
 

1 

SKELETAL EFFECTS OF TERIPARATIDE IN GLUCOCORTICOID-TREATED MICE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

KATHLEEN S. HOWE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2007 



 

2 

 

 

 

 
© 2007 Kathleen S. Howe 

 
 

 



 

3 

 

 

 

To my mother and father.  My father’s recent passing brought great sadness to our family, but I 
know he would be proud of this accomplishment.  My mother has been extremely supportive and 

her encouragement was instrumental in making this dissertation a reality. 
 
 
 

 



 

4 

ACKNOWLEDGMENTS 

No project of this size occurs without a great deal of support and encouragement.  First, 

and most importantly, I wish to thank the many individuals who directly contributed to this 

research study.  Jodi Long was involved in every aspect of this study.  Her enthusiasm, 

knowledge, and energy contributed immensely to this project.  I also owe a debt of gratitude to 

Dr. Randy Braith for his guidance and support throughout this project and my tenure at this 

university.  His extensive knowledge and support were invaluable to me as I designed and 

conducted this study.  His comments, suggestions, and editorial talents helped bring the study 

results into sharper focus.   

I owe a particular debt of gratitude to Dr. Tom Wronski who helped design this study, 

allowed me to use equipment in his lab, and helped me to interpret the results.  He is the 

foremost expert on bone biology at the University of Florida and I profited greatly from his 

knowledge.  I would also like to thank Molly Altman and Sally Vanegas who prepared and 

analyzed bone samples for histomorphometric analysis and Ignacio Aguirre who was always 

willing to answer my questions.  Their knowledge and professionalism helped make this project 

a success.    

I would also like to thank Dr. Russell Turner and Dr. Urszula Iwaniec.  They graciously 

permitted me access to their equipment and expertise.  Their enthusiasm for this project and 

willingness to teach me about bone research has helped my professional development 

immensely.  I have also benefited greatly from my committee’s guidance and thank both Dr. 

Stephan Dodd and Dr. Scott Powers.  Their insightful comments and probing questions helped 

make this a better study.  More than that, though, over the past seven years they have provided 

encouragement and helped shape my professional development.  I also owe a debt of gratitude to 

the wonderful staff at Animal Care Services.  They provided outstanding support, training, and 



 

5 

services to this project.  Working with them was truly a pleasure.  I would also like to thank 

some of my friends who supported me:  Susan Smith who always had a kind word, Vija Purs 

who grudgingly accepted my research with animals, Ben Webster, who kept me smiling, and, 

most of all Janet Degner who was always there with a word of encouragement when the going 

got rough.  I also want to thank members of the Applied Physiology and Kinesiology staff.  Kim 

Hatch and Candyce Hudson have provided expert advice and support over the years.  Their 

willingness to help students and their expertise in managing grants greatly eased the way for this 

project.  I would also like to thank James Milford and Susie Weldon.  They are the collective 

memory for the department and seem to always know how to make things happen.  Their “can-

do” attitude and enthusiastic support was very much appreciated.  Finally, I would like to thank 

my mother who stood behind me unfailing through this arduous journey.   

 



 

6 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS ...............................................................................................................4 

LIST OF TABLES...........................................................................................................................9 

LIST OF FIGURES .......................................................................................................................11 

ABSTRACT...................................................................................................................................12 

CHAPTER 

1 INTRODUCTION ..................................................................................................................14 

Study Purpose .........................................................................................................................14 
Rationale for Study .................................................................................................................15 
Study Aims .............................................................................................................................18 
Significance of the Study........................................................................................................21 

2 MATERIALS AND METHODS ...........................................................................................23 

Background.............................................................................................................................23 
Animals...................................................................................................................................23 
Animal Housing Conditions ...................................................................................................24 
Study Group Assignment........................................................................................................25 
Pharmacological Agents .........................................................................................................25 

Study Drugs. ....................................................................................................................25 
Prednisolone Succinate. ...........................................................................................26 
Teriparatide. .............................................................................................................26 

Flurochrome markers.......................................................................................................27 
Demeclocycline. .......................................................................................................27 
Calcein......................................................................................................................27 

Anesthesia and Euthanasia .....................................................................................................28 
Bone Harvesting .....................................................................................................................28 
Study Measures.......................................................................................................................29 

Anthropomorphic Measures ............................................................................................29 
Histomorphometry...........................................................................................................29 

Static bone measurements ........................................................................................30 
Dynamic bone measurements...................................................................................31 

MicroCT ..........................................................................................................................32 
Femur .......................................................................................................................32 
Vertebrae ..................................................................................................................33 

Statistical Analysis..................................................................................................................34 



 

7 

 

3 LITERATURE REVIEW .......................................................................................................36 

Bone Biology ..........................................................................................................................36 
Structure of Bone.............................................................................................................36 
Bone Cells .......................................................................................................................38 

Osteoclasts................................................................................................................38 
Osteoblasts ...............................................................................................................39 
Osteocytes ................................................................................................................39 
Bone Lining Cells.....................................................................................................40 

Bone Remodeling ............................................................................................................40 
Remodeling Balance – The RANKL/OPG/RANK Axis.................................................43 

Effects of Glucocorticoid Drugs and Teriparatide on Bone ...................................................44 
Systemic Effects of Glucocorticoid Drugs ......................................................................44 
Direct Effects of Glucocorticoids....................................................................................45 
Indirect Effects of Glucocorticoid Drugs ........................................................................46 

Decreased intestinal absorption of calcium..............................................................46 
Increased renal elimination of calcium ....................................................................47 
Antagonistic action on gonadal functions ................................................................47 
Increased sensitivity to PTH ....................................................................................48 

Bone loss in response to glucocorticoid treatment ..........................................................48 
Parathyroid Hormone..............................................................................................................49 

Dual Nature of PTH:  Continuous versus Intermittent Administration...........................49 
Parathyroid Hormone (PTH 1-84)...................................................................................49 
Teriparatide (PTH 1-34) ..................................................................................................51 
Mechanisms of Action.....................................................................................................52 

Studies of Glucocorticoid-Induced Bone Loss in Mice..........................................................53 
Validity of the Mouse as a Model of Glucocorticoid-Induced Bone Loss......................53 
Glucocorticoid-Induced Bone Loss in Mice....................................................................53 
Teriparatide Treatment in Mice.......................................................................................54 

Further Considerations............................................................................................................55 

4 RESULTS...............................................................................................................................56 

Measurement Design ..............................................................................................................56 
Anthropomorphic Measures ...................................................................................................57 
Bone Measures........................................................................................................................58 
Measurements of the Lumbar Vertebrae ................................................................................58 

Bone Volume/Total Volume ...........................................................................................59 
Trabecular Number..........................................................................................................61 
Trabecular Width/Trabecular Thickness .........................................................................63 
Trabecular Separation......................................................................................................66 

Measurements of the Distal Femur.........................................................................................67 
Bone Volume...................................................................................................................68 
Trabecular Number..........................................................................................................71 
Trabecular Thickness/Trabecular Width .........................................................................72 



 

8 

Trabecular Separation......................................................................................................75 
Osteoblast Surface and Osteoclast Surface .....................................................................76 

Dynamic Measures of Bone Formation in the Distal Femur..................................................79 
Mineralizing Surface .......................................................................................................79 
Mineral Apposition Rate .................................................................................................81 
Bone Formation Rate/Bone Surface (BFR/BS)...............................................................82 

Mid-Shaft Cortical Bone Data and Significant Changes........................................................84 

5 DISCUSSION.........................................................................................................................86 

Glucocorticoid Drugs Suppressed Bone Formation But Did Not Affect Bone Volume........86 
Anabolic Effects of PTH Prevented the Inhibitory Changes Associated with 

