indicate that a single load application is sufficient to initiate an 

osteogenic response that includes the proliferation of osteoblast precursors. At 

earlier post-load time-points, the primary response may be the conversion of 

surface cells to active osteoblasts; however, at later time points, it seems likely 

that the proliferating pre-osteoblasts are contributing new osteoblasts to active 

osteogenic sites.
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BrdU Time Course

tntroduction

Although mechanical loading is a known anabolic stimulus for bone, the 

post-load cell-level events and kinetics thereof have yet to be firmly established. 

Previous investigations have included examinations of changes in the 

morphologic characteristics of cells on bone surfaces up to 10 days after a single 

load (Boppart, 1998; Pead, 1988; Chow, 1998). The periosteal surface of loaded rat 

tibiae, for example, has 80% of its surface covered by lining cells and 20% by 

osteoblasts at 24h post-load, but within 3 days, lining cells occupy 60% of the 

bone surface while osteoblast coverage increases to 40% of the surface (Boppart, 

1998). This change is transient, with a return to pre-load status within 9 days of 

the load application. Similarly, the periosteum of functionally isolated, externally 

loaded avian ulnae is transformed from resting (i.e., covered with flat lining 

cells) to active, with osteoblasts on the bone surface and multilayering (up to 6 

cell layers thick) of the cellular periosteum observed on the sixth day post-load 

(Pead, 1988). Rat tail vertebrae display a similar, though more rapid, conversion 

of trabecular surface cells with loading. Maximum height and volume of surface 

cells and their nuclei are found at 48h post-load, with a return to pre-load 

morphology by day 5 post-load (Chow, 1998).

Despite differences in target bone (rat tibia, avian ulna, rat tail vertebrae), 

and target bone type (cortical, cancellous), these observations support the 

concept of a fairly rapid appearance of osteoblasts on the surfaces of loaded
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bone. However, there is less consensus as to the source of the osteoblasts. 

Continuous labeling with bromodeoxyuridine (BrdU) demonstrated an increase 

in the proportion of labeled endocortical osteoblasts from 5% at 48h post-load to 

over 30% at 96h post-load in rat tibiae (Turner, 1998a). Orthodontic tooth 

movement stimulates the proliferation of fibroblasts in the periodontal ligament 

that peaks 23h post-stimulation at a labeling index of 15.5%. A multiple labeling 

protocol used with the same model produced a maximum fibroblast labeling 

index of 50% and a linear increase in the number of labeled osteoblasts between 

11 and 71 h post-stimulation (Yee, 1976). Collectively, these studies imply that 

the osteogenic response to loading includes the proliferation of precursor cells 

that eventually differentiate into osteoblasts. However, the load-induced increase 

in trabecular forming surface of rat tail vertebrae occurs independently of DNA 

synthesis, implying that the conversion of flat lining cells was the primary 

mechanism underlying the appearance of osteoblasts on the bone surface (Chow, 

1998). To date, the time course of cell proliferation in load-induced bone 

formation at the periosteal surface has not been examined. The purpose of this 

study was to test the hypothesis that cell proliferation would occur in the 

periosteum of rat tibiae exposed to a single bout of four-point bending, and that 

peak proliferation would be found 24-48 h post-load.
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Materiais and Methods

Female Sprague-Dawley retired breeder rats (SASCO, Wilmington, MA), 

aged 11-12 months with average initial body weights of 351 ± 20g, were used for 

this study. The animals were housed individually in hanging wire cages, and 

provided with rat chow (Purina Rodent Chow 5001) and water ar/ AYv'A//??. The 

Creighton University Animal Care and Use Committee approved all procedures.

Experimenta! Design
Forty rats were randomized by body weight into eight groups of five animals 

eachh A single bending load was applied to the right tibia of each rat, and the 

right and left tibiae were collected 12, 24, 30,36,42,48, 60, and 72 h later. To 

avoid systematic bias, the loading schedule was staggered such that one animal 

per group from the 12, 24,36, 48, and 60 h groups was killed on the first five 

collection days. The 30h and 42h groups were collected last on separate days. 

Each rat was given a single subcutaneous injection of Bromodeoxyuridine (BrdU, 

40mg/kg, Boehringer-Mannheim) 1 hour prior to tissue collection.

Mechanics! Loading
Immediately prior to loading, each rat was anesthetized with isoflurane 

(AErrane, Provet, Kansas City). The right tibia was then placed in a four-point 

bending device (Turner, 1991; Raab-Cullen, 1994a) and a cyclic load of 40N, 2Hz 

was applied for a total of 36 cycles. This load was predicted to create 2000 ps on

' One rat died shortly after arriving in our animal quarters, leaving the 42h group with four animals.
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the lateral periosteal surface (Akhter, 1992). The left tibia served as a nonloaded 

control. The rats were monitored after loading and returned to their cages when 

fully conscious. All loading was done between 8 and 10 am.

Tissue Processing
At the time of collection, rats were anesthetized with isoflurane and perfused 

through the left ventricle with 60cc of phosphate buffered saline (PBS) followed 

by 120cc of 4% paraformaldehyde in PBS. Both tibiae were collected, the 

proximal and distal ends of each bone were removed, and the tissues were 

placed in fresh 4% paraformaldehyde at 4°C for 24 hours. Following fixation, the 

bones were trimmed to remove excess muscle while keeping the periosteum 

intact. Within the region of maximal bending (or the equivalent site in nonloaded 

bones), a span of diaphysis located 8mm to 12mm proximal to the tibiofibular 

junction (Figure 1) was chosen for analysis because the periosteum was best 

preserved in this region.

The tibial segments were demineralized in 7% EDTA, pH 6.5, dehydrated in 

graded ethanol rinses, and embedded in JB-4 Plus resin (Polysciences, 

Warrington, PA). Sections were cut at a thickness of 4.5pm and collected onto 

poly-L-lysine (Sigma) coated slides. BrdU-labeled nuclei were immunolocolized 

using a peroxidase-conjugated mouse anti-BrdU antibody (Boehringer- 

Mannheim) and diaminobenzidine (DAB, Sigma) as the chromagen. GilFs 

hematoxylin (Vector Labs, Burlingame, CA) was used as a counterstain. To 

compensate for potential variation between staining batches, sections from a
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loaded and nonloaded leg from one rat of each group were included in each 

staining run, a total of 16 slides per batch. Additionally, a slide with sections 

from a rat that was not injected with BrdU was processed with each batch of 

slides as a negative control for antibody specificity.

Measurements

All slides were blind-coded prior to analysis. Classification of periosteal 

.sur/bce was based on cell morphology. OsZeoZ b̂^Z^ur/bre was covered by 

plump cells with a single large, round to ovoid, lightly stained nucleus. <reZZ 

Fur/ace was covered by cells with a single long, flat, darkly stained nucleus. A 

surface covered by mononuclear cells that were not readily identifiable as 

osteoblasts or flat cells was considered transitional and classified either as 

osteoblast or flat surface based on how closely the cells resembled either cell 

type. A surface was considered Mnm&asuraZVe if no cells were present (due to 

damage incurred during tissue collection). Areas of tendinous insertion were also 

judged to be unmeasurable because the periosteal surface is indistinct at these 

sites. A sample had to have at least 50% of its periosteum intact to be included in 

our analysis.

UeZZ/7roZZZhr<3Z?on is expressed as the proportion of BrdU-labeled pre

osteoblast nuclei ((labeled/total)*100). A cell was considered a pre-osteoblast if it:

1) was located within the cellular periosteal layer; 2) was not located on the bone 

surface; and 3) had a round, ovoid, or elongated ovoid nucleus (Roberts, 1985;
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Owen, 1963; Tonna, 1962; Barou, 1998). A nucleus was considered labeled if there 

was obvious brown or black reaction product within its boundaries.

Finally, the rAs&rmrefor each pre-osteoblast was measured as the

linear distance between the center of the nucleus and the periosteal bone surface.

Digital images of the bone sections were created with an Olympus BX60 

microscope connected to a video camera. Measurements were made with 

Bioquant True Color Windows 98 (v 3.50.6, R&M Biometrics, Nashville, TN).

Statistics
The repeated measures general linear model (SPSS v9.0 for Windows, SPSS 

Inc., Chicago, 1L) was used to test the main effects of loading (loaded leg vs. 

nonloaded) and time (post-load collection time) as well as the interaction 

between the two variables. When a loading effect was identified, loaded and 

nonloaded legs were compared by two-way ANOVA followed by the Bonferroni 

post-hoc test in Prism (v3.00 for Windows, GraphPad Software, San Diego, CA). 

When a time effect was identified, a comparison of all loaded legs or all non

loaded legs was performed by one-way ANOVA followed by the LSD post-hoc 

test in SPSS. When a significant interaction was identified, the loading effect was 

calculated as the difference between loaded and nonloaded legs at each time 

point and compared by one-way ANOVA with the LSD post-hoc test in SPSS. A 

P value less than 0.05 was considered significant.
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Results

One nonloaded sample from the 36h group was destroyed during 

processing, reducing the number of specimens in that group to four.

Total cross sectional area and periosteal perimeter of the rat tibia did not 

change with loading or with time (Table 1). Measurable surface averaged 81 ±7% 

(mean ± SD) of the total periosteal perimeter, and no significant differences in 

measurable surface were found when all loaded legs were compared, when all 

nonloaded legs were compared, or when loaded and nonloaded legs at each time 

point were compared (Table 1).

Mechanical loading increased osteoblast surface in the tibiae collected 

36-72 h post-load as compared to contralateral, nonloaded control bones (Figure

2). Loaded legs at 36-72 h post-load had a greater percentage of osteoblast surface 

than loaded legs at 12 and 30 h. The osteoblast surface of nonloaded legs did not 

differ with time. Flat cell surface changed reciprocally with osteoblast surface, 

and was decreased in loaded legs 36-72 h post-load as compared to contralateral, 

nonloaded legs (data not shown). The flat cell surface of nonloaded legs did not 

differ with time.

Proliferating cells (i.e., those positive for BrdU incorporation) were observed 

exclusively in the cellular periosteum, in the cell layers above osteoblast surfaces. 

Mechanical loading increased the pre-osteoblast BrdU labeling index in loaded 

legs of the 36, 42, and 60 h groups as compared to contralateral, nonloaded 

controls (Figure 3a). Loaded legs at 36 h had a greater proportion of labeled pre
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osteoblasts than loaded legs at 12, 24, and 30 h. Loaded legs at 60 h had a greater 

proportion of labeled pre-osteoblasts than loaded legs at 24 h. The labeling index 

of nonloaded legs did not differ with time.

The pre-osteoblast labeling index of the 72 h nonloaded group had one 

anomalous data point which was more than five standard deviations from the 

group mean. If this data point was eliminated, the comparison of loaded and 

nonloaded legs of the 72 h group was significant. However, because the other 

measurements taken from this sample were consistent with the values of the 

other nonloaded legs, the data point was kept in the data set. Although not 

significant by statistical standards, the increase in the pre-osteoblast labeling 

index of loaded legs at 72 h will be considered biologically significant.

The total number of pre-osteoblasts did not differ with time or loading, most 

likely due to the substantial variation found with this endpoint (Figure 3b).

Mechanical loading increased the distance of labeled pre-osteoblasts from 

the bone surface 36-72 h post-load as compared to the distances found in 

contralateral, nonloaded control legs (Figure 4). The labeled pre-osteoblast 

distances in loaded legs at 36 and 48-72 h post-load were greater than those of 

the loaded legs at 12 and 30 h. Labeled cell distances in loaded legs at 36 and 72 h 

post-load were greater than those found in loaded legs at 24 h. The distance of 

labeled pre-osteoblasts in nonloaded legs did not differ with time or loading.

Mechanical loading increased the distance of unlabeled pre-osteoblasts to the 

bone surface 48-72 h post-load as compared to the distances found in
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contralateral, nonloaded control legs (Figure 5). The unlabeled pre-osteoblast 

distances of loaded legs at 48 and 72 h post-load were greater than those of 

loaded legs at 30 h. The unlabeled cell distances of loaded legs at 72 h were 

greater than those of loaded legs at 12 and 42 h. The distance of unlabeled pre

osteoblasts in nonloaded legs did not differ with time or loading. There were no 

differences between the distance of labeled and nonlabeled nuclei in loaded legs 

at any time point (data not shown).