Glucocorticoid Drugs ..........................................................................................................89 
PTH Increases Bone Mass Quickly ........................................................................................91 
Residual Effects of Glucocorticoid Drugs are Apparent During Natural Recovery ..............92 
PTH Treatment After Glucocorticoid Use Was More Effective than Natural Recovery .......93 
Age-Related Effects on Bone Mass........................................................................................94 
Prophylactic Value of Concurrent Treatment with Glucocorticoid Drugs and PTH..............96 
Site Specificity of GC and PTH Treatment ............................................................................97 
Conclusions.............................................................................................................................97 
Clinical Applications ..............................................................................................................98 
Study Limitations....................................................................................................................99 
Future Directions ..................................................................................................................100 

 
APPENDIX 

A SUMMARY OF BONE MEASUREMENTS......................................................................101 

B SUMMARY OF SELECTED STUDIES IN MICE.............................................................107 

LIST OF REFERENCES.............................................................................................................111 

BIOGRAPHICAL SKETCH .......................................................................................................121 

 
 



 

9 

LIST OF TABLES 

Table  page 
 
3-1 Common Effects of Glucocorticoid Therapy.....................................................................45 

4-1 Experimental Groups and Description of Treatments. ......................................................56 

4-2 Mean Animal Weights by Group.......................................................................................57 

4-3 Mean Femur Lengths by Group.........................................................................................57 

4-4 Summary of Histomorphometric Analysis of LV3 by Group. ..........................................59 

4-5 Summary of MicroCT Analysis of LV2 by Group............................................................59 

4-6 Significant Changes in Lumbar Vertebra L3 Bone Volume by Group using 
Histomorphometry. ............................................................................................................60 

4-7 Significant Changes in Lumbar Vertebra L2 Bone Volume by Group using MicroCT....61 

4-8 Significant Changes in Lumbar Vertebra L3 Trabecular Width by Group using 
Histomorphometry. ............................................................................................................64 

4-9 Significant Changes in Lumbar Vertebra L2 Trabecular Thickness by Group using 
MicroCT.............................................................................................................................65 

4-11 Summary of MicroCT Analysis of the Distal Femur by Group. .......................................68 

4-12 Significant Changes in Distal Femur Bone Volume by Group using 
Histomorphometry. ............................................................................................................69 

4-13 Significant Changes in Distal Femur Bone Volume by Group using MicroCT. ...............70 

4-15 Significant Changes in Distal Femur Trabecular Number by Group using MicroCT.......72 

4-16 Significant Changes in Distal Femur Trabecular Width by Group using 
Histomorphometry. ............................................................................................................73 

4-17 Significant Changes in Distal Femur Trabecular Thickness by Group using MicroCT....74 

4-18 Significant Changes in Distal Femur Trabecular Separation by Group using 
Histomorphometry. ............................................................................................................75 

4-19 Significant Changes in Distal Femur Trabecular Separation by Group Using 
MicroCT.............................................................................................................................76 

4-20  Significant Changes in Distal Femur Osteoblast Surface and Osteoclast Surface by 
Group. ................................................................................................................................77 



 

10 

4-21 Significant Changes in Distal Femur Mineralizing Surface by Group. .............................80 

4-22 Significant Changes in Distal Femur Mineral Apposition Rate by Group. .......................81 

4-23 Significant Changes in Distal Femur Bone Formation Rate by Group using 
Histomorphometry. ............................................................................................................83 

4-24 Summary of Histomorphometric Analysis of Femur Mid-Shaft by Group.......................84 

4-25 Summary of Significant Changes in Femur Mid-Shaft Cortical Bone Thickness by 
Group using MicroCT........................................................................................................84 

A-1 Summary of Significant Changes in Lumbar Vertebrae L3 based on 
Histomorphometry. ..........................................................................................................101 

A-2 Summary of Significant Changes in Lumbar Vertebrae L2 based on MicroCT. ............102 

A-3 Summary of Significant Changes in the Distal Femur based on Histomorphometry......103 

A-4 Summary of Significant Changes in the Distal Femur based on MicroCT .....................104 

A-5 Percent Changes in Osteoclast and Osteoblast Surfaces in the Distal Femur..................105 

A-6 Percent Changes in Dynamic Bone Formation Parameters in the Distal Femur. ............106 

B-1 Studies Of Glucocorticoid-Induced Bone Loss In Mice..................................................108 

B-2 Studies using Teriparatide in Mice. .................................................................................110 

 
 



 

11 

LIST OF FIGURES 

Figure  page 
 
2-1 Study Groups, Treatments and Timelines..........................................................................25 

4- 1 Lumbar Vertebra L3 Bone Volume/Total Volume by Group using 
Histomorphometry. ............................................................................................................60 

4-2 Lumbar Vertebra L2 Bone Volume/Total Volume by Group using MicroCT.  ...............61 

4-3 Lumbar Vertebra L3 Trabecular Number by Group using Histomorphometry.................62 

4-4 Lumbar Vertebra L2 Trabecular Number by Group using MicroCT. ...............................62 

4-5 Lumbar Vertebra L3 Trabecular Width by Group using Histomorphometry.  .................64 

4-6 Lumbar Vertebra L2 Trabecular Thickness by Group using MicroCT. ............................65 

4-7 Lumbar Vertebra L3 Trabecular Separation by Group using Histomorphometry.  ..........66 

4-8 Lumbar Vertebra L2 Trabecular Separation by Group using MicroCT. ...........................67 

4-9 Distal Femur Bone Volume/Total Volume by Group using Histomorphometry.  ...........69 

4-10 Distal Femur Bone Volume/Total Volume by Group using MicroCT. .............................70 

4-11 Distal Femur Trabecular Number by Group using Histomorphometry.............................71 

4-12 Distal Femur Trabecular Number by Group using MicroCT. ...........................................72 

4-13 Distal Femur Trabecular Thickness by Group using Histomorphometry.  .......................73 

4-14 Distal Femur Trabecular Thickness by Group using MicroCT.  ......................................74 

4-15 Distal Femur Trabecular Separation by Group using Histomorphometry.  ......................75 

4-16 Distal Femur Trabecular Separation by Group using MicroCT.  . ....................................76 

4-17 Distal Femur Osteoblast Surface by Group using Histomorphometry.  ...........................78 

4-19 Distal Femur Mineralizing Surface by Group using Histomorphometry. .........................80 

4-20 Distal Femur Mineral Apposition Rate by Group using Histomorphometry. ...................81 

4-21 Distal Femur Bone Formation Rate/Bone Surface by Group using 
Histomorphometry. ............................................................................................................83 

4-22 Mid-Shaft Femur Cortical Thickness by Group using MicroCT.......................................85 



 

12 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

SKELETAL EFFECTS OF TERIPARATIDE IN GLUCOCORTICOID-TREATED MICE 
 

By 

Kathleen S. Howe 

August 2007  

Chair:  Randy W. Braith 
Major :  Health and Human Performance 

Synthetic analogs of glucocorticoid (GC) drugs are widely used in treating many 

inflammatory diseases and conditions and are also used to suppress the immune system in solid 

organ transplant recipients.  However GCs have serious side effects including osteoporosis and 

bone fractures. We conducted a randomized, prospective investigation of the effects of 

teriparatide in treating GC-induced osteopenia in mice and examined the extent and character of 

bone recovery in the distal femur and lumbar spine after exposure to GC when there was 

• no subsequent treatment with teriparatide;  
• simultaneous GC and teriparatide administration over the entire course of treatment;  
•  delayed administration of teriparatide 

 

Seven month old male Swiss Webster mice received prednisolone (2.1 mg/kg/d), teriparatide 

(40ug/kg/d), or vehicle to determine changes in bone structure and turnover after a 4- or 8-week 

(6 d/wk) treatment regimen.  We injected flurochrome markers (declomycin and calcein) before 

sacrifice and harvested femurs and lumbar vertebrae to assess bone response.  Bone samples 

were analyzed using histomorphometry and microCT and both techniques showed the same 

trends. 
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We found GCs suppressed bone turnover but not necessarily bone volume and that 

teriparatide, a bone anabolic agent, effectively increased bone turnover and inhibited bone 

changes resulting from GC exposure.  The effects of teriparatide were rapid and relative changes 

were greater in the distal femur than in the lumbar spine.  Four and eight weeks of teriparatide 

significantly increased both the osteoclast surface (Oc.S) and the osteoblast surface (Ob.S), 

resulting in significant increases in mineralizing surface and mineral apposition rate.  Increased 

Ob.S and Oc.S indicated the increased turnover seen with teriparatide favored bone formation.  

We also detected a residual effect of GC on bone evidenced by lack of increased bone formation 

despite increased osteoblastic activity after GC treatment was discontinued.  The underlying goal 

of our study was to demonstrate the efficacy of using PTH to prevent the adverse effects of GCs 

on bone in mice, as a prelude to studies in humans.   
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CHAPTER 1 
INTRODUCTION 

Glucocorticoid-induced bone loss is the leading cause of secondary osteoporosis (1).  The 

negative effects of glucocorticoid (GC) drugs on the skeletal system are well established but 

there is currently no consensus on the best way to prevent and/or treat the associated bone loss.  

We hypothesized that teriparatide, currently the only anabolic agent approved for the treatment 

of established osteoporosis, would be capable of reversing and/or preventing glucocorticoid-

induced bone loss.  There are a number of patient populations that could benefit from such 

treatment.  Chronic lung disease, rheumatic diseases, and gastrointestinal diseases often involve 

prophylactic GC use.  Patients awaiting solid organ transplants would also benefit, since some 

transplant centers consider antecedent osteoporosis a contraindication for transplant surgery 

because immunosuppressant regimens including GC cause rapid bone loss after transplantation.  

There have been studies examining the effects of GC use in mice (2-5) but no studies have 

examined the combined use of GC and teriparatide in an animal model.  Furthermore, there has 

only been one study documenting the use of teriparatide in humans exposed to long-term GC 

therapy (6). 

The limited use of teriparatide in humans treated with GC prompted us to select a mouse 

model for this study.  We used the Swiss Webster strain of mice because they have significant 

levels of cancellous bone in the femur and spine (7), have previously shown loss of bone in 

response to GC treatment  (4,5), and an anabolic response to teriparatide (8).  A mouse model 

allowed us to simulate chronic GC use.  

Study Purpose 

The purpose of this study was to determine the extent/character of bone recovery following 

exposure to GC drugs when there was 
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• No subsequent treatment with teriparatide  
• Simultaneous GC and teriparatide administration over the entire course of treatment  
• Delayed administration of teriparatide 
 

We used microCT and histomorphometric techniques to evaluate bone mass, bone 

resorption, bone formation, and microarchitectural endpoints such as trabecular number, 

thickness, spacing, and connectivity density to determine whether teriparatide improved bone 

mass and architecture following exposure to GC.  This preliminary study, designed to assess the 

effects of teriparatide on glucocorticoid-induced osteopenia* in mice, was the first step in a 

research sequence that will help define new treatment options to improve the quality of life for 

clinical populations exposed to long-term GC therapy and those facing transplant surgeries.  

Rationale for Study 

Synthetic analogs of GC are a widely used class of drugs that have proven effective in 

many inflammatory diseases and conditions, including asthma, Chronic Obstructive Pulmonary 

Disease, rheumatoid arthritis, Crohn’s disease and lung diseases such as cystic fibrosis.  GC ana-

logs are also a key anti-rejection drug following solid organ transplantation (9,10).  However, 

GC drugs pose serious side effects to the patient.  Osteoporosis, with resulting bone fractures, is 

the most incapacitating sequelae of GC therapy.  Bone is a dynamic, living tissue in which there 

is a normal balance of bone formation and bone resorption.  This balance of bone loss and gain 

helps maintain a healthy skeletal structure capable of withstanding normal loads and stresses.  

GC drugs disrupt the normal homeostasis of bone and rapidly lead to loss of bone mass and 

increased fracture risk.  GCs have a negative effect on both the hard outer layer of cortical bone 

and the cancellous bone found next to the marrow.  Although GC drugs affect both types of 

bone, the most profound and rapid effects are seen in cancellous bone.    

                                                 
* Osteoporosis is a term based on T-scores established for human populations.  As such, the term osteopenia rather 
than osteoporosis is used to describe decreased bone mass in animals.    
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The relationship between long-term GC use and osteoporosis is well established and is 

often referred to as Glucocorticoid-Induced Osteoporosis (GIO) in humans (11-14).  Deleterious 

effects on the bones are found in dosages often met or exceeded in the treatment of many 

conditions.  Dosages as small as 7.5 mg/day can result in a loss of spinal trabecular bone of 9.5% 

in 5 months (15) indicating even low doses can cause significant loss of bone.  Bone loss occurs 

most rapidly in the first 6-12 months of treatment and appears to be dose and duration dependent 

(15-20).  Osteoporosis has been reported in  50% of patients exposed to long-term GC treatment 

and spinal fractures occur at a rate 4-5 times that found in patients not treated with 

glucocorticoids (12,15).  Fracture rates among those taking the drugs for more than five years 

approach 30% (21).   

In solid organ transplant patients, significant loss of bone mass can be detected as early as 

three months after transplantation (22).  Bone mineral density losses average 5-15% during the 

first year and 1-2% annually subsequently (16,23).  The significant morbidity and mortality 

associated with GIO makes its potential prevention or reversibility an important issue.   

Currently there is no established method for preventing GIO. A variety of anti-resorptive 

treatments have been tried, including calcium supplementation, bisphosphonate agents, 

estrogenic and androgenic hormones, and calcitonin, but none of these has proven effective in 

reversing the low bone formation that accompanies long-term GC use (6).  We found that 

calcium/vitamin D supplementation and nasal calcitonin can slow bone loss but is unable to 

restore lost bone mass (24).  Targeted resistance exercise and bisphosphonates have been shown 

to prevent spinal bone loss in solid organ transplant patients but long-term compliance is 

problematic (10,25,26).  A recent study involving healthy postmenopausal women showed that a 

combination of a bisphosphonate and a high impact exercise program increased bone mass more 
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effectively than bisphosphonate treatment alone (27).  However, follow-up testing 15 months 

after cessation of the intervention showed bone gains had not been maintained.  If these gains 

cannot be maintained in otherwise healthy populations, it is unlikely patients taking GC drugs 

will be able to do so. 

Teriparatide proved more efficacious in preventing and/or reversing GIO.  Unlike the anti-

resorptive drugs such as bisphosphonates, which only slow bone loss, teriparatide has an 

anabolic effect on bone, which may contribute to increased bone microarchitecture and strength.  

Studies using teriparatide have shown increases in bone density at the femur neck and 

particularly the lumbar spine (28-31) and indicate increases are greater with teriparatide than 

with bisphosphonates (32,33).  Fracture reduction has also been associated with the use of 

teriparatide (29,31,34).  A study of postmenopausal women with one to two preexisting non-

traumatic vertebral fractures showed that the vertebral fracture risk following teriparatide 

treatment was reduced by two-thirds and the relative risk of non-vertebral fractures was reduced 

by one-half (29).  To date, there has only been one study examining the efficacy of teriparatide in 

GIO in humans (6).  However, the results of this study were confounded by a simultaneous use 

of hormone replacement therapy, which acts as an anti-resorptive drug on bone.  In that study, 

the combination of estrogen and teriparatide resulted in significant bone density increases in the 

axial skeleton but it is unclear whether teriparatide alone can overcome the deleterious effects of 

GC treatment.   