Discussion

The results from this experiment show that a single mechanical load applied 

to the rat tibia was sufficient to stimulate cell proliferation in the cellular 

periosteum within 36 h after load application. During the 36-72 h period, an 

average of 15% of the periosteal pre-osteoblast population was either in or had 

traversed S-phase during the 1 h BrdU labeling period. In comparison, the 

proportion of BrdU-labeled cells in nonloaded legs during the same time span 

averaged 1%. Although the cell number data was inconclusive due to high 

variability, it seems likely that the periosteal cell proliferation observed in this 

study increased the number of pre-osteoblasts, and that a subset of the pre- 

osteoblast population contributed new osteoblasts to the load-induced cortical 

bone formation.

The loading protocol used in this study is sufficient to stimulate woven bone 

formation on the periosteal surface (Turner, 1994b). Since this type of bone 

formation can occur both on the bone surface and within the cellular layer of the
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periosteum, some of the nonlabeled cells counted as pre-osteoblasts might have 

been osteoblasts, particularly at the later time points. The methods I used did not 

allow us to distinguish nonlabeled pre-osteoblasts from nonlabeled, off-surface 

osteoblasts. If the latter were counted as pre-osteoblasts, the net effect would be 

an underestimate of the labeling index. However, my results are consistent with 

an earlier loading study using a model which produces woven bone. Using a 

single label protocol, Yee et al. (1976) found a maximum labeling index of 16% 

amongst fibroblasts of the mechanically stimulated rat periodontal ligament 

(PDL). Although some of the new fibroblasts may have a fate unrelated to 

osteogenesis (i.e., repairing damage to the PDL), these cells are also the primary 

source from which osteoblasts are derived. Hence, fibroblast proliferation in the 

PDL model is somewhat analogous to periosteal pre-osteoblasts proliferation in 

the current study, which peaked at a labeling index of 17% over the duration of 

the study.

It is interesting to note that in the PDL model of mechanical stimulation (Yee, 

1976; Roberts, 1985), the peak in fibroblast labeling index is followed by a 

gradual return to baseline values by 70 h post-stimulation. This is in contrast to 

the current study, in which pre-osteoblast labeling indices remained elevated 

through 72 h post-load, and possibly beyond. Both types of loading stimulate 

woven bone formation, so the difference in labeling time course is most likely 

reflective of the nature of the applied load. Stimulation of the PDL is achieved 

through the application of elastic bands to the tooth of interest. The elastic bands
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produce continuous rather than cyclic pressure on the tooth. Although this type 

of loading is clearly osteogenic, it has been long established (Liskova, 1971; 

Lanyon, 1984) that cyclic loading, as is utilized in four-point bending, is a more 

effective osteogenic stimulus than continuous loading. This may be attributable 

to a greater amount of extracellular fluid flow, and thus greater osteocytic 

stimulation (Weinbaum, 1994; Turner, 1994a; Lanyon, 1993), induced by cyclic as 

opposed to continuous loading.

The concurrent increase in osteoblast surface and pre-osteoblast labeling 

index at 36 h indicates that most of the early load-induced osteoblasts may have 

been derived from non-proliferating sources, i.e. activation of bone lining cells. 

The concept of surface activation without cell proliferation as an initial response 

to osteogenic stimuli has been suggested by other investigators (Forwood, 1996; 

Turner, 1998a; Miller, 1981; Bowman, 1986; Dobnig, 1995; Chow, 1998). For 

example, a four-point bending study examining the osteogenic potential of a 

single mechanical load found that histomorphometric indices of endocortical 

bone formation were elevated as soon as 1-5 d post-load and maximal 5-8 d post

load (Forwood, 1996). From these data it was suggested that the early post-load 

phase (1-5 d) represented the activation of cells already present on the bone 

surface, whereas the later, greater response (5-8 d) was indicative of the 

contribution of osteoprogenitor cells to the existing osteoblast pool. Later 

experiments with BrdU labeling (Turner, 1998a) supported this suggestion. This 

type of early response does not appear to be unique to mechanical loading.
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Estrogen treatment of male quail results in the appearance of round cells (i. e., 

osteoblasts) on previously quiescent bone surfaces within 12-20 h of treatment, 

while peak ^H-thymidine labeling occurs 36 h post-treatment (Bowman, 1986).

In the current study, it seems likely that pre-osteoblasts proliferation is 

contributing new osteoblasts to active osteogenic sites at later post-load time 

points, but the single label protocol does not allow the identification of 

osteoblasts derived from non-proliferative vs. proliferative cells. Studies are 

currently being performed to investigate this issue.

It should be pointed out that stimulus-induced osteogenesis can occur in the 

complete absence of cell proliferation. Substantial increases in trabecular bone 

formation have been reported following mechanical loading (Chow, 1998) and 

pulsatile PTH administration (Dobnig, 1995), and in both cases, no evidence of 

^H-thymidine incorporation was found in surface cells. These studies utilized 

methods (flash labeling (Chow, 1998) and continuous labeling via osmotic 

minipump (Dobnigl995)) that should have produced labeled osteoblasts had 

they been derived from proliferating precursors. Thus surface activation 

resulting in the conversion of flat lining cells to active osteoblasts appears to be 

an effective, although short-term, means of producing new bone without the aid 

of osteoprogenitor proliferation and differentiation. Longer-term treatments, or 

perhaps treatment protocols that evoke a greater osteogenic response, would 

most likely necessitate the recruitment of osteoprogenitors to replace osteoblasts 

as they become encased in matrix.
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The kinetics of ceiiuiar changes reported here are consistent with the resuits 

of previous four-point bending studies. Turner et ai. (1998a) found maximal 

labeling of endocortical osteoblasts 48-72 h post-load. Since the proliferation of 

precursor cells would be expected to precede the appearance of labeled 

osteoblasts, the peak pre-osteoblast labeling index found at 36 h post-load in my 

study agrees with the results of Turner and colleagues. Another study of post

load cellular kinetics of the periosteal surface noted that osteoblast surface was at 

its maximum by day three post-load (Boppart, 1998). This finding was the basis 

of our collection times (12-72 h post-load), because, as mentioned above, the 

proliferation of precursors would be expected to precede the time of maximum 

osteoblast numbers on the periosteal surface. The general pattern of increase in 

osteoblast surface reported by Boppart et al. resembled that of the current study. 

However, because the earlier study used a more restrictive definition of an 

osteoblast and measured only relatively mature osteoblast surfaces, it is not 

surprising that the peak osteoblast surface was detected earlier in the present 

study.

The thickness of the cellular periosteum was greatly increased by loading, 

most noticeably 48-72 h post-load. This was evinced by the increased cellular 

distance of both labeled and nonlabeled pre-osteoblasts in loaded legs collected 

during this period. Interestingly, the magnitude of the cellular distance was not 

different between labeled and nonlabeled cells of loaded legs at any time point 

(data not shown). Thus, no partitioning of the proliferative cells seemed to be
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occurring within the periosteum. I found no differences in the total number of 

counted pre-osteoblasts with time or loading (Figure 3b), but this is likely due to 

the relatively small number of samples per group used in this study. Future 

studies using larger sample sizes will probably confirm the observation that 

mechanical loading increases the number of pre-osteoblasts in the cellular 

periosteum.

This is the first study to provide a comprehensive time course of periosteal 

pre-osteoblast proliferation following a single episode of four-point bending. Our 

results show that a single mechanical load applied to the rat tibia is sufficient to 

stimulate an adaptive response that includes the proliferation of periosteal pre

osteoblasts 36-72 h following load application. Activation of surface cells may be 

the earliest response to loading, after which proliferative progenitor cells likely 

contribute new osteoblasts to the existing population.
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Loaded region: 3 .5-14mm proxima) to TFJ

Figure 1. Schematic of the rat tibia (not drawn to scale) indicating the distai (stippled) 
and proximal (gray) regions isolated from the region of maximal bending. The proximal 
segment was selected for processing because soft tissue tended to remain more intact in 
this region. Sections were collected from the surface indicated by dark gray.
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Figure 2. Osteoblast surface as a percentage of measurable bone surface (means + 
SE). Mechanical loading increased osteoblast surface 36-72h post-load. 
Nonloaded legs did not differ with time, a, different from nonloaded leg; b, 
different from loaded leg at 12h and 30h; P<0.05.
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Figure 3a. Pre-osteobiast labeling index (means + SE). Loading increased the 
proportion of labeled periosteal pre-osteoblasts at 36, 42, and 60 h post-load. Left 
legs did not differ with time, a, different from nonloaded leg; b different from 
loaded leg at 12 and 30h; c, different from loaded leg at 24h; p<0.05.
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Figure 3b. Total number of counted periosteal pre-osteoblasts (means ± SE). Cell 
numbers did not differ with time or loading.
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Figure 4. Distance of BrdU-positive pre-osteoblast nuclei to the bone surface 
(means ± SE). Mechanical loading increased the distance of labeled cells 36-72 h 
post-load. Nonloaded legs did not differ with time, a different from nonloaded leg; 
b, different from 12h and 30h loaded legs; c, different from 24h loaded legs; P<0.05.
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Hours Post-Load

Figure 5. Distance of unlabeled pre-osteoblasts to the bone surface (means + SE). 
Mechanical loading increased unlabeled cell distance 48-72h post-load. Nonloaded 
legs did not differ with time, a, different from nonloaded leg; b, different from 
loaded legs at 12 and 42h; c, different from 30h loaded leg; P<0.05.
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Table 1. Tibia characteristics that were unchanged with time or loading, means (SD).

Hours Post- 
Load

N
Cortical Area (mnP) 

nL L
Bone Perimeter (mm) 

nL L
Intact Periosteum (%) 

nL L

12 5 7.37 (0.67) 7.21 (0.69) 10.7 (0.63) 10.8 (1.10) 78.9 (4.4) 78.5 (8.3)
24 5 7.33 (0.76) 7.53 (0.55) 10.8 (0.61) . 11.0(0.38) 82.4 (7.4) 74.8 (8.7)
30 5 6.80 (0.60) 6.79 (0.45) 10.0 (0.63) 10.2 (0.46) 79.6 (3.0) 73.9 (8.0)
36 5a 6.97 (0.55) 7.24 (0.56) 10.5 (0.74) 10.7 (0.36) 82.8 (9.4) 70.0 (5.4)
42 4 7.22 (0.29) 7.44 (0.24) 10.3 (0.50) 10.9 (0.47) 92.4 (1.7) 80.1 (6.7)
48 5 7.10 (0.76) 7.03 (0.34) 10.2 (0.85) 10.1 (0.24) 83.0 (8.9) 81.4 (8.7)
60 5 7.23 (0.53) 7.20 (0.38) 10.4 (0.70) 10.7 (0.68) 85.1 (5.7) 76.9 (5.4)
72 5 7.16 (0.30) 6.95 (0.43) 10.2 (0.46) 10.3 (0.62) 81.8 (3.8) 82.3 (7.2)

nL = nonloaded leg, L = loaded leg 
a The nonloaded group had an n of 4.
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Chapter 3

Time Course of Periostea! CeN Proiiferation and 
Apoptosis FoMowing the Appiication of a Sing!e

Mechanica! Load
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Abstract

The adaptive response to loading has been characterized at the tissue level, 

but the underlying cellular events remain under investigation. The purpose of 

this study was to determine if a) cell proliferation occurs in the periosteum of the 

rat tibia exposed to a single episode of four-point bending; b) cell proliferation of 

pre-osteoblasts produces new osteoblasts; and c) apoptosis is the mechanism of 

cell removal as the adaptive response wanes and the periosteum returns to 

quiescence. Twenty five rats were divided into 5 groups of five animals each. 

Each group received a single bending load (^2000pE) to the right tibia and 

40mg/kg BrdU every six hours over a 24h period that varied from l-5d post

load. BrdU incorporation and DNA fragmentation/apoptosis were assessed in 

different tissue sections. BrdU labeling indices for osteoblasts and pre-osteoblasts 

were increased 24-96h post-load in loaded legs. Nonloaded legs did not change 

with time or loading for either endpoint. Differences due to loading (loaded- 

nonloaded) in the apoptosis labeling indices for osteoblasts and pre-osteoblasts 

showed a decrease with time. Total cell numbers for osteoblasts and pre

osteoblasts peaked 73-97h post-load. These results indicate that the primary 

cellular responses during the first five post-load days are the proliferation of pre

osteoblasts, leading to the production of new osteoblasts to the bone surface, and 

the maintenance of cell numbers by a suppression of apoptosis. Further studies 

will show whether apoptosis is more prevalent at later post-load time periods.
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introduction

Increasing the mechanical load on a bone stimulates bone formation, but the 

cellular mechanisms that underlie this response remain under investigation. 