A number of studies have also shown that teriparatide stimulates bone formation, increases 

cancellous bone volume, architecture, cortical width, and biomechanical properties of bone in 

both mice (35) and humans (29).  Teriparatide has been shown to increase cancellous bone and 

bone mineral density particularly in the axial skeleton (8,35).  Rodents are frequently used as a 
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model for osteoporosis research because they exhibit bone mass changes similar to humans when 

exposed to many osteoporosis-inducing stimuli (5).  While the ovariectomized rat is the most 

commonly used animal model for postmenopausal osteoporosis, the mouse may be a better 

model for glucocorticoid-induced osteopenia (3,5) because researchers have found inconsistent 

responses to GC exposure suggesting rats may be resistant to the effects of GC exposure (36-38).  

Studies in mice which have achieved skeletal maturity (4,5) suggest the efficacy of the Swiss 

Webster strain of mouse in a glucocorticoid-induced model of bone loss (2,5,7).  Bone loss 

patterns in mice exposed to GCs approximate human responses and the response to teriparatide 

in studies suggests the process is similar in both humans and mice, leading us to choose this 

animal for the study (3,5,39).     

There is also a growing recognition that along with bone mineral density (BMD), bone 

architecture should be examined to determine the true efficacy of a treatment (40,41).  This study 

was designed to use both histomorphometry and microCT techniques to determine bone 

responses to GC treatment and whether there was any natural recovery following withdrawal of 

that treatment.  We also, for the first time, determined differing bone response to simultaneous 

treatment with glucocorticoid and teriparatide (prevention) versus subsequent treatment with 

teriparatide after bone loss has occurred (reversal).  

Study Aims 

Research Aim 1.  To measure the changes in bone architecture and bone metabolism 

resulting from teriparatide therapy following, or in conjunction with, GC administration in a 

skeletally mature animal model. 

Hypothesis 1.  In a skeletally mature mouse, teriparatide will reverse bone loss caused by 

4 or 8 weeks of prednisolone treatment. 
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Rationale:  Mice experience dose-dependent loss of bone in response to GC treatment 

over a threshold level of 1.4 mg/kg for as little as 27 days although evidence of increased 

osteoclast numbers appears as early at as 10 days of treatment (4,5).  This study used a dose of 

2.1 mg/kg body weight, consistent with other studies (4,5).  Previous studies using mice have 

shown that chronic GC suppressed bone formation leading to bone loss in both axial and 

appendicular skeletal sites (2-5).   Researchers have noted increased bone resorption (4), 

osteocyte apoptosis (5), and histomorphometric changes consistent with bone loss (2,3) in 

response to GC treatment.  Subsequent treatment with alendronate resulted in increased 

osteoclast apoptosis and prevention of osteoblast apoptosis (4).  However, although alendronate 

slowed GC-induced bone loss, it could not prevent it (4).   

Research Aim 2.  To determine whether there are benefits to treating mice with 

teriparatide as a prophylactic measure by comparing results when GCs and teriparatide are 

administered together versus using teriparatide after glucocorticoid-induced bone loss has 

already occurred. 

Hypothesis 2.  Starting teriparatide therapy at the same time as GC treatment will result in 

less bone loss than starting teriparatide after glucocorticoid-induced osteopenia has developed. 

Rationale:  Numerous studies in humans and animals have shown that GC treatment has 

negative effects on bones.  GCs directly affect bone cells at least in part by increasing osteoclast 

differentiation and activation levels (4,5), and increasing osteocyte and osteoblast apoptosis 

(4,5,42,43).  Teriparatide’s anabolic effects on bone have the potential to slow or reverse these 

effects.  Patients using teriparatide after taking GCs for at least one year showed marked 

increases in bone density at the spine although these results were less evident at the hip (6).  We 

believed a reversal of bone loss would also be seen in GC-treated mice also treated with 
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teriparatide.  We believed treating animals with teriparatide after GC exposure would likely 

attenuate bone loss and allow rebuilding of some microarchitectural features.  Increased 

resorption following GC use can cause loss of trabeculae and we did not expect teriparatide to 

reverse this effect, since teriparatide can only build on existing bone.  However, we believed the 

use of teriparatide after GC exposure would reverse some of the damage and that we would see a 

greater treatment effect when teriparatide treatment was started at the outset of GC exposure.  

We believed beginning teriparatide treatment concurrently with GC would result in less overall 

bone loss since teriparatide would offset the negative effects of the GC drugs.   

Research Aim3.  To determine the extent of unassisted recovery from GC therapy 

compared with recovery using teriparatide. 

Hypothesis 3.  A therapy regimen consisting of 4 weeks of prednisolone use followed by 4 

weeks of teriparatide treatment will result in increased bone mass and improved architecture 

greater than will be seen from natural recovery after withdrawal of GC. 

Rationale:  We expected GC drugs to decrease bone mass and alter bone architecture.  If 

GC use was halted, we believed bone metabolic processes would return to baseline levels and 

there would be a gradual restoration of at least some of the lost bone.  We expected the natural 

repair process to be less robust, however, than if teriparatide treatment had been initiated after 

GC use.  Teriparatide is highly anabolic and increases bone turnover and alters metabolism in 

favor of bone formation.  Although teriparatide would be unable to replace lost trabeculae we 

expected to see increased bone formation on the surface of existing trabeculae. 

Research Aim 4.  Determine the degree to which skeletal responsiveness to teriparatide 

would vary by site (femur versus lumbar vertebrae) based on differences in the prevalence of 

trabecular bone at these sites. 
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Hypothesis 4.  The deleterious effects of GCs and beneficial effects of teriparatide will be 

seen first and most extensively in the vertebrae.   

Rationale:  Human studies indicate that the positive effects of teriparatide following GC 

treatment appear first and to the greatest degree in the lumbar vertebrae (6).  In the only study in 

humans to date examining the effects of teriparatide in GIO, increases in bone density were first 

detected in the spine (6).  Changes in the hip were detected after 12 months of treatment, 

although these increases in bone density were detected after teriparatide treatment had ended 

(44).  Animal studies have yielded mixed results with some finding the greatest changes in the 

vertebrae (2,8) and others finding the greatest change in the femur (45).  These differences may 

reflect postural differences in the models, since there is less mechanical loading on the spine in a 

quadruped.  Nevertheless, we believed the most profound changes would be seen in the lumbar 

vertebrae because this site has more cancellous bone.  

Significance of the Study 

This study lays the groundwork for future human studies.  It is the first step in a research 

sequence that will help define new treatment options to improve the quality of life for patients 

exposed to long-term GC therapy and those facing transplant surgeries.  This study used 

microCT and histomorphometry to compare changes in bone quantity and microarchitecture with 

teriparatide treatment in an animal model of GC exposure.  This study also allowed further 

examination of the specific character of bone loss caused by GC.   

Every year nearly 342,000 people in the United States die from lung diseases, which are 

the 3rd leading cause of death.  Many of these patients are given GC drugs to combat the 

inflammatory conditions of their diseases.  Patients suffering from cystic fibrosis, emphysema, 

and asthma remain on GC treatment for years.  A study commissioned by the American Lung 

Association estimates that in the United States there are 8.6 million patients suffering from 
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chronic bronchitis and 3.1 million with emphysema.  That study also found that 7.7% of adults 

and 8.8% of children and adolescents under age 18 suffer from asthma (46).  With better medical 

treatments, these patients are surviving longer and it is imperative we find a more effective way 

to treat the adverse effects of GCs on bone.  Additionally, many end stage lung failure patients 

will be evaluated for possible lung transplant procedures.  Some transplant centers view 

established osteoporosis as a contraindication to lung transplant surgery since patients will need 

to take a cocktail of immunosuppressant drugs after transplantation and these drugs have 

deleterious effects on bone.  This makes finding an effective treatment for GIO imperative.  In 

the U.S. there have been over 360,000 solid organ transplants since 1988.  In 2005, 23,506 solid 

organ transplants were performed and 90,620 patients remained on waiting lists (47).  Solid 

organ transplantation surgery is increasing over time.  Advances in medical science have 

significantly increased survival times for these patients and preventing or reversing osteoporosis 

is becoming a more important quality of life issue.   
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CHAPTER 2 
MATERIALS AND METHODS 

Background 

This study was designed as a randomized, prospective investigation of the effects of 

teriparatide in treating GC-induced osteopenia in mice.  There is strong evidence that 

glucocorticoids have a deleterious effect on bone.  Teriparatide is the only FDA-approved 

anabolic bone treatment currently available, but it has not been routinely used to reverse GC-

induced bone loss.  This study uses an animal model to assess the effects of the synthetic 

glucocorticoid methylprednisolone succinate (prednisolone) and teriparatide at the tissue and 

cellular level.  To evaluate the efficacy of teriparatide to prevent or reverse GIO, 70 mice were 

randomized among 7 treatment groups receiving a combination of prednisolone, teriparatide, or 

vehicle to determine changes in bone structure and turnover at the end of a 4-week or 8-week 

treatment regimen.  At the end of the treatment regimen, bone samples were collected to 

determine changes in bone structure and architecture.  This protocol was reviewed and approved 

by the Institutional Animal Care and Use Committee (IACUC) at the University of Florida. 

Animals 

The study cohort consisted of 70 male, 7-month old, retired breeder Swiss Webster mice 

(Harlan Sprague Dawley, Indianapolis, IN).  The Swiss Webster, an outbred mouse strain, was 

selected because they are known to have high levels of trabecular bone (7).  Swiss Webster mice 

achieve peak bone density and cease longitudinal growth in the long bones between 5 and 6 

months of age (5) prompting our use of 7-month old mice.  Animals had at least seven days to 

acclimatize to minimize the effects of stress during shipment.  Male animals were used to avoid 

the confounding effects of changes in estrogen levels through the lifecycle of female animals.  
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We used retired breeders because the costs of feeding and maintaining animals until they reached 

the age necessary for the study would have been cost prohibitive.  

Animal Housing Conditions 

Animals were housed in the Special Pathogen-Free (SPF) facility of the Animal Care 

Services (ACS) department at the University of Florida.  Animals were housed one per cage in 

micro-isolator cages that provided animals with filtered air.  Cages were kept in a specially 

designed rack (American Caging Equipment, Allentown, New Jersey) containing spaces for 70 

animals (10 rows with 7 cages per row).  Animal cages were moved each week so that animals 

rotated to different positions within the rack. 

Animals were maintained under standard care conditions with 12 hours light/12 hours dark 

in a climate controlled room with an average temperature of 21 degrees centigrade and humidity 

of  40%.  Animals were fed a standard rodent chow, Teklad Irradiated LM485 mouse/rat chow  

(Harlan, Indianapolis, IN).  This food was irradiated with Cobalt-60 to kill any bacteria or 

viruses present.  The rodent chow had a minimum of 19% crude protein and 5% crude fat and a 

maximum of 5% fiber.  The food contained 0.98% calcium and 0.66% phosphorus.  Food intake 

was not controlled, but food was weighed every three days to determine each animal’s 

consumption.  Food debris on the cage floor was not measured and was assumed to be 

comparable between cages.  Water was available ad libitum and was supplied through an 

automated watering system with the water purified by reverse osmosis.   Animals were also 

provided with a supplemental water bottle.  All procedures on animals were conducted under a 

hood to avoid exposing animals to contaminants.  Animals were weighed using a digital balance 

at the end of their acclimation period, weekly, and prior to sacrifice.  Body weights were used to 

monitor animal health.  
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Study Group Assignment 

Study groups, treatments, and timelines are shown in Figure 2-1. 

START        Weeks 1-4                                Weeks 5-8 GROUP 
 
||   (Baseline Sacrifice)                          BSL CNTL (n=10) 
 
|     VEH                             |     VEH            ________|    8 week Vehicle Cntl (n=10) 
 
|     GC                               |     SACRIFICE_______  |   4 week GC Cntl (n=10)  
 
|     GC                               |     GC                               |   8week GC Cntl  (n=10)  
 
|     GC                               |     VEH            _     |     4 week GC/Natural Recovery (n=10) 
 
|     GC    +  PTH              |     GC + PTH                    |      8 week GC + PTH(n=10)  
 
|    GC                               |      GC +PTH                    |    4 week GC/ 4week GC+ PTH (n=10)  
Figure 2-1.  Study Groups, Treatments and Timelines. 

Animals were the same age (7 months) at arrival and were block randomized to groups 

based on their arrival date at the ACS facility and their body weight.  Each week for seven 

consecutive weeks, 10 animals arrived and were distributed among treatment groups with 1-2 

mice/shipment/group.  

Pharmacological Agents 

Study Drugs 

In this study, prednisolone was used to model glucocorticoid treatment.  After 4 weeks of 

exposure to prednisolone, the drug was discontinued in one group of animals to assess natural 

recovery of the bones.  Other animals continued with glucocorticoid treatment alone or were 

simultaneously treated with teriparatide to see if that drug could prevent or reverse the effects of 

GC on the bones.  Animals receiving teriparatide received subcutaneous injection of 40ug/kg 

body weight/day, a dose commonly used in studies using mice (8,35).  All study drugs and 

vehicles were formulated so that each animal received a subcutaneous injection volume of 

approximately 0.1 ml/injection.  Animals were restrained by hand and each animal received two 
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injections per day.  Study drugs or vehicle was administered sequentially at approximately the 

same time of day throughout the study.  All study drugs were prepared under sterile conditions. 

Prednisolone Succinate 

Prednisolone (Webster Veterinary Supply, Sterling MA) or vehicle (sterile saline) was 

administered at a dose of 2.1 mg/kg/day, 6 days/week.  The drug was purchased in liquid form at 

a concentration of 20 mg/ml and diluted with sterile saline.  Prednisolone was prepared fresh 1-2 

times per week under sterile conditions in a biochemistry lab in the College of Health and 

Human Performance.   

Teriparatide 

Teriparatide (Bachem, Torrence, CA) is a recombinant PTH that consists of the same first 

34 amino acids found in endogenous PTH.  The anabolic action of the drug has been found to 

reside in this fragment (48).  This drug is currently FDA-approved for use in humans to treat 

severe osteoporosis.   

Teriparatide was purchased in powder form and dissolved in an acidified, 2% heat-

inactivated mouse serum stock solution (vehicle) using a formulation used in previous rodent 

studies (49).  Specifically, heat-inactivated mouse serum (obtained from adult, male Swiss 

Webster mice) was used to make a stock serum solution that was used as vehicle and to dissolve 

teriparatide.  The serum stock solution was prepared by mixing 0.1 ml 0.001N HCL and 97.9 ml 

sterile saline.  The sterile saline and HCL was filtered using a 0.2 micron millipore filter and 2 

ml of heat-inactivated serum was then added.  The serum stock was divided into 1.5 ml aliquots 

and stored at -20 degrees C until needed to dilute the PTH stock solution or for use as vehicle.   

To prepare the PTH stock, 1 mg of teriparatide was diluted in 1 ml of the serum stock 

solution.  The PTH stock solution was then divided into 10 μl and 20 μl aliquots and stored at -

800 C until needed.  Storing the PTH stock in small quantities ensured no aliquot was thawed 



 

27 

more than twice.  Dissolved teriparatide, was administered at a dose of 40ug/kg/day, 6 

days/week subcutaneously in a volume of approximately 0.1 ml/mouse depending on body 

weight.   

Flurochrome markers 

Flurochrome markers (demeclocycline and calcein) were injected to label actively 

mineralizing bone.  Animals were injected subcutaneously on a pre-determined schedule prior to 

sacrifice.  These flurochromes bind to calcium and are incorporated into newly forming bone.  

They provided a means of determining the amount of bone mineralized between flurochrome 

treatments. This is a technique commonly used in histomorphometric analysis of bone formation. 