Potential mechanisms for increasing bone formation include cell proliferation, 

activation of bone lining cells, and decreased apoptosis. Histomorphometric 

analysis of fluorochrome-labeled bones have provided preliminary evidence that 

more than one of these mechanisms may be involved in the adaptive response to 

loading. Mineralizing surface (MS), for example, is elevated with loading (Raab- 

Cullen, 1994a; Cullen, 2000a). Osteoblast surface, as defined by morphologic 

criteria, is also elevated in response to loading (Boppart, 1998). Since neither of 

these measurements provides a direct quantification of cell numbers, it may be 

inferred that load-related increases in both involve the addition of new 

osteoblasts to the active surface through a) cell proliferation and/or b) the 

hypertrophy/activation of quiescent flat lining cells.

Cell proliferation has been detected in periosteal pre-osteoblasts of adult rat 

tibiae 36 h after a single four-point bending event (Tanner, Chapter 2). In a 

similar model, bromodeoxyuridine (BrdU) labeled osteoblasts were observed at 

the endocortical surface of rat tibiae 96 h after loading, which was interpreted as 

an indication that osteoprogenitor proliferation contributes to the osteogenic 

response to loading (Turner, 1998a). Thus the cortical bone response to loading
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appears to involve cell proliferation, but the time course of lineage progression 

from progenitor to osteoblast has not yet been documented.

Activation of quiescent bone lining cells is another mechanism for 

contributing functional osteoblasts to the bone surface. This activation involves a 

change in functional status from quiescent to synthetic and is associated with a 

change in cell morphology without the requirement of cell proliferation. Short

term studies have shown that bone formation in trabeculae of loaded rat 

vertebrae (Chow, 1998) and rat tibiae from PTH-treated animals (Dobnig, 1995) is 

characterized by flat cell activation and an absence of cell proliferation. Thus, 

activation of available bone lining cells appears to serve the immediate short

term need for osteoblasts. It seems likely that cell proliferation would eventually 

be needed to maintain the osteoblast population over an extended period of time. 

Lining cell activation may therefore represent the earliest cell-level response to 

loading.

The influence of mechanical loading on apoptosis has not yet been 

investigated, but there are a number of possible scenarios. On one hand, there is 

evidence that apoptosis increases when cell proliferation is occurring (Rice, 1999; 

Meyer, 1999; Landry, 1997). Considering that cell proliferation occurs with 

loading, and that a loaded bone eventually returns to a state of quiescence 

(Boppart, 1998), there may be a surplus of cells (particularly non-surface 

periosteal cells) no longer required once adaptation is complete. An increase in 

the rate of apoptosis may be one mechanism of surplus cell removal. The
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suggestion that apoptosis is the means of surplus cell removal following the 

termination of a remodelling sequence lends support to this scenario (Jilka, 1998). 

Conversely, mechanical loading may promote bone formation by prolonging the 

functional life span of active osteoblasts, thereby increasing total matrix output 

per cell and reducing the need for excessive cell proliferation.

The purpose of this study was to document the contribution of pre-osteoblast 

proliferation to the periosteal osteoblast population of rat tibiae exposed to a 

single mechanical loading session. The effect of mechanical loading on apoptosis 

of cells within the periosteum was also investigated since altering this process 

could affect the size and dynamics of the osteoblast population. I hypothesized 

that short-term mechanical loading would: a) increase the proliferation of 

osteogenic precursors; b) increase the number of osteoblasts derived from 

proliferative osteogenic precursors; and c) increase the removal of both 

osteoblasts and osteogenic precursors by apoptosis.

Materials and Methods

Female Sprague-Dawley proven breeder rats (SASCO, Wilmington, MA), 

aged 5-6 months with average initial body weights of 355 ± 11 g, were used for 

this study. The animals were individually housed in hanging wire cages, and 

provided with rat chow (Purina Rodent Chow 5001) and water The

Creighton University Animal Care and Use Committee approved all procedures.
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Twenty-five rats were randomized by body weight into five groups of five 

animals each. A single mechanical load was applied to the right tibia of each rat, 

and subcutaneous bromodeoxyuridine (BrdU, 40 mg/kg, Boehringer-Mannheim) 

injections were administered every 6 h over a 24 h period. The labeling period 

varied for each group, such that one group was labeled for 0-24 h, 24-48 h, 48-72 

h, 72-96 h, and 96-120 h post-load. Each rat received a total of five injections, and 

right and left tibia were collected 1 h after the final injection. The loading 

schedule was staggered such that one rat from each group was killed on each of 

five collection days.

Mechanical Loading
Each rat was anesthetized with isoflurane (AErrane, Provet, Kansas City) 

and the right tibia placed in a four-point bending device (Turner, 1991; Akhter, 

1992; Raab-Cullen, 1994a). A cyclic load of 40 N, 2 Hz was applied for a total of 

36 cycles. This load was predicted to create 2000 gs on the lateral periosteal 

surface (Akhter, 1992). The left tibia served as a nonloaded control. The rats were 

closely monitored after loading and returned to their cages when fully conscious. 

All loading occurred between 8:30 and 10:00 am.

Tissue Processing
At the time of collection, rats were anesthetized with isoflurane and perfused 

through the left ventricle with 60 cc of phosphate buffered saline (PBS) followed 

by 120 cc of 4% paraformaldehyde in PBS. Both tibiae were collected, the extreme 

proximal and distal ends of each bone were removed, and the tissues were
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placed in fresh 4% paraformaldehyde at 4°C for 24 hours. Following fixation, the 

bones were trimmed to remove excess muscle while keeping the periosteum 

intact. Within the region of maximal bending (or the equivalent site in nonloaded 

bones), a span of diaphysis located 8 mm to 12 mm proximal to the tibiofibular 

junction (Figure 1) was chosen for analysis to assure maximal preservation of the 

periosteum.

The tibial segments were demineralized in 7% EDTA, pH 6.5, dehydrated in 

graded ethanol rinses, and embedded in JB-4 Plus resin (Polysciences, 

Warrington, PA). Sections were cut at a thickness of 4.5 pm and collected onto 

poly-L-lysine (Sigma) coated slides. BrdU-labeled nuclei were immunolocalized 

using a peroxidase-conjugated mouse anti-BrdU antibody (Boehringer- 

Mannheim) and diaminobenzidine (DAB, Sigma) as the chromagen. Gill's 

hematoxylin (Vector Labs, Burlingame, CA) was used as a counterstain. Nuclei 

with fragmented DNA were detected with an /n s/Ar end labeling kit (TdT-FragEl 

DNA fragmentation detection kit, Oncogene Research Products, Boston, MA) 

that utilizes terminal deoxynucleotidyl transferase (TdT) to incorporate 

biotinylated nucleotides and unlabeled nucleotides onto the free 3'-OH ends of 

fragmented DNA. Detection was accomplished with a streptavidin-horseradish 

peroxidase conjugate and DAB as the chromagen. Gill's hematoxylin was used as 

a counterstain.

To compensate for potential variation between staining batches, sections 

from a loaded and nonloaded leg from one rat of each treatment group were
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included in each staining run, a total of 10 slides per batch. For BrdU staining, a 

slide with sections from a rat that did not receive any BrdU injections was 

included with each staining batch as a negative control for antibody specificity. 

For DNA fragmentation detection, positive and negative controls for TdT 

enzyme specificity were included with each staining batch. For the positive 

control, a section was treated with DNAse (Promega) prior to treatment with 

TdT enzyme. For the negative control, distilled water was substituted for TdT 

enzyme.

Measurements
All slides were blind-coded prior to analysis. BrdU incorporation and DNA 

fragmentation were assessed separately, in two slides each per leg. Classification 

of periosteal Type was based on cell morphology. GsA'oA/hsf S ' w a s

covered by plump cells with a single large, round to ovoid, lightly stained 

nucleus. AU7 ceZ/ sur/bce was covered by cells with a single long, flat, darkly 

stained nucleus. A surface covered by mononuclear cells that were not readily 

identifiable as osteoblasts or flat cells was considered a transitional surface and 

was classified either as osteoblast surface or flat surface based on how closely the 

cells resembled either cell type. A surface was considered unme-ssumb/e if no 

cells were present (due to damage incurred during tissue collection). Areas of 

tendinous insertion were also judged to be unmeasurable because the periosteal 

surface is indistinct at these sites. A sample had to have at least 50% of its 

periosteum intact to be included in our analysis.
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Cell proliferation and apoptosis are expressed as a proportion of BrdU- 

labeled or apoptotic nuclei ((labeled/total)*100) for osteoblasts, flat lining cells 

(defined above), and pre-osteoblasts. A cell was considered a pre-osteoblast if it: 

1) was located within the cellular periosteal layer; 2) was not located on the bone 

surface; and 3) had a round, ovoid, or elongated ovoid nucleus (Roberts, 1985; 

Owen, 1963; Tortna, 1962; Barou, 1998). A nucleus was considered labeled if there 

was obvious brown or black reaction product within its boundaries.

Digital images of the bone sections were created with an Olympus BX60 

microscope connected to a video camera. Measurements were made with 

Bioquant True Color Windows 98 (v 3.50.6, R&M Biometrics, Nashville, TN).

Statistics
The repeated measures general linear model (SPSS v9.0 for Windows, SPSS 

Inc., Chicago, IL) was used to test the main effects of loading (loaded leg vs. 

nonloaded) and time (post-load collection time) as well as the interaction 

between the two variables. When a loading effect was identified, loaded and 

nonloaded legs were compared by two-way ANOVA followed by the Bonferroni 

post-hoc test in Prism (v3.00 for Windows, GraphPad Software, San Diego, CA). 

When a time effect was identified, a comparison of all loaded legs or all non

loaded legs was performed by one-way ANOVA followed by the LSD post-hoc 

test in SPSS. When a significant interaction was identified, the loading effect was 

calculated as the difference between loaded and nonloaded legs at each time
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point and compared by one-way ANOVA with the LSD post-hoc test in SPSS. A 

P value less than 0.05 was considered significant.

Results

Cortical area and bone perimeter did not differ with time or loading. All 

surface data are reported as a percentage of the measurable periosteal surface, 

which did not differ with time or loading and averaged 80.3 + 7.4% (mean + SD) 

of the total periosteal surface (Table 1).

Osteoblast and Flat Cell Surfaces
Mechanical loading increased osteoblast surface in the tibiae collected 73 and 

97 h post-load as compared to contralateral, nonloaded control bones (Fig 2). 

Osteoblast surface was greatest in the 97 h loaded legs, which had an average of 

39.6 ± 20.2% of their measurable periosteal surface occupied by osteoblasts. The 

overall osteoblast surface of nonloaded legs was 7.0 + 3.9% and did not differ 

with time.

Flat cell surface changed reciprocally with osteoblast surface, and was 

decreased in loaded legs 49-97 h post-load as compared to contralateral, 

nonloaded legs (Table 2). The flat cell surface of nonloaded legs did not differ 

with time and averaged 74.4 + 9.8% of the measurable periosteal surface.

DNA Synthesis and Cei! Numbers
Mechanical loading increased the osteoblast BrdU labeling index in the

loaded legs of the 24-48 h, 48-72 h, and 72-96 h post-load labeling groups as 

compared to contralateral, nonloaded control legs (Figure 3a). The 24-48 h loaded
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legs had a greater proportion of labeled osteoblasts than the loaded legs of the 

0-24 h and 96-120 h groups. The osteoblast BrdU labeling index of nonloaded 

legs did not differ with time. Total osteoblast number was increased with loading 

in the 97 h loaded legs (Fig 3b). Osteoblast numbers also peaked in this group.

No changes were found among nonloaded legs.

Loading increased the flat cell BrdU labeling index in the 24-48 h labeling 

group as compared to contralateral, nonloaded controls (Table 2). The 24-48 h 

loaded legs had a greater proportion of labeled flat cells than the loaded legs at 

all other time points. Total flat cell number was decreased with loading in the 

73 h and 97 h groups. The flat cell labeling index and total cell number of 

nonloaded legs did not differ.