Demeclocycline 

Animals were injected with demeclocycline (Sigma, St Louis, MO) at a dosage of 15 

mg/kg SC 11 and 10 days prior to sacrifice.  This drug produces a dull orange fluorescent band 

on bone that can be seen under ultraviolet light when it binds to calcium in newly formed bone. 

Demeclocycline was purchased in powder form and dissolved in sterile saline.  The 

mixture was stirred for at least two hours to insure the demeclocycline completely dissolved.  

Demeclocycline was prepared fresh the morning of the 11th day prior to sacrifice and used for 

the -11 and -10 day injections.  Any remaining volume was then discarded. 

Calcein 

Animals were injected with calcein (Sigma, St Louis, MO) SC at a dosage of 15 mg/kg at 4 

and 3 days prior to sacrifice.  This drug binds to calcium in newly forming bone and appears as a 

bright green band that can be seen under ultraviolet light.  Calcein was purchased in powder 

form and prepared for injection by dissolving it in sterile saline buffered with sodium 

bicarbonate.  Calcein was prepared fresh the morning of the 4th day prior to sacrifice and used 

for the 4- and 3-day injections.  Remaining calcein was then discarded. 
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Anesthesia and Euthanasia 

Animals were anesthetized using inhaled isoflurane (2-3.5%) with oxygen as the carrier 

gas using an anesthesia cart with a charcoal filter scavenger attached.   Animals were placed one 

at a time into the anesthesia chamber.  The isoflurane gas was started and the animals were 

observed until unconscious.  They were then removed from the chamber and deep anesthesia 

confirmed by a lack of motor responses to a pinch of the foot.  The animals were euthanized by 

exsanguination from the aorta, followed by cervical dislocation.   

Bone Harvesting 

Femurs and lumbar vertebrae were harvested to assess (via histomorphometry and 

microCT) the bone response to treatment in the appendicular and axial skeleton, respectively.  

Both femurs and vertebrae (13th thoracic through 5th lumbar, T13-L5) were excised from each 

animal.  The femur was disarticulated from the acetabulum and the tibia using a scalpel.   A 

scalpel was also used to shave off the cranial surface of the distal femur to expose the growth 

plate and metaphysis.  The bone was then cut at about the mid-point using a hand-held saw or 

bone shears.   

The lumbar vertebrae were harvested through an incision on the ventral side of the animal.  

Internal organs were removed and the ventral portion of the vertebral area gently scraped with a 

scalpel to allow visualization of the vertebrae and intervertebral disks.  The lumbar vertebrae 

were identified by first locating the floating ribs (T11 – T13).  A cut was made through the 

intervertebral disk cranial to the last thoracic vertebrae (T13).  The area of the vertebral column 

to be removed was identified by counting intervertebral disks, which were visible as white bands 

on the ventral aspect of the spinal column.  A second incision was made through the 

intervertebral disk caudal to the fifth lumbar vertebra.  This allowed T13 and lumbar vertebrae 

L1-L5 to be removed as one section.  Removal of T13 with the lumbar vertebrae made it easier 
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to identify the cranial and caudal ends of the lumbar vertebrae and, therefore, to identify 

individual vertebrae.   

The femurs and lumbar vertebrae were stored in 20-ml glass scintillation vials in 

phosphate-buffered formalin for 24 hours.  After 24 hours, the formalin was poured off and 

replaced with 70% alcohol.   The bones were then kept at 4 degrees C until microCT and 

histomorphometric assessment. 

Study Measures 

Anthropomorphic Measures 

Animal weights were obtained using a digital scale (Ohaus Scout Pro, Pine Brook, New 

Jersey).  Animals were placed in a weighing bucket to minimize movement and improve 

weighing accuracy.  Animals were weighed after their acclimation period, weekly during the 

study, and prior to sacrifice.  Animal weights were used to determine individual drug dosages 

and to monitor the health of the animals. 

The left femur from each animal was measured using an electronic digital caliper (Little 

Machine Shop, Pasadena, CA) to confirm lack of longitudinal growth of the femur over time 

among groups.  Each bone was measured twice and the average of these measurements was used.  

The electronic caliper was zeroed between each measurement.   

Histomorphometry 

Bone specimen preparation for histomorphometric analysis was carried out at the Wronski 

Lab, Department of Physiological Sciences, University of Florida using established protocols 

described elsewhere (50,51).  In brief, the right femur and lumbar vertebrae L3 were dehydrated 

in increasing concentrations of ethanol over a 1-week period and cleared in xylene for 24 hours.  

The samples were then embedded undecalcified in modified methylmethacrylate to facilitate 

sectioning.  The embedding process involved treating the bones in a series of four 
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methylmethacrylate solutions (with increasing amounts of a catalyst) that progressively 

infiltrated the bone over a period of 9 days.  The bones were then placed uncapped in a vacuum 

dessicator for 6-8 hours.  Subsequently, the bones were positioned in the center of the vial to 

optimize the sectioning process and placed in a water bath at 42° C over night.  The heat caused 

the methylmethacrylate to polymerize and harden.  Once the methylmethacrylate hardened, the 

glass vial was broken and removed leaving a plasticized block containing the bone.   

The embedded bones were sectioned longitudinally at 4- and 8 µm thickness using 

Leica/Jung 2050 or 2165 microtomes.  Six non-consecutive 4 µm sections and 6 non-consecutive 

8 µm sections were cut and mounted on gelatinized glass slides.  The two best 4 µm and two best 

8µm sections were selected for analysis.  The 4 µm sections were stained for assessment of static 

(structural and cell) measurements while the 8 µm sections were coverslipped unstained for 

evaluation of dynamic measurements.   

Static bone measurements 

The 4 µm thick sections were stained according to the Von Kossa method with a 

tetrachrome counterstain (Polysciences Inc., Warrington, PA) (50).  This stain causes 

mineralized bone to appear black and bone cells and osteoid to stain blue.   

Static structural and cellular endpoints were measured in two 4 μm stained sections using 

the Trabecular Analysis System (TAS)/Osteomeasure System (Osteometrics Inc., Atlanta, GA) 

or the Bioquant Elite Bone Morphometry System (R&M Biometrics, Nashville, TN).  Endpoints 

measured or calculated included 

• Cancellous bone volume/total volume (BV/TV, %) (percentage of total marrow area 
occupied by cancellous bone) 

• Trabecular width (Tb.Wi, µm) (1.99 x B ar/2/ b Pm) 

• Trabecular number (Tb.N, #/mm)  (BV/TV)/Tb.Th) 
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• Trabecular separation (Tb.Sp,µm) ((1/Tb.N) – Tb.Th) 

• Osteoblast surface/bone surface (Ob.S/BS, %) (percent of bone surface lined by osteoblasts) 

• Osteoclast surface/bone surface (Oc.S/BS, %) (percent of bone surface lined by osteoclasts) 

For evaluation of structural endpoints using TAS, the bone section was magnified 2x and a 

video capture system was used to take an image of the bone.  The region of interest (ROI) is 1.5 

mm2, beginning 0.5mm proximal to the growth plate and extending back toward the diaphysis.  

The ROI was also 0.25 mm from the cortical bone on either side of the femur.  TAS software 

allowed the user to modify the video image to match the bone section and the software then 

calculated the amount of bone present within a region of interest.  This data was then used to 

calculate Tb.N, Tb.Th, and Tb.Sp as defined above. 

Ob.S and Oc.S were measured using the Bioquant Elite Bone Morphometry System.   This 

system allowed us to manually trace the total perimeter of cancellous bone as well as the portions 

of cancellous bone surface covered by osteoblasts and osteoclasts to calculate the proportion of 

the total cancellous bone covered by these cells. 