The pre-osteoblast BrdU labeling index was increased in loaded legs of the 

24-48 h, 48-72 h, and 72-96 h post-load labeling groups as compared to 

contralateral, nonloaded legs (Figure 4a). The loaded legs at 24-48 h, 48-72 h, and 

72-96 h had a greater proportion of labeled pre-osteoblasts than the loaded legs 

at 0-24 h and 96-120 h. The labeling index of nonloaded legs did not differ with 

time. Total pre-osteoblast number was increased with loading at 73 h post-load 

(Figure 4b). The loaded legs at this time point had a greater number of pre

osteoblasts than the loaded legs at 25 h post-load. Nonloaded legs at 121 h post

load had fewer pre-osteoblasts than nonloaded legs at 49 h.

A combined BrdU labeling index for pre-osteoblasts, osteoblasts, and flat 

lining cells was calculated (Figure 5). This endpoint was increased in loaded legs
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during the 24-48h, 48-72 h, and 72-96 h labeling periods as compared to 

contralateral, nonloaded control legs. Nonloaded legs did not differ from one 

another, nor did the loaded legs.

DNA Fragmentation and Cei! Numbers
Mechanical loading did not change the proportion of osteoblasts with

apoptotic nuclei (apoptosis labeling index) at any post-load time point (Figure 

6a). Loaded legs did not differ with time. Mechanical loading increased total 

osteoblast number at 97 h and 121 h post-load as compared to contralateral, 

nonloaded controls (Figure 6b). The loaded legs at 97 h and 121 h post-load had a 

greater number of osteoblasts than the loaded leg at 25 h post-load. Osteoblast 

number did not differ among nonloaded legs.

The flat cell apoptosis labeling index was unchanged by loading, and loaded 

legs did not differ from one another. Total flat cell number was decreased in 

loaded legs at all time points relative to contralateral, nonloaded controls (Table 

2). Flat cell numbers of the nonloaded and the loaded legs did not differ with 

time.

The pre-osteoblast apoptosis labeling index was unchanged by loading 

(Figure 7a). The loaded legs at 25 h post-load had a greater proportion of 

apoptotic pre-osteoblasts than the loaded legs at 97h. The loaded legs at 49 h and 

97 h had a greater proportion of apoptotic pre-osteoblasts than the loaded legs at 

121 h. Nonloaded legs did not differ with time. Mechanical loading increased 

total pre-osteoblast number at 97h and 121h as compared to contralateral,
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nonloaded control legs (Figure 7b). Loaded legs at 97 h had a greater number of 

pre-osteoblasts than loaded legs at 25h post-load. Nonloaded legs did not differ 

with time.

Significant interactions were found for the apoptosis labeling index of both 

osteoblasts and pre-osteoblasts. At 25 h and 49 h post-load, the loaded legs had a 

greater proportion of apoptotic osteoblasts and pre-osteoblasts than in 

contralateral, nonloaded legs. By 97 h and 121 h post-load, the loaded legs had 

Teas apoptotic osteoblasts and pre-osteoblasts than in contralateral, nonloaded 

legs (Figures 8 and 9).

Discussion

The results of this study show that the predominant periosteal responses 

during the first five days following load application are the proliferation of pre

osteoblasts leading to the addition of new osteoblasts to the bone surface. 

Removal of osteogenic cells by apoptosis does not appear to be a major factor in 

the adaptive response to short-term loading. This outcome is reflective of the 

potency of mechanical loading as an osteogenic stimulus. With a single load of 

high physiologic magnitude (Burr, 1996) lasting only 18 seconds in duration, 

cells are added to the cellular periosteum and bone surface and maintained at 

least five days post-load. The hundreds of new cells measured in a 4.5 um-thick 

section must equate to many thousands of new cells within the mechanically 

stimulated region of the loaded tibiae.
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The time course of surface changes observed in this study is consistent with 

the reports of other investigators. The gain in osteoblast surface of loaded tibiae 

was greatest 73-97 h post-load, which agrees with a previous four-point bending 

study showing that osteoblast surface was greatest 3 d (72 h) post-load (Boppart, 

1998). In both studies, osteoblast surface peaked at around 40% of the total 

measurable periosteal surface. Calcein labeling studies of loaded and nonloaded 

rat tibiae have shown that bone formation rate is maximal 5-8d after a single load 

is applied (Forwood, 1996). My data show that the proliferation of pre

osteoblasts begins to decline at 5 d post-load, concurrent with a decrease in 

osteoblast labeling index. Both studies suggest that there is a shift in functional 

priorities of bone-forming surfaces before day 5 post-load, as pre-osteoblast 

proliferation is replaced by differentiation into osteoblasts and by matrix 

synthesis and mineralization.

The time course of cellular changes found in this study is also consistent with 

previous reports. Using the same loading protocol with a single injection of BrdU 

at post-load times from 12-72 h, we found that periosteal pre-osteoblast 

proliferation in loaded legs was elevated 36-72 h post-load (Tanner, Chapter 2). 

Here, pre-osteoblast proliferation was elevated during the 24-48 h and 48-72 h 

labeling periods. Another study investigating the cell kinetics of the adaptive 

response, and utilizing a labeling protocol in which BrdU was continuously 

released from osmotic mini-pumps, found the greatest number of labeled 

endocortical osteoblasts within three days post-load (Turner, 1998a). In the
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current study, the greatest number of labeled osteoblasts was produced during 

the 24-48 h labeling period. The earlier peak in osteoblast labeling index reported 

here may be due to differences in loading protocol. Turner et al. applied a load 

sufficient to induce lamellar bone formation at the endocortical surface. I used a 

lower load magnitude, known to produce both woven and lamellar bone at the 

periosteal surface with little or no endocortical bone formation. The more rapid 

appearance of periosteal osteoblasts observed in my study seems reasonable 

since woven bone is known to form more rapidly than lamellar bone. 

Additionally, the osteoblast labeling index in this study peaked at  ̂45% over a 

24 h labeling period compared to  ̂25-30% in the earlier study for labeling 

periods ranging from 24-96 h in duration (Turner, 1998a). This again is consistent 

with both the timing and the magnitude of cellular responses leading to rapid 

woven bone versus lamellar bone formation.

Yee et al. (1976) examined the cellular kinetics of the mechanically stimulated 

periodontal ligament (PDL), another model known to produce woven bone in 

response to loading. An injection of ^H-thymidine was repeated every six hours 

post-stimulation to calculate an osteoblast labeling index as a measure of the rate 

of osteoblast production. At 29 h post-stimulation, an osteoblast labeling index of 

approximately 50% was found in rats that had received 5 injections of ^H- 

thymidine over a 4-28 h post-stimulation labeling period. In the current study, 

the loaded tibiae of animals that received 5 injections of BrdU over a 0-24h post

load labeling period had an osteoblast labeling index of 11 + 6% (mean + SD). In
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the 24-48 h labeling group, the labeling index reached 46 ± 6%. It would be 

difficult to estimate a labeling index for a 29 h collection time, had we included 

one, but it is safe to assume that it would have been between 11 % and 46%. This 

indicates a slight time lag in the appearance of labeled osteoblasts in our study as 

compared to Yee et al., that may be attributable to the difference in age of 

experimental animals used by Yee (young, growing rats) compared to the 

current study (skeletally mature rats). It has been documented by others (Roholl, 

1994) that osteoblast numbers decrease in older animals without age-related 

changes in pre-osteoblast numbers. It was concluded from this observation that 

aging may diminish the ability of pre-osteoblasts to differentiate into osteoblasts. 

Our animals produced a robust pre-osteoblast response to load application 

(discussed below and in Chapter 2), so the slight delay in osteoblast appearance 

found here vs. Yee at al. could indeed be due to an impairment or slowing of 

osteoblast differentiation with age.

The periosteal pre-osteoblast population responded rapidly to loading. 

Within 24-48 h of load application, 55% of pre-osteoblasts had traversed S-phase. 

A subset of these cells must have continued through the cell cycle to mitosis, 

since the highest proportion of labeled osteoblasts was found during the same 

labeling period. The pre-osteoblast labeling index remained elevated through the 

72-96 h post-load labeling period, but seemed to contribute fewer new 

osteoblasts (less than 30%, Figure 4a) to the existing osteoblast pool. It has been 

suggested by some investigators that there may be more than one stage of pre
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osteoblast in the osteoblast lineage. In this context, later stage (more 

differentiated) pre-osteoblasts may be the cells that are incorporating BrdU at 

earlier post-load times. These cells would then proceed through their terminal 

mitosis to produce labeled osteoblasts. At later post-load times, it may be the 

earlier stage (less differentiated) pre-osteoblasts that are incorporating BrdU. 

These pre-osteoblasts would divide to produce more labeled pre-osteoblasts, 

rather than labeled osteoblasts. Of course, the aforementioned "early stage pre

osteoblast" could also be a late stage osteoprogenitor that exhibits some of the 

morphology of pre-osteoblasts. The terminology is vague and will remain so 

until specific markers of the lineage progression are established.

Estimates of cell cycle times for the constituents of the cellular periosteum 

were calculated in classic labeling studies performed almost 40 years ago. These 

experiments reported total generation times (= cell cycle times) that varied from 

114h in rats (Young, 4962) to 469-466h in mice (Tonna, 1962). Both studies were 

performed in young, growing animals, and both reported that the bulk of the cell 

cycle time was spent in Gi. The progression through the remainder of the cycle 

(S-phase through mitosis) was relatively brief, lasting less than 24h. It is possible 

that mechanical loading stimulates rapid cell proliferation by a substantial 

shortening of Gi, relative to that of an immature, growing periosteum.

Otherwise, it would be impossible to produce new (i. e., BrdU-labeled) 

osteoblasts over a 24 h labeling period. More recent studies of load-induced 

osteoblastogenesis have estimated that the progression from stem cell to
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osteoblast requires 60 h and two mitotic events (Roberts, 1985). Once the lineage 

progression is defined more completely, more accurate estimates of cell cycle 

times will no doubt become available.

It is interesting to note that total cell numbers differed between the BrdU and 

apoptosis slides, despite sharing a similar pattern of change. Hematoxylin- 

stained cells in the BrdU slides were generally lighter than those found in the 

slides processed for detection of fragmented DNA, even though the same 

counterstaining procedures were used in both experiments. It is possible that the 

different reagents used in the two primary staining procedures had different 

effects on the reactivity of the tissue sections to hematoxylin. If some cells of the 

BrdU sections were not counted because they were too light to be clearly 

observed, our BrdU labeling indices may be artifactually high. However, our 

estimates of osteoblast labeling index are consistent with Turner et al., who 

previously reported labeling indices of 30-40% 96h post-load (Turner, 1998a). We 

found a labeling index of 30% at 97h post-load. Regardless of the actual values, 

the relative effects of time and loading may still be evaluated accurately as each 

slide designated for analysis of DNA synthesis or DNA fragmentation was 

subject to the same processing protocols.

The term "apoptotic" is used here to describe cells positive for DNA 

fragmentation, which is a feature of both apoptotic and necrotic cells. The 

detection method used in this study (TUNEL staining) does not allow the 

differentiation of apoptotic vs. necrotic cells. However, the pattern of staining
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observed in our samples supports the conclusion that apoptotic, rather than 

necrotic cells, were the source of the positive TUNEL staining. In general, 

osteoblasts and pre-osteoblasts with fragmented DNA were distributed 

sporadically, rather than in foci as would be expected with necrosis. Flat cells 

positive for DNA fragmentation often occurred in strings, but this may be due to 

tissue damage during collection and processing, as it was equally prevalent in 

loaded and nonloaded bones (discussed below). No obvious apoptotic bodies 

were observed, but this may be due to a) a relatively low incidence of DNA 

fragmentation within the osteogenic cell population; or b) difficulties in detecting 

potential apoptotic bodies in the thin flat cell nuclei at the magnification used for 

our measurements.

The time course of apoptosis has not yet been determined for cells of the 

osteoblast lineage. A? w'fro studies using primary cultures of fetal rat calvarial 

cells have shown that the onset of apoptosis, as detected by A? &/A/ labeling, 

coincides with the onset of matrix mineralization (Lynch, 1998). Prior four-point 

bending studies have reported that mineralization begins around day 5 post-load 

(Forwood, 1996), which was also the latest time point in the present study. In this 

context, it is surprising that no increase in the apoptosis labeling index was 

detected in loaded legs by day 5. In fact, there was a trend in the loaded legs 

toward a (decrease in apoptotic labeling index with time (Figures 7 and 8). Future 

studies using this model should include later post-load time periods to 

determine if greater numbers of apoptotic cells are found up to day 9 post-load,
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when the periosteum of loaded legs returns to its quiescent, pre-load status 

(Boppart, 1998).

In the present study, flat lining cells were by no means static bystanders in 

the adaptive response to loading. A spike in BrdU incorporation was observed in 

the flat cells of loaded legs during the 24-48 h post-load labeling period (Table 2), 

suggesting that flat cells retain some degree of proliferative activity. Since flat 

cells are considered quiescent osteoblasts, and osteoblasts are post-mitotic cells, 

this seems an unlikely scenario. Another possibility is that the labeled flat cells 

were derived from the proliferating pre-osteoblast population. My data support 

this concept in that the BrdU labeling index for pre-osteoblasts, osteoblasts, and 

flat lining cells of loaded legs were all greatest during the 24-48 h labeling period 

(Figures 3a and 4a, Table 2). This would be consistent with all labeled cells 

coming from one pool of proliferating cells. Additionally, in a prior loading 

experiment in which a single BrdU label was administered to rats one hour 

before collections at various post-load times, only pre-osteoblasts were labeled- 

no labeled flat cells or osteoblasts were observed (Tanner, Chapter 2). This 

reinforces the idea that flat cells are post-mitotic cells derived from proliferative 

precursors. The reason behind the rapid attenuation of flat cell labeling index 

after the 24-48 h labeling period (Table 2) is unknown, but may be reflective of an 

increased need for osteoblasts (rather than flat cells) to supply the ongoing 

adaptive response.

89



Periosteal Cell Proliferation and Apoptosis with Loading

The flat lining cell population showed a high apoptosis labeling index, which 

was unchanged with time or loading but averaged 41 +12% overall. Since loaded 

and nonloaded legs were not different from each other in this respect, it is 

possible that the high degree of positive TUNEL staining among flat cells may be 

reflective of processing-related tissue damage that would not be detected by 

hematoxylin staining alone. It may also be possible that quiescent cells are more 

likely to undergo apoptosis than active cells. Clearly, the subcellular effects of 

mechanical loading on flat cells bear further investigation and should yield some 

interesting answers as to the contribution of this often overlooked population of 

cells to the adaptive response.

In conclusion, the periosteal responses during the first five post-load days 

were characterized by: 1) a stimulation of pre-osteoblast proliferation leading to 

the addition of new osteoblasts to the bone surface, particularly 24-48h post-load; 

and 2) preservation or maintenance of cell numbers by the suppression of 

apoptosis. An examination of later post-load time periods (days 6-9) will provide 

additional information as to the fate of surplus pre-osteoblasts as the loaded 

periosteum returns to quiescence.
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^----------------- **
Loaded region: 3.5-14mm proximal to TFJ

Figure 1. Schematic of the rat tibia (not drawn to scale) indicating the distal (stippled) 
and proximal (gray) regions isolated from the region of maximal bending. The proximal 
segment was selected for processing because soft tissue tended to remain more intact in 
this region. Sections were collected from the surface indicated by dark gray.
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D Nontoaded

25h 49h 73h 97h 121 h
Hours Post-toad

Figure 2. Osteoblast surface as a percentage of measurable bone surface 
(means ± SE). Mechanical loading increased osteoblast surface in loaded legs at 
73 h and 97 h post-load as compared to nonloaded legs. Osteoblast surface did 
not change in nonloaded legs, a, different from nonloaded leg, P<0.05.
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Figure 3a. Percentage of osteoblasts positive for BrdU incorporation 
(means -  SE). The greatest proportion of osteoblasts derived from proliferative 
pre-osteoblasts was found in the 24-48h post-load labeling period, followed by a 
gradual decline at later post-load times. No differences were found among 
nonloaded legs, a, different from nonloaded leg, P<0.05; b, different from 24-48h 
loaded leg, P<0.05.
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Figure 3b. Total osteoblast number from the BrdU experiment (means -  SE). The 
greatest number of periosteal osteoblasts was found 97h post-load, followed by a 
decline at 121h. No differences in osteoblast number were found among nonloaded 
legs, a, different from nonloaded leg; b, different from 25h loaded leg; P<0.05.
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Figure 4a. The percentage of pOB positive for BrdU incorporation (means -  SE). 
The greatest proportion of proliferative pOB was found 24-96h post-load. No 
differences were found among nonloaded legs, a, different from nonloaded leg; 
b, different from loaded legs at 24-48h, 48-72h, and 72-96h; p<0.05.

Figure 4b. Total number of pOB from the BrdU experiment (means -  SE). Pre
osteoblast number peaked 73h post-load, followed by a decline at later post-load 
times. Nonloaded legs at 121h had fewer pOB than nonloaded legs at 49h. The 
actual difference between the averages of these two groups is only 30 cells, which 
is unlikely to have a substantial biological impact on bone function. For this 
reason, this difference is considered unimportant, a, different from nonloaded leg; 
b, different from 73h loaded leg; c, different from 49h nonloaded leg.
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60

0-24 h 24A8h 48-72h 72-96h 96-120h

Post-!oad Labeiing Period

Figure 5. Combined labeling index of pre-osteoblasts, osteoblasts, and flat lining cells. 
Loading increased the combined labeling index during the 24-48 h, 48-72 h, and 72-96 h 
labeling periods, a, different from nonloaded leg, p<0.05. No differences were observed 
between nonloaded legs or between loaded legs.
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Hours Post-Load

Figure 6a. The percentage of osteoblasts positive for DNA fragmentation (means 
-  SE). No differences were found with time or loading.

D Nonloaded

Hours Post-Load

Figure 6b. Total number of osteoblasts from the apoptosis experiment (means -  
SE). Osteoblast number increased in loaded legs with time, reaching maximal 
values at 97h and 121h post-load. No differences were found among nonloaded 
legs, a, different from nonloaded leg; b, different from loaded legs at 97h and 
121h post-load; p<0.05.

96



Periosteal Cell Proliferation and Apoptosis with Loading

Figure 7a. The percentage of pOB positive for DNA fragmentation (means -  SE). 
The proportion of apoptotic periosteal osteoblasts in loaded legs was lesser at later 
time points than at earlier time points. No differences were found among 
nonloaded legs, a, different from 25h loaded leg; b, different from 49h loaded leg, 
p<0.05.

Figure 7b. Total number of pOB from the apoptosis experiment (means -  SE). Pre
osteoblast number in loaded legs was greater in loaded legs 97h and 121h than in 
loaded legs at earlier post-load times. No differences were found among 
nonloaded legs, a, different from nonloaded leg, b, different from 97h loaded leg, 
p<0.05.
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Periosteal Cell Proliferation and Apoptosis with Loading

Hours Post-Load

Figure 8. Load-induced changes in the percentage of apoptotic osteoblasts, 
calculated as loaded-nonloaded (means ± SE). The proportion of apoptotic 
osteoblasts on the periosteal surface was decreased with time and loading, a, 
different from 97h and 121h groups, P<0.05.
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Hours Post-toad

Figure 9. Load-induced changes in the percentage of apoptotic pre-osteoblasts, calculated 
as loaded-nonloaded (means ± SE). The proportion of apoptotic pre-osteoblasts in the 
cellular periosteum was decreased with time and loading, a, different from 97h and 121h 
groups, P<0.05.
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Table 1. Tibia characteristics" that were unchanged with time or loading.

Hours Post-Load N
Cortical Area (mrrP) 

Nonloaded Loaded
Bone Perimeter (mm) 

Nonloaded Loaded
Intact Periosteum (%) 

Nonloaded Loaded
25 5 7.29 (0.69) 6.96 (1.05) 10.6 (0.55) 10.3 (0.94) 79.9 (7.8) 77.6 (6.9)
49 5 7.43 (0.43) 7.30 (0.46) 10.7 (0.56) 10.4 (0.69) 83.3 (7.3) 77.4 (4.4)
73 5 7.28 (0.59) 6.99 (0.49) 10.5 (0.68) 10.3 (0.58) 80.4 (6.1) 82.3 (8.8)
97 5 7.30 (0.12) 7.51 (0.80) 10.2 (0.32) 10.6 (0.65) 86.3 (6.6) 80.3 (6.3)
121 5 7.13 (0.22) 7.36 (0.29) 10.6 (0.27) 10.9 (0.35) 76.9 (11.3) 78.4 (7.6)

 ̂Means (SD)
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Table 2. Flat cell characteristics *.
BrdU Post-Load Labeling 

Period
0-24h 24-48h 48-72h 72-96h 96-120h

Endpoint Leg 25h + 49h 73h 97h 121h
Flat Cell Surface, % nL 73.2 (10.4) 75.1 (11.3) 72.9 (9.5) 78.9 (7.8) 71.7 (12.3)

L 59.4 (9.3) 48.7 (21.5) a 45.0 (23.1) a 40.6 (19.3) a 50.4 (18.5)
BrdU Labeling Index, % nL 1.97 (0.72) 1.14 (0.73) 1.0 (0.88) 2.20 (1.89) 1.98 (1.6)

L 6.18 (2.1) b 29.0 (20.3) a 11.2 (8.4)b 8.89 (3.50) b 4.55 (2.92) b
BrdU Total Cell Number nL 281 (51) 323 (51) 305 (58) 299 (28) 293 (51)

L 209 (58) 217 (99) 187 (100) a 177 (105) a 222 (85)
Apoptosis Labeling Index, % nL 36.7 (11.6) 47.9 (10.2) 42.7 (9.5) 34.8 (8.6) 43.1 (13.2)

L 42.5 (15.2) 41.4 (7.9) 46.2 (11.4) 40.8 (14.6) 35.9 (16.7)
Apoptosis Total Cell Number nL 422 (78) 449 (99) 408 (76) 424 (51) 425 (77)

L 225 (83) a 285 (172) a 250 (132) a 246 (167) a 268 (87) a
* Means (SD)
+ Post-load collection time 
a Different from nonloaded leg 
b Different from 24-48h/49h loaded leg
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Genera! Discussion

The purpose of this project was to examine the responses of three specific 

stages of the osteoblast lineage (osteoblast, pre-osteoblast, CFU-O) to short-term 

episodes of in vivo mechanical loading. The results showed that osteoblasts are 

stimulated by loading when lamellar or woven bone formation is induced, as

indicated by increases in calcein 

labeling (Chapter 1) and increases 

in osteoblast numbers (Chapters 2 

and 3). Furthermore, pre

osteoblasts are stimulated to 

proliferate and produce new osteoblasts under loading conditions that induce 

woven bone formation (Chapters 2 and 3). Two related questions that were not 

addressed by the experiments in this project are: 1) do pre-osteoblasts proliferate 

when lamellar bone formation is induced; and 2) are CFU-Os stimulated when 

woven bone formation is induced (see Table, above). Although prior loading 

studies have shown that pre-osteoblasts will proliferate when lamellar bone 

formation is initiated (Turner, 1998a), it remains unclear as to whether CFU-Os 

are stimulated during woven bone formation. No obvious indications of nodule

like cell clusters were observed in any samples from the In tn'vo (BrdU) analyses, 

but it is possible that nodules /n g/Yu would assume a different appearance when 

in a three-dimensional environment rather than a two-dimensional culture plate.

Woven bone 
formation

Lameitar Bone 
formation

Pre-osteobiast
stimutation?

Yes
(Chapters 2,3)

Yes
(Turner, 1998a)

CFU-O
stimutation? ??

No
(Chapter 1)
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Additionally, the matrix produced within a nodule has been shown to resemble 

woven bone (Bhargava, 1988; Satomura, 1991), providing additional support for 

CFU-O recruitment during woven bone formation A? w'vo.

It would be interesting to examine the issue of load-induced periosteal 

CFU-O stimulation by using vAro methods. One possible experiment would 

be to collect periosteum from loaded and nonloaded bones, digest the tissue 

samples in collagenase as one would for rat calvaria, and culture the resulting 

cells under standard osteogenic conditions. If a sufficient number of cells is 

plated, nodule formation should reveal the presence of CFU-Os. A variety of 

endpoints, including those used in this study, could then be examined. There are, 

however, several drawbacks to this type of experiment: 1) collection of 

periosteum is difficult and time-consuming, limiting the number of samples that 

can be processed at any one time; and 2) samples would likely have to be pooled 

to ensure adequate cell yields, meaning a large number of rats would have to be 

used for each experiment. These drawbacks are probably among the primary 

reasons that marrow is used preferentially over periosteal tissue for fn vAro 

studies of CFU-Os.