Dynamic bone measurements 

Dynamic bone analysis was accomplished using flurochrome-based data collected from 

unstained 8 µm femur sections using the Osteomeasure System.   Two sections from each animal 

were used and the results averaged.  Flurochrome data was used to determine 

• Mineralizing surface (MS/BS, %) (percentage of cancellous bone surface with a double 
flurochrome label; MS/BS is a dynamic index of bone formation). 

• Mineral apposition rate (MAR, µm/day) (distance between the two flurochrome labels 
divided by the number of days between label administration; MAR is an index of osteoblast 
activity). 

• Bone formation rate/bone surface (BFR/BS, um3/um2/day)  (MS x MAR; volume of new 
bone formed per unit of total bone surface per unit time)  
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The slides were magnified at 200X on the microscope and displayed at 250X on the 

computer monitor.  The area of interest was defined as the area beginning approximately 0.5 mm 

proximal to the end of the growth plate and consists of a series of fields that, combined, equal a 

cancellous bone area approximately 1.5 mm X 1.5 mm that is about 375 µm from the cortex.  

The cancellous bone (with and without flurochrome labels) was outlined using a digitizing tablet.  

Then, the inner and outer flurochrome labels were outlined where double labeling exists and the 

distance between these two lines was measured at 4 approximately equidistant points.  The 

software then calculated the MS, MAR, and BFR/BS as defined above.    

MicroCT 

MicroCT was used for nondestructive three-dimensional evaluation of bone 

microarchitecture.  MicroCT identified subtle changes in three-dimensional bone architecture 

that cannot be detected by histomorphometry.  The bones were scanned using a Scano 

microCT40 scanner (Scanco Medical AG, Basserdorf, Switzerland).  Cancellous bone in the LV 

and femoral metaphysis was evaluated.  

Femur 

Prior to placement in the microCT, the femurs were first cleaned of non-skeletal 

connective tissue and muscle and placed between two thin Styrofoam pads.  The Styrofoam pads 

help kept the samples from moving during the test.  The bones and padding were placed in a 

specially designed tube that was 12.3 mm in diameter.  Three femurs were loaded into the tube 

and scanned sequentially.  The tube was then filled with 70% ETOH and covered with parafilm.  

The samples were scanned at medium resolution at a voxel size of 12.3 x 12.3 x 12.3 μm.  

Scanning took approximately one hour per bone.  Reconstruction of the bones following the scan 

took an additional hour per bone.  The volume of interest in the distal femur consisted of 1.8 

mm2 starting at the growth plate and moving toward the diaphysis. Of the 120 – 180 slices 
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scanned, 150 were analyzed.  Twenty slices (approximately 0.25 mm) of cortical bone were also 

analyzed in the femoral midshaft.  The VOI for cortical bone began at the midpoint of the femur 

and included 55 slices toward the proximal femur.  Of the 55 slices scanned, 20 were analyzed.  

Direct cancellous bone measurements in the femur included: 

• total tissue volume (combined volume of cancellous bone and bone marrow in the volume 
of interest (VOI) 

• Cancellous bone volume (volume in the VOI occupied by cancellous bone)  

• Trabecular thickness  

• Trabecular number   

• Trabecular separation 

• Cortical thickness was measured in a sample from the mid-shaft   

 
     Once the bone was scanned and reconstructed, drawing tools provided with the software were 

used to outline the area of interest (AOI).  Every tenth slice was contoured by hand and the 

software extrapolated the AOI to the remaining slices.  A visual inspection of each slice was 

done to ensure no cortical bone was included in the cancellous ROI.  The ROI for the distal 

femur scanned consisted of the cancellous bone proximal to the growth plate extending to about 

1.8 mm toward the diaphysis .  The cortical bone analyzed began at approximately the center of 

the diaphysis to a point 20 uCT slices (250 μm) toward the distal metaphysis.   

Vertebrae 

The second lumbar vertebrae (L2) was analyzed using uCT.  First, L2 was separated from 

the rest of the vertebrae and non-skeletal connective and muscle tissue was removed.  The 

vertebrae were scanned eight at a time.  The spinal canal of each vertebra was threaded onto a 

slender wooden holder and a small piece of Styrofoam was placed at the bottom of the wooden 

holder, between each vertebrae, and at the top of the holder.  This held the vertebrae upright and 
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helped controlled movement during the scan.  A scout scan was run to identify the area for 

analysis and then the scan proceeded automatically.  The samples were scanned at medium 

resolution at a voxel size of 12.3 x 12.3 x 12.3 μm.  The scan took approximately one hour per 

bone and required an additional hour per bone reconstruction time prior to analysis.  As with the 

femoral metaphysis, cancellous bone measurements in the vertebrae included 

• Total tissue volume 
• Cancellous bone volume 
• Trabecular thickness 
• Trabecular number 
• Trabecular separation.   

 

The AOI for the vertebra included all of the secondary cancellous bone between the two 

growth plates.  Once the bone was scanned and reconstructed, the software drawing tools 

provided were used to contour the AOI at every sixth slice.  The software then extrapolated the 

AOI to the other slices.  All slices were reviewed to ensure no cortical bone was included in the 

AOI. 

Statistical Analysis 

A power analysis was conducted to determine adequate sample size  using data from a 

study evaluating the effects of treating Swiss Webster mice with the same prednisolone dosage 

proposed for this study (5).  The present study was designed to achieve a power of at least 0.80.  

Power analysis using SAS version 4.0 (SAS Institute Inc., Cary NC) indicated eight animals per 

group would result in a 0.87 power.  Each group in this study contained 10 animals to insure 

study power was not compromised if any animals had to be removed from the study prematurely. 

Data is presented in table format as mean ± standard deviation (SD) and bar graphs with mean ± 

standard error for continuous variables, and as percent change for statistically significant 

differences between groups.  Statistical analysis on data was conducted using SPSS 10.0 
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statistical software (SPSS Inc, Chicago, IL). Data was analyzed using the nonparametric 

Kruskal-Wallis test (52).  When significant treatment differences were observed, between-group 

comparisons were performed using the Mann Whitney test of independent samples. 
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CHAPTER 3 
LITERATURE REVIEW 

This chapter is divided into two parts.  Part A will present a general overview of bone 

structure and metabolism, including a look at the various types of bone cells that contribute to 

the remodeling process.  The four phases of bone remodeling:  activation, resorption, reversal, 

and formation are also described.  In the remodeling process, bone is first resorbed and then new 

bone is deposited.  There is still much we do not understand about this process and how lifestyle, 

health, and pharmacologic interventions can influence the balance.  The second part of this 

chapter describes the effects of two pharmacological agents, one catabolic (prednisolone) and 

one anabolic (teriparatide), on bone remodeling.  Normal levels of remodeling are altered by 

both of these drugs, but in different ways, and Part B of this chapter will describe what we know 

about the influences of these drugs on the mouse model. 

Bone Biology 

Structure of Bone 

There are two basic types:  cortical and cancellous.  Cortical bone is the hard outer layer of 

bone and is denser than cancellous bone, which is found closer to the bone marrow.  By volume, 

cortical bone makes up about 80% of the adult human skeleton.  The remaining 20% is the more 

changeable cancellous bone.  In contrast to the hard and only slightly porous cortical bone, 

cancellous bone is a complex three-dimensional network of curved plates and rods in close 

association with bone marrow and is enclosed by cortical bone.  Cancellous bone is made up of a 

lattice of large plates and rods collectively called trabeculae.  The inner or endocortical side of 

cortical bone within the medullary cavity (53). 

Cancellous bone is mainly found in bones of the axial skeleton, in flat and irregular bones, 

and in the ends of the long bones (53).  This type of bone experiences deformation when loaded 
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and is better able to bear loads without becoming damaged (54). The lattice-like structure of 

cancellous bone means its surface-to-volume ratio is higher than that of cortical bone.  Since 

remodeling takes place at the surface of bones, the greater relative surface area of cancellous 

bone means remodeling takes place there at a rate ten times greater than in cortical bone (53,55).  