Another possible experimental approach, and perhaps the most ideal one, 

would be to apply markers specific to the CFU-O to tissue sections from loaded 

and nonloaded bones. Though not available to date, antibodies to each stage of 

the osteoblast lineage will be powerful tools in the study of bone formation. 

Future investigations with antibodies might determine the temporospatial
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expression of CFU-Os with longer-term loading protocols, i.e. if there is a point 

in the adaptive response at which CFU-Os are activated, and if they are localized 

to a specific location within the periosteum. For A? vAro studies, antibodies could 

be used with immunoselection techniques such as immunopanning (Turkesen, 

1991) or antibody-coated magnetic beads (Encina, 1999) to yield relatively 

purified cell populations of CFU-Os from mixed cell populations of marrow 

stromal or calvarial cells. With a purified cell population, the effects of a variety 

of treatments (including mechanical loading) could be examined without the 

possible diluting effects of internodular, non-osteogenic cells or other 

osteoprogenitors. Although a culture of purified cells may not be reflective of the 

A? w'vo environment in which the CFU-O resides, this type of culture model has 

the potential to provide information crucial to understanding the role of this 

particular osteoprogenitor in downstream bone formation.

The behavior of flat cells observed in Chapters 2 and 3 may result in a re- 

evaluation of the function of this cell type in bone. Previously considered a 

quiescent cell, the data presented in the multiple-injection BrdU study (Chapter

3) indicated that ^30% of periosteal flat cells incorporated BrdU during the 

24-48 h labeling period. Although this would appear to indicate that flat lining 

cells retain some degree of proliferative activity, this explanation is unlikely for 

several reasons. First of all, flat cells are believed to be quiescent osteoblasts. 

Since osteoblasts are non-proliferative cells, as are osteocytes (terminally 

differentiated osteoblasts), it is doubtful that the flat cell would be capable of cell
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division. Secondly, no labeled flat cells were observed in the single-injection 

BrdU study (Chapter 2). Only pre-osteoblasts were labeled with the single label 

protocol, indicating once again that flat cells are non-proliferative cells. The latter 

observation leads to an intriguing possibility: flat cells may be derived from 

proliferative precursor cells (i.e., pre-osteoblasts) in the same manner as 

osteoblasts. In other words, a proliferating pre-osteoblast could divide and 

produce two daughter cells with flat cell, rather than osteoblast, morphology.

The concurrent appearance of labeled osteoblasts and labeled flat lining cells 

during the 24-48 h labeling period lends support to this concept. For example, it 

seems improbable that a pre-osteoblast could be in S-phase during the labeling 

period and proceed through mitosis to produce two labeled osteoblasts, one or 

both of which would have to attain flat cell morphology, all within a 24 h period. 

It is more feasible to envision a common precursor for both osteoblasts and flat 

lining cells.

A potential model for post-load cellular events is depicted in Appendix 1. 

Before load application, the periosteal bone surface would be covered mainly by 

flat lining cells with infrequent osteoblasts. Pre-osteoblasts are often located 

above osteoblasts. During the first 24 hours post-load, signaling pathways are 

activated and load-induced signals are passed between osteocytes and cells on 

the bone surface. Surface cells may send signals to pre-osteoblasts, some of which 

are stimulated to leave Go and enter the cell cycle. During the 24-48 h post-load 

period, labeled osteoblasts and flat lining cells appear on the bone surface,
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derived from proliferative pre-osteoblasts. The addition of new osteoblasts to the 

bone surface, combined with the activation of flat lining cells, increase osteoblast 

surface. Osteoid production becomes evident during the 48-72 h period, and pre

osteoblast proliferation continues to contribute new osteoblasts to active sites. 

During the 72-96 h post-load period, osteoid production continues and pre

osteoblast number reaches its maximum. The adaptive response begins to wane 

96-120 h post-load, when pre-osteoblast and osteoblast numbers are decreased. 

Flat cell number and surface increase, likely due to the conversion of osteoblasts 

from active to quiescent. By 9 days post-load, the bone has returned to its pre

load status (Boppart, 1998).

Based on this model, the following hypothesis is suggested: Short-term 

mechanical loading stimulates bone formation by increasing the number of 

osteoblasts on the bone surface. The earliest osteoblasts are derived from the 

activation of flat lining cells. By 24-48 h post-load, pre-osteoblast proliferation 

contributes new osteoblasts and flat lining cells to the bone surface. After 48 h 

post-load, osteoblast production is favored over that of flat lining cells, and no 

further generation of flat lining cells will be observed.

This hypothesis would be best examined with a time course study. Time 

points from 0 h to 5 d post-load would be suitable, with sample collections every 

6 h. One potential endpoint could be the assessment of mitotic figures in 

periosteal cells, using high magnification light microscopy or possibly electron 

microscopy. This type of measurement could also be used to determine cell cycle
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times for the various cells present within the periosteum. Another method might 

be the A? s? A? localization of gene products (mRNA or protein) associated with 

cell proliferation. Either of these methods would provide a definitive answer as 

to whether or not flat lining cells are capable of cell division. This information 

will be vital for the acceptance or rejection of the hypothesis.

It is important to consider whether the bone gains observed in animal 

loading experiments can be duplicated in exercise studies with humans. And if 

so, are the gains sufficient to be of clinical relevance? In other words, would load- 

induced increases in bone formation translate to increased bone strength and 

reduction of fracture risk in osteopenic individuals? The answers to these 

questions are debatable. Results from human exercise studies are quite variable, 

probably attributable to differences in genetic potential for bone formation 

and/or the response to exercise (Cullen, 2000b). For those individuals on the low 

end of the response spectrum, it may be necessary to supplement exercise with 

bone-responsive pharmaceuticals, such as anti-resorptive or pro-formation 

agents, to produce clinically relevant improvements in bone strength. Mechanical 

loading studies using animal models will provide a vital first step for developing 

optimal treatment protocols including exercise.

In conclusion, the bone response to short-term mechanical loading can be 

characterized by pre-osteoblast proliferation leading to the addition of new 

osteoblasts to the active forming site. The recruitment of CFU-Os may be
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dependent on strain magnitude (which in turn determines whether woven or 

lamellar bone is formed) or on the duration of loading (short-term vs. long-term).

4
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Appendix 1. Proposed model for the cellular responses to

\  1 /
Signals to and 

from osteocytes

short-term mechanical loading. Cells are not drawn to scale.

Pre-load: The periosteal surface is covered by 
flat lining cells and a few osteoblasts. Pre
osteoblasts are located near osteoblasts.

0-24 h post-load: Signaling pathways are activated in 
osteocytes, osteoblasts, and flat lining cells. Pre
osteoblasts are stimulated to enter the cell cycle.

€ ) ( ? )  ( 3
24-48 h post-load: Flat cells are activated to 
become osteoblasts, pre-osteoblast proliferation 
produces new osteoblasts and flat lining cells. The 
percentage of osteoblast surface is increased.

(co n tin u ed  on n e x t p a g e )



( ? ) ( ? )  _  ( ? ) ( ? )

( ? ) . a*
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( ? )  / ^ - r ^ J ? ) ( ? ) ^ ( ? )

( ? ) ^ ( ? ^  ^^(? ) (?)(?)ir^
( ? )  / T ^ i - r r ^ ? ) ( ? )

48-72 h post-!oad: Pre-osteoblast proliferation is still 
producing new osteoblasts, but to a lesser extent than 
during the 24-48 h period. Clumps of osteoblast- 
covered osteoid begin appearing on the bone surface

72-96 h post load: Osteoid synthesis continues; 
pre-osteoblast number reaches its maximum

96-120 h post-!oad: Numbers of pre-osteoblasts 
and osteoblasts begin to decline; flat cell number 
and surface begin to increase, likely due to the 
conversion of osteoblasts from active to 
quiescent. By 9 days post-load, the surface has 
returned to it's pre-load status, as shown by 
Boppart et al.



Appendix II. Protocol for the immunolocalization of Bromodeoxyuridine 
incorporation.

Date: Expt:
Siide #s:

Procedure Duration A/ Time
Soak stides in 2N HC! at 37°C (perform 
under hood)

30 min

Rinse with Sodium Borate, 0.1M, pH 
8.5

R -l x 
B-5 min 
B-5 min

Xyiene bath (perform under hood) 30 min
dH20 rinse R-5 min
Biot dry and circie sections with pap 
pen
Drop protease on sections 5 min
Mega rinse with 0.1% PBS-Tween pH 
7.4

R-3 x 
B-5 min 
R-2x

Biockinq agent (0.3% H2O2 in PBS) 20 min
PBS rinse 0.1% PBS-Tween pH 7.4 R-5 x
Anti-BrdU antibody, RT, humid 
chamber

3 hr

Mega rinse 0.1% PBS-Tween pH 7.4 R-3 x 
B-5 min 
R-2x

Biot dry
DAB drop, incubate in the dark 30 min
PBS rinse 0.1% PBS-Tween pH 7.4 R-5x
Counterstain (T-Biue/H&E)
B = Bath, R = Rinse
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Appendix HI. Histochemical localization of fragmented DNA using a kit from Oncogene 
Research Products (adapted from methods supplied by the vendor).
L______ Rehydrate Sections_____________________________________ ________ ______________
R eagent Procedure Done Time
Xyiene 15 min, RT
100%  EtOH 5 min, RT
100%  EtOH 5 min, RT
90%  EtOH 5 min, RT
80%  EtOH 5 min, RT
70%  EtOH 5 min, RT
IX TBS Rinse

Circie with PAP pen

II. Permeabilize Sections
R eagent Procedure Done Time
Proteinase K Stock Diiute 1 :100  in lOmM Tris pH 8
Diiuted Proteinase K Cover specimen with lOOu) and 

incubate for 40 min, RT
IX TBS Rinse

Gentiy tap off excess liquid and dry 
slide around specimen

III. Generate a positive controi
R eagent Procedure Done Time
Dnase solution 20 min, RT
IX TBS Rinse

Gently tap off excess iiquid and dry 
siide around specimen

IV. Inactivate endogenous peroxidases
R eagent Procedure Done Time
30%  H,0, Dilute 1 :10  in methano!
3%  H2 O2 Cover specimen with 100u! and 

incubate for 5 min, RT
IX TBS Rinse

Gentiy tap off excess liquid and dry 
siide around specimen

V. Equilibration and iabeiing reaction
R eagent Procedure Done Time
5X TdT Buffer Diiute 1:5 with d^O
IX TdT Buffer Cover specimen with lOOu) and 

incubate for 10-30 min, RT
TdT Labeiing Reaction 
Mixture

Per specimen:
57ui TdT iabeiing rxn mix 
3ui TdT enzyme 
*keep everything on ice!!!
Gently blot specimen

TdT iabeiing rxn mix Appiy 60u< to specimen
Parafiim Appiy a smaii piece to top of specimen

Piace slides in a humidified chamber 
and incubate at 37°C  for 1.5 hours
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V. Terminate iabei nq reaction
R eagent Procedure Done Time
Stop buffer IF precipitate is present, prewarm to 

37°C for 5 min
Remove parafilm coverstip

IX TBS Rinse
Stop buffer Cover entire specimen with lOOu! and 

incubate for 5 min, RT
IX TBS Rinse

Gentiy tap off excess iiquid and dry 
siide around specimen

VI. Detection
R eagent Procedure Done Time
Blocking buffer Cover entire specimen with lOOui and 

incubate for 10 min, RT
50X Conjugate Diiute 1:50 in biockinq buffer

Carefuliy biot slide without touching 
the specimen

IX Conjugate Cover specimen with lOOu) and 
incubate for 30 min, RT, in a 
humidifed cham ber

DAB /VM? /77/iwfes before incubation is 
comptete, dissoive one DAB tablet and 
one tablet of t^O^urea in 1ml tap 
water (*enouqh for 10 specimens)

IX TBS Rinse
Gently tap off excess liquid and dry 
slide around specimen

DAB solution Cover specimen with lOOui and 
incubate for 30 min, RT, in the dark

dH,0 Rinse

VII. Counterstain
R eagent Procedure Done Time
Gill's Hematoxylin Dilute 1:1 with dH?0
Diluted Gill's Immediately cover entire specimen 

with lOOui and incubate for 30s, RT
Blot edge of slide against absorbent 
towel to remove most of counterstain 
and place in slide holder

Runninq tap water Rinse for 10 minutes
Slide warmer Dry overniqht
Safeclear Soak for 5-10 minutes

Dab excess from back of slide and 
around specimen

Permount Coverslip



Appendix IV. R aw  d ata  for the single injection BrdU labeling experim ent (C h apter 2 ). 122

Group Rat# Leg
Total
Area

Pm
TAr

Marrow
area

Pm
MaAr

% Meas 
Surface Ob.S, % FI.S, % POb LI, %

BrdU POb 
Dist

Neg POb 
Dlst BrdU# Neg# Total POb#

12h 761 L 6.77 10.46 1.79 5.12 79.79 19.81 80.19 2.01 8.13 8.44 1 52 53
12h 762 L 6.55 9.86 1.83 5.02 83.97 4.60 95.40 0.00 0.00 7.92 2 42 44
12h 763 L 7.67 10.38 2.72 6.04 78.56 7.88 92.12 0.00 0.00 7.59 0 8 8
12h 764 L 8.11 11.16 2.98 6.47 80.42 2.05 97.95 0.00 0.00 7.66 0 6.5 6.5
12h 765 L 7.73 11.42 2.06 5.49 71.81 2.70 97.30 0.00 0.00 9.44 0 40.5 40.5
12h 761 R 7.09 10.69 1.79 5.10 82.60 16.71 83.29 6.67 4.35 10.66 1.5 72.5 74
12h 762 R 6.28 9.67 1.50 4.49 84.16 2.57 97.43 0.00 0.00 7.37 0 13.5 13.5
12h 763 R 7.91 12.39 2.61 6.41 68.44 12.05 87.95 2.06 13.52 12.93 1 2.5 3.5
12h 764 R 7.88 11.27 3.10 6.50 70.87 7.40 92.60 25.00 8.77 12.71 0 13.5 13.5
12h 765 R 6.89 9.92 1.90 5.04 86.53 0.63 99.37 0.00 0.00 4.21 0 4 4
24h 725 L 7.02 10.53 2.06 5.24 85.45 0.00 100.00 0.00 0.00 0.00 0 0 0
24h 741 L 6.21 9.92 1.15 3.96 90.04 17.56 82.44 0.00 0.00 8.08 2.5 64.5 67
24h 742 L 8.22 11.47 3.00 6.47 87.37 4.72 95.28 0.00 0.00 7.58 0 99 99
24h 744 L 7.67 10.82 2.26 5.49 73.54 2.37 97.63 0.00 0.00 3.57 0 42 42
24h 745 L 7.51 11.25 1.73 5.18 75.38 0.00 100.00 0.00 0.00 0.00 0 26 26
24h 725 R 7.80 11.50 2.20 5.42 66.60 21.44 78.56 4.01 13.16 9.59 11.5 108.5 120
24h 741 R 6.61 10.51 1.44 4.58 85.78 8.71 91.29 0.00 0.00 12.88 0 9 9
24h 742 R 8.06 11.21 2.72 6.03 73.16 34.89 65.11 8.79 9.19 8.14 20.5 153.5 174
24h 744 R 7.58 10.88 2.10 5.26 66.75 48.42 51.58 11.13 8.58 10.25 0 0 0
24h 745 R 7.62 10.86 1.79 4.97 81.74 12.75 87.25 0.00 0.00 9.26 0 41.5 41.5
30h 771 L 7.01 10.71 1.89 5.10 79.35 7.53 92.47 13.55 7.61 9.25 3.5 23 26.5
30h 772 L 6.25 9.82 1.77 4.88 77.25 11.76 88.24 2.78 3.75 7.74 0 8 8
30 h 773 L 6.67 9.46 2.16 5.32 76.26 0.00 100.00 0.00 0.00 0.00 0.5 36 36.5
30 h 774 L 6.34 9.42 1.58 4.61 81.42 0.00 100.00 0.00 0.00 0.00 0 3.5 3.5
30 h 775 L 7.73 10.64 1.96 5.08 83.64 1.79 98.21 3.57 6.87 5.73 0 0 0
30 h 771 R 6.54 10.20 1.94 5.09 82.19 0.99 99.01 0.00 0.00 4.85 2.5 33 35.5
30 h 772 R 6.12 9.56 1.72 4.75 80.59 1.56 98.44 0.00 0.00 9.81 0 0 0
30 h 773 R 7.15 10.57 2.24 5.60 66.26 8.12 91.88 5.68 4.31 10.00 8.5 35 43.5
30 h 774 R 7.10 10.69 1.86 5.12 75.65 12.72 87.28 14.41 6.27 10.68 0.5 6.5 7
30 h 775 R 7.06 9.98 1.93 5.08 64.91 7.71 92.29 10.26 6.10 9.22 4 15.5 19.5



A ppend ix  IV. R aw  da ta  fo r  the  s ing le  in jec tion  B rdU  labe ling  expe rim en t (C hap te r 2). 123

Group Rat# Leg
Tota)
Area

Pm
TAr

Marrow
area

Pm
MaAr

% Meas 
Surface Ob.S, % FI.S, % POb LI, %

BrdU POb 
Dist

Neg POb 
Dist BrdU# Neg# Total POb#

36h 751 L 7.11 10.45 2.00 5.19 80.96 9.35 90.65 0.00 0.00 11.21 0 49.5 49.5
36h 752 L 6.16 9.56 1.83 4.95 92.56 2.04 97.96 0.00 0.00 7.20 55 199.5 254.5
36h 753 L 7.39 11.38 2.06 5.30 70.60 0.34 99.66 0.00 0.00 2.75 0 12 12
36h 755 L 7.23 10.43 2.08 5.27 87.12 0.00 100.00 0.00 0.00 0.00 3.5 60 63.5
36h 751 R 7.33 10.63 2.26 5.67 82.55 36.71 63.29 22.01 11.54 11.61 0 0.5 0.5
36h 752 R 6.50 10.38 1.81 4.94 80.48 15.64 84.36 5.25 13.93 12.91 13 95 108
36h 753 R 6.86 10.27 1.98 5.16 69.35 32.96 67.04 12.70 13.94 12.71 92.5 298 390.5
36h 754 R 7.83 10.85 2.78 6.22 81.04 70.59 29.41 24.01 12.98 11.31 0 0 0
36h 755 R 7.68 11.16 1.98 5.13 81.47 6.99 93.01 23.13 10.56 11.30 6.5 21.5 28
42h 781 L 6.84 10.08 1.50 4.49 90.51 3.94 96.06 0.00 0.00 3.40 0 19.5 19.5
42h 782 L 7.38 10.28 3.21 6.52 92.10 3.78 96.22 0.00 0.00 7.93 61 262.5 323.5
42h 783 L 7.50 11.04 2.43 5.94 94.69 3.66 96.34 0.00 0.00 7.35 0 21.5 21.5
42h 784 L 7.16 9.89 2.46 5.74 92.23 0.73 99.27 0.00 0.00 3.12 20.5 164.5 185
42h 781 R 7.34 11.02 1.23 4.10 87.20 60.23 39.77 20.65 12.98 10.22 0 34.5 34.5
42h 782 R 7.30 10.87 2.70 6.03 81.40 44.13 55.87 11.14 9.44 10.00 9.5 105.5 115
42h 783 R 7.80 11.35 2.47 6.02 71.05 18.17 81.83 8.20 11.96 13.21 0 2.5 2.5
42h 784 R 7.33 10.23 2.22 5.43 80.58 3.28 96.72 15.00 4.70 4.87 4.5 10.5 15
48h 721 L 5.78 8.84 1.79 4.90 96.00 6.74 93.26 0.00 0.00 7.24 0 13.5 13.5
48h 722 L 7.19 10.17 2.08 5.23 86.28 0.44 99.56 0.00 0.00 0.00 0.5 51 51.5
48h 723 L 7.32 10.40 2.19 5.43 80.52 2.01 97.99 8.82 4.19 4.17 0 0 0
48h 724 L 7.67 10.39 2.20 5.41 71.79 2.76 97.24 2.38 3.00 9.63 32.5 209 241.5
48h 743 L 7.52 11.18 1.81 4.92 80.20 9.34 90.66 2.17 5.28 5.42 1.5 7 8.5
48h 721 R 6.83 10.21 2.10 5.29 78.47 10.80 89.20 1.39 5.42 13.96 29 157.5 186.5
48h 722 R 6.91 9.94 2.08 5.29 88.90 43.08 56.92 13.49 14.09 12.80 0.5 18.5 19
48h 723 R 7.32 9.93 2.08 5.27 91.85 28.87 71.13 16.94 11.88 12.50 25 128 153
48h 724 R 7.45 10.47 2.03 5.36 76.92 26.74 73.26 16.25 15.73 17.09 0.5 11 11.5
48h 743 R 6.64 9.94 1.93 5.11 71.02 66.47 33.53 20.63 11.51 11.72 58.5 225.5 284
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Group Rat# Leg
Tota)
Area

Pm
TAr

Marrow
area

Pm
MaAr

% Meas 
Surface Ob.S, % Fi.S, % POb LI, %

BrdU POb 
Dist

Neg POb 
Dist BrdU# Neg# Total POb#

60 h 731 L 8.15 11.58 2.47 6.05 89.68 33.76 66.24 0.00 0.00 8.87 0 166.5 166.5
60 h 732 L 7.15 9.97 2.38 5.64 78.90 0.00 100.00 0.00 0.00 0.00 21.5 61 82.5
60 h 733 L 6.83 9.81 2.04 5.36 85.90 1.00 99.00 0.00 0.00 5.41 0 0 0
60 h 734 L 6.92 10.35 1.80 5.00 79.64 0.00 100.00 0.00 0.00 0.00 76.5 397.5 474
60 h 735 L 7.10 10.30 1.97 5.21 91.49 4.96 95.04 0.00 0.00 9.97 0 2 2
60 h 731 R 6.63 9.70 2.07 5.38 79.31 16.30 83.70 25.90 9.78 9.88 4.5 105 109.5
60 h 732 R 7.51 10.33 2.39 5.62 71.06 53.45 46.55 16.67 19.24 16.30 0 0 0

60 h 733 R 7.55 11.24 2.44 6.02 71.29 27.61 72.39 2.83 5.54 10.72 38.5 209.5 248

60 h 734 R 7.05 11.37 1.79 5.03 80.43 36.23 63.77 16.85 13.68 11.50 0 33.5 33.5
60 h 735 R 7.25 10.64 2.20 5.56 82.43 36.15 63.85 14.34 11.74 11.09 34.5 206 240.5
72h 711 L 7.68 11.00 1.92 5.12 76.87 2.05 97.95 27.78 13.92 10.22 5 4 9
72h 712 L 7.12 10.20 1.73 4.88 78.80 0.00 100.00 0.00 0.00 0.00 24 168 192
72h 713 L 7.05 10.06 1.77 4.85 83.37 0.00 100.00 0.00 0.00 0.00 0 0 0
72h 714 L 7.02 9.98 1.93 5.07 84.44 3.49 96.51 0.00 0.00 4.64 35 151 186
72h 715 L 6.93 9.83 1.56 4.56 85.56 11.69 88.31 0.00 0.00 7.33 0 0 0
72h 711 R 7.38 10.94 1.88 5.16 80.94 41.09 58.91 12.53 9.83 9.85 8 114 122
72h 712 R 6.25 9.41 1.38 4.44 94.11 32.98 67.02 18.91 11.51 10.76 0 2 2
72h 713 R 7.16 9.90 2.28 5.54 76.86 24.55 75.45 6.67 11.03 13.27 108 744.5 852.5
72h 714 R 6.88 10.41 1.85 5.02 83.55 58.41 41.59 12.59 27.44 24.53 0 17 17
72h 715 R 7.08 10.70 1.58 4.58 76.19 58.02 41.98 20.08 12.69 11.59 69 275 344
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Labeling
Period Rat# Leg

Osteoblast 
Surface, %

Flat Cell 
Surface, %

Osteoblast 
LI, V.