Thus, when there is an imbalance leading to more bone resorption than formation, the effects 

will be most apparent in cancellous bone such as that found in the vertebrae and the ends of long 

bones.   

Bones do not contain cortical and cancellous bone tissue uniformly.  A typical long bone 

has 3 regions that vary in composition.  The diaphysis, the shaft of the bone, is comprised mainly 

of cortical bone.  The ends of the long bones, known as the epiphyses, are to a large degree 

cancellous bone, as are the metaphyses, the conical section of bone connecting the epiphysis and 

diaphysis.  Cancellous bone is made up of plates of bone tissue and loss results in a gradual shift 

from plate-like to rod-like structures as the dominant elements (56).  This contributes to 

increased fragility of the bone, since spaces within the bone increase as the “struts” connecting 

one section to another disappear.  Electron microscopy of an older person’s bones shows wider 

spaces and fewer structural connections.  This has important implications for bone strength since 

trabecular struts, once lost, cannot be replaced (56).  Trabecular compromise occurs when 

osteoclasts erode a cavity too deeply or when the osteoblasts are unable to lay down a sufficient 

amount of replacement bone (56).     

The major components of cortical and cancellous bone are type 1 collagen, water, 

hydroxyapatite mineral, and small amounts of proteoglycans and noncollagenous proteins.  Type 

1 collagen is a structural protein found mainly in bone and tendons.  Hydroxyapatite, 

Ca10(PO4)6(OH)2, makes up virtually all of the mineral in bone and represents the major 
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storehouse for the body’s calcium.  Calcium is taken in or released based on fluctuating plasma 

calcium levels and the presence of the major calcium regulating hormones, PTH and calcitonin.   

Bone Cells 

Bone cells include osteoclasts, osteoblasts, osteocytes, and bone-lining cells.  Each cell 

type is critical to bone remodeling and these cells have complex mechanisms of communication 

that control their actions and interactions.  These cells generally operate in balance with each 

other, although aging, some disease conditions, and certain drugs can alter that balance.  There is 

ample opportunity for the balance in bone metabolism to shift toward more resorption than 

deposition since the osteoclast is able to resorb in one day an amount of bone that osteoblasts 

need several days to replace.   

Osteoclasts 

Osteoclasts are large, multinucleated cells associated with bone resorption.  Osteoclasts 

originate from hematopoietic stem cells in the bone marrow and travel via the circulatory (or 

perhaps the lymphatic) system.  Mature osteoclasts are responsible for bone resorption, where 

bone is broken down and the calcium within liberated.  Osteoclasts adhere to bone by means of 

an actin ring that is anchored to the extracellular matrix by integrins.  This forms a sealing zone 

that creates a microenvironment between the osteoclast and the surface of the bone that will be 

resorbed (57).  When osteoclasts attach to bone, the cell is polarized and generates a ruffled 

border.  It is at this ruffled border that vesicles containing cathepsin K and membrane-bound H+ 

ATPase exist.  Cathepsin K, an acidic collagenase, degrades the organic component in bone 

(type 1 collagen) while the H+ ATPase secretes hydrochloric acid into the sub-cellular space and 

dissolves hydroxyapatite (58).    

Osteoclasts are found in cavities on the bone surface, which they themselves form, called 

resorption pits or Howship’s lacunae.  Interestingly, although associated with resorption, 
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osteoclasts have no receptors for PTH, the main endogenous mediator of bone breakdown.  

Instead, osteoclasts have receptors for calcitonin, a hormone that inhibits bone resorption (59). 

Osteoblasts 

Mature osteoblasts are bone-forming cells that typically reside on the bone surface where 

they secrete unmineralized matrix, called osteoid, during the bone formation process.  They also 

participate in calcification of bone and regulate the movement of calcium and phosphate into and 

out of the bone.  These cells are normally cuboidal in shape.  Osteoblasts themselves produce 

and secrete a number of substances important to bone metabolism including type 1 collagen, 

non-collagenous matrix proteins such as osteocalcin and osteonectin, growth factors, 

prostaglandins E1 and E2, Receptor Activator of Nuclear factor kappa B ligand (RANKL) and 

osteoprotegerin (OPG) and cytokines including interleukin (IL)-1, IL-6, and 11, TNF, and TGF-β 

(60).  Although osteoblasts are most noted for bone formation, they also help control bone 

resorption since they have receptors for PTH and secrete OPG and RANKL.     

In humans, osteoblasts secrete osteoid at the rate of about 1 micrometer per day.  This 

means that either the lifespan of the osteoblast is quite long or that multiple generations of 

osteoblasts are involved in refilling a given resorption pit since these pits can be quite deep 

(61,62).  When the osteoblast has finished secreting osteoid, it returns the preosteoblast pool, 

transforms into a bone-lining cell, gets buried as an osteocyte, or dies (53).   

Osteocytes  

Osteoblasts which become trapped in the osteoid they secrete are called osteocytes.  Each 

lacunae contains only a single osteocyte.  These cells maintain contact with each other and with 

bone-lining cells via slender processes that reach through the canaliculi of the bone at the gap 

junctions.  There are gap junctions between adjacent bone-lining cells and between bone-lining 

cells and osteocytes.  Osteocytes are thought to be involved in detecting microfractures and the 
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cell signaling that begins the process of  remodeling (53,61,62).  They may also be involved in 

storing mineral ions following a meal rich in calcium and in transporting minerals from deeper 

skeletal reservoirs to the extracellular fluid compartment after resorption (53).  

Bone Lining Cells  

The final major bone cell type is the bone-lining cell.  These are long, flat cells that cover 

quiescent (or resting) bone surfaces, where bone is neither being resorbed nor formed.  Like 

osteocytes, bone lining cells originate from osteoblasts.  They differ from osteocytes, however, 

in that they remain on the bone surface rather than being buried in the matrix.  As bone 

formation ends, bone lining cells remain on the newly formed bone surface.  They communicate 

with osteocytes and each other through gap junctions.  The bone lining cells assist the osteocytes 

in moving mineral in and out of the bone and may also play a role in sensing mechanical strain 

on bone (63).   

Bone Remodeling 

Bone remodeling is the term used to describe the processes of resorbing old bone and 

depositing new bone at the same site.  Bone remodeling is an on-going “housekeeping” activity 

of healthy bone.  Even in the absence of external stimuli there will be remodeling activity.  This 

process of remodeling is most obvious in its accelerated form when there is a fracture and the 

body quickly moves to repair the damage.  On a more subtle scale, however, the body is 

constantly replacing old bone and repairing microfractures, the damage caused by daily activity.  

Repair of this damage helps keep the bones strong by preventing structural weaknesses from 

accumulating.  Continual remodeling helps bone maintain strength and structural integrity, so 

long as there is a balance between resorption and deposition.  In the aggregate, what determines 

whether more bone is being formed or resorbed is the relative amount of each activity.  

Hormones such as estrogen, growth hormone, insulin, parathyroid hormone (PTH), testosterone 
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and agents like fluoride and aluminum directly or indirectly affect the balance to varying degrees 

(53,61,62,64,65).   

Basic Multicellular Units (BMUs) orchestrate bone turnover, removing mechanically 

unneeded bone and repairing microdamage by laying down new bone.    BMUs consist of 

osteoclasts and osteoblasts that congregate at a specific area of the bone where they have been 

drawn, possibly by the signaling activity of osteocytes (66).  In cortical bone the BMU tunnel in 

a cone-like pattern through the bone while in the trabecular bone BMUs scallop the surface of 

the trabeculae to form a trench (39,43).  The BMU remodels bone in four distinct phases:  

activation, resorption, reversal, and formation. When not involved in remodeling, bone is said to 

be quiescent. 

Bone remodeling begins when a quiescent skeletal surface is activated.  The activation 

phase is characterized by a retraction of the bone lining cells at the activation site and formation 

of new blood vessels