Osteoblast
Number

Flat Cell 
LI, %

Flat Cell 
Number

Measurable 
Surface, %

Total Area, 
mm*

Total Perimeter, 
mm

0-24 h 811 L 12.62 58.30 2.33 44 1.24 199 70.92 6.19 9.98
0-24 h 812 L 2.94 82.50 0.00 11 1.34 297 85.38 7.76 10.65
0-24 h 813 L 5.68 68.97 0.00 26.5 1.80 330.5 74.76 7.69 11.12
0-24 h 814 L 7.11 83.32 0.00 19.5 2.79 310 90.16 7.01 10.22
0-24 h 815 L 5.48 73.02 0.00 18.5 2.65 270 78.30 7.79 11.23
0-24 h 811 R 33.05 45.49 28.27 99 7.79 110.5 78.51 5.44 9.04
0-24 h 812 R 16.14 64.04 7.14 65 6.10 253.5 80.16 7.69 10.55
0-24 h 813 R 9.84 56.19 1.02 49 6.82 223 65.92 7.66 11.36
0-24 h 814 R 8.93 70.18 0.00 39 2.60 211 79.03 6.26 9.58
0-24 h 815 R 23.11 61.34 19.20 86.5 7.57 247.5 84.45 7.74 10.77
24-48 h 821 L 14.15 57.40 0.57 55.5 2.43 245.5 71.55 6.87 9.87
24-48 h 822 L 3.79 83.21 0.00 11 0.86 348.5 87.01 7.57 10.78
24-48 h 823 L 6.79 83.53 2.38 23.5 0.66 306 90.43 7.71 10.69
24-48 h 824 L 12.05 69.92 0.00 49.5 0.76 334 81.98 7.88 11.43
24-48 h 825 L 4.41 81.28 0.00 17 0.98 380 85.70 7.09 10.58
24-48 h 821 R 52.74 17.37 55.22 185 58.43 65 70.11 6.83 9.90
24-48 h 822 R 39.45 40.97 48.17 167.5 36.82 189 80.51 7.67 11.02
24-48 h 823 R 29.44 47.50 47.12 84.5 24.92 224.5 76.92 7.42 10.38
24-48 h 824 R 9.82 68.26 20.80 37.5 3.61 304 78.07 7.77 11.15
24-48 h 825 R 12.04 69.38 56.20 43.5 21.32 304.5 81.33 6.81 9.54
48-72 h 831 L 9.46 69.02 0.96 37 2.31 256.5 78.45 6.59 9.87
48-72 h 832 L 4.43 78.09 10.00 20 1.32 344.5 82.48 7.67 11.03
48-72 h 833 L 2.89 87.04 0.00 12.5 0.26 387 89.94 7.20 10.27
48-72 h 834 L 11.37 64.16 0.00 41 0.94 276 75.47 8.05 11.41
48-72 h 835 L 9.23 66.21 0.00 45.5 0.17 261 75.49 6.85 9.96
48-72 h 831 R 56.61 16.12 48.01 279 18.22 57.5 72.78 6.32 9.89
48-72 h 832 R 16.81 70.48 19.53 52 2.00 297.5 87.28 7.36 10.61
48-72 h 833 R 53.19 38.14 42.18 176.5 15.72 146.5 91.35 6.91 9.80
48-72 h 834 R 6.19 66.62 0.00 18.5 1.97 279.5 72.83 7.56 11.14
48-72 h 835 R 53.45 33.65 32.32 224.5 17.91 153.5 87.13 6.80 9.95
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Labeling
Period Rat# Leg

Osteoblast 
Surface, %

Flat Cell 
Surface, %

Osteoblast 
LI, %

Osteoblast
Number

Flat Cell 
L). %

Flat Cell 
Number

Measurabie 
Surface, %

Total Area, 
mm̂

Iota) Perimeter, 
mm

72-96 h 841 L 16.27 72.37 3.89 77 2.43 270 88.64 7.13 10.03
72-96 h 842 L 3.75 76.57 0.00 15 0.63 296 80.30 7.25 10.44
72-96 h 843 L 6.77 71.63 2.22 27 5.37 300.5 78.38 7.33 10.67
72-96 h 844 L 1.47 89.34 3.33 9 1.40 361 90.82 7.35 9.89
72-96 h 845 L 8.76 84.41 1.69 34 1.14 268 93.18 7.43 10.13
72-96 h 841 R 58.59 23.57 21.14 316.5 3.56 112 82.12 7.34 10.50
72-96 h 842 R 43.97 27.60 25.42 174.5 8.84 78 71.60 6.69 10.01
72-96 h 843 R 56.77 28.96 9.11 447 7.96 123 85.69 6.86 9.99
72-96 h 844 R 11.03 64.99 63.98 33 11.98 330 76.03 8.45 11.53
72-96 h 845 R 27.88 57.96 26.47 130.5 12.11 240 85.85 8.23 10.92
96-120 h 851 L 9.19 56.96 1.58 54.5 0.49 273.5 66.06 7.23 10.56
96-120 h 852 L 4.14 60.43 0.00 16.5 3.20 225.5 64.49 7.30 10.99
96-120 h 853 L 2.44 76.13 0.00 8.5 0.00 276.5 78.56 6.92 10.76
96-120 h 854 L 4.55 84.11 12.38 27 3.26 352.5 88.64 7.32 10.59
96-120 h 855 L 5.92 80.89 2.27 24.5 2.93 334.5 86.70 6.85 10.26
96-120 h 851 R 17.08 56.82 12.36 54.5 5.63 213 73.92 7.24 10.70
96-120 h 852 R 23.99 44.82 2.84 145 6.75 190 68.81 7.68 10.93
96-120 h 853 R 1.56 77.20 0.00 7 0.25 351 78.77 7.41 11.40
96-120 h 854 R 35.59 46.12 6.61 217 2.91 240 81.54 7.54 10.95
96-120 h 855 R 61.99 26.87 27.33 313 7.19 116.5 88.85 6.92 10.44
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Post-Load Collection 
Time, h Rat# Leg

% Apoptotic 
Osteoblasts

Osteoblast
Number

% Apoptotic 
Flat Cells

Flat Cell 
Number

Measurable 
Surface, %

Osteoblast 
Surface, %

Flat Cell 
Surface, %

25 811 L 5.47 164 31.90 289.5 78.71 32.82 45.90
25 812 L 5.04 106 38.81 464.5 88.50 18.91 69.60
25 813 L 7.47 163.5 22.66 424.5 85.03 26.34 58.74
25 814 L 18.64 187.5 54.44 442 94.97 30.50 64.51
25 815 L 4.19 132 35.53 489.5 86.25 25.94 60.30
25 811 R 13.54 183 22.13 104 69.17 46.94 22.22
25 812 R 22.39 169.5 52.67 326 86.63 39.46 47.16
25 813 R 30.18 77 32.40 270 66.26 15.93 50.44
25 814 R 10.29 186.5 45.32 197 77.36 42.58 34.79
25 815 R 18.73 149.5 59.74 226 79.52 36.70 42.83
49 821 L 7.27 172 43.02 313.5 79.93 29.96 50.07
49 822 L 13.01 143 49.69 483.5 88.83 21.48 67.33
49 823 L 17.71 139 61.19 518.5 92.76 21.94 70.78
49 824 L 28.75 159 51.67 379.5 79.58 25.73 53.79
49 825 L 4.95 97 33.83 550 92.35 15.71 76.64
49 821 R 2.89 253.5 50.00 123.5 71.26 53.95 17.32
49 822 R 22.26 253.5 33.95 186 76.93 47.63 29.30
49 823 R 8.26 204.5 38.14 174 87.03 52.50 34.56
49 824 R 34.35 160 49.82 444 80.74 29.14 51.60
49 825 R 21.98 57 34.98 496 89.16 14.15 75.05
73 831 L 7.30 157.5 26.57 313 88.46 29.40 59.06
73 832 L 10.22 68 44.28 457.5 80.44 13.15 67.57
73 833 L 13.74 149 48.57 503.5 96.73 24.10 72.64
73 834 L 12.92 182.5 50.85 408.5 86.22 32.45 53.78
73 835 L 8.20 169 42.99 356.5 92.63 34.41 58.23
73 831 R 5.06 303 28.39 118 77.18 60.28 16.95
73 832 R 15.12 122.5 46.39 407 83.63 27.00 56.70
73 833 R 16.43 321.5 59.96 162.5 96.44 68.31 28.13
73 834 R 21.43 184.5 46.40 376 78.81 30.37 48.42
73 835 R 3.10 274 49.71 186.5 86.52 60.62 26.00
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Post-Load Collection 
Time, h Rat# Leg

% Apoptotic 
Osteoblasts

Osteoblast
Number

% Apoptotic 
Flat Cells

Flat Cell 
Number

Measurable 
Surface, %

Osteoblast 
Surface, %

Flat Cell 
Surface, %

97 841 L 3.95 203 29.90 374.5 93.63 36.15 57.48
97 842 L 5.82 226.5 48.04 386.5 81.31 31.97 49.35
97 843 L 20.54 160 30.91 402.5 87.62 29.34 58.33
97 844 L 54.29 71.5 38.62 483 84.79 11.01 73.71
97 845 L 19.13 132.5 26.46 473 98.68 22.64 76.04
97 841 R 2.19 432.5 34.24 158 82.14 62.54 19.67
97 842 R 14.34 298.5 50.46 105.5 78.24 60.82 17.42
97 843 R 21.42 497 56.44 112.5 91.37 73.40 17.97
97 844 R 28.18 151.5 43.73 400 83.27 31.43 51.80
97 845 R 5.73 167.5 19.25 451.5 93.90 28.36 65.52

121 851 L 11.22 119.5 36.32 362.5 79.81 22.33 57.73
121 852 L 28.29 99 62.13 386 67.94 17.99 49.84
121 853 L 2.42 91.5 39.97 558 83.52 14.71 68.83
121 854 L 25.32 181.5 49.38 417 91.02 29.22 61.78
121 855 L 19.51 181 27.71 402 94.44 34.17 60.32
121 851 R 3.37 220.5 33.67 312.5 78.99 34.82 44.12
121 852 R 24.68 252 53.17 236 75.80 44.78 31.19
121 853 R 3.44 210.5 15.46 387.5 86.46 34.73 51.77
121 854 R 13.52 358 24.79 248.5 86.57 56.26 30.28
121 855 R 3.69 391 52.37 155 95.23 73.18 22.07
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Labeiing
Period

Post-Load Coiiection 
Time, h Rat# Leg

% Apoptotic pre- 
osteobiasts

Pre-osteobiast
Number

BrdU pre-osteobiast 
Li,%

Pre-osteobiast
Number

0-24 h 25 h 811 L 2.50 102.5 7.37 32.00
0-24 h 25 h 812 L 8.49 135.0 0.00 8.50
0-24 h 25 h 813 L 9.88 157.5 0.00 19.50
0-24 h 25 h 814 L 17.90 207.5 0.00 38.00
0-24 h 25 h 815 L 4.88 180.5 0.00 44.50
0-24 h 25 h 811 R 9.59 169.5 22.96 76.50
0-24 h 25 h 812 R 30.90 159.0 13.14 32.00
0-24 h 25 h 813 R 31.59 45.0 23.81 10.50
0-24 h 25 h 814 R 12.27 179.0 0.00 22.00
0-24 h 25 h 815 R 16.69 194.5 16.34 96.00

24-48 h 49 h 821 L 4.63 328.0 10.16 74.00
24-48 h 49 h 822 L 10.66 127.5 0.00 45.00
24-48 h 49 h 823 L 14.26 116.0 0.00 25.50
24-48 h 49 h 824 L 17.22 222.5 0.00 61.50
24-48 h 49 h 825 L 7.21 103.5 0.00 18.00
24-48 h 49 h 821 R 5.46 631.5 55.21 535.00
24-48 h 49 h 822 R 15.92 345.5 58.31 268.00
24-48 h 49 h 823 R 15.46 241.5 55.30 157.50
24-48 h 49 h 824 R 18.55 198.5 48.26 43.50
24-48 h 49 h 825 R 34.58 48.0 62.39 42.50
48-72 h 73 h 831 L 2.85 177.5 0.00 18.50
48-72 h 73 h 832 L 20.15 70.0 4.55 11.00
48-72 h 73 h 833 L 9.56 137.5 0.00 9.50
48-72 h 73 h 834 L 9.44 341.5 1.92 67.00
48-72 h 73 h 835 L 11.35 222.5 0.00 3.50
48-72 h 73 h 831 R 3.39 636.0 56.65 568.00
48-72 h 73 h 832 R 12.05 164.5 26.99 82.00
48-72 h 73 h 833 R 12.75 596.5 51.80 418.00
48-72 h 73 h 834 R 12.76 221.5 2.63 21.00
48-72 h 73 h 835 R 5.28 704.0 51.00 645.50
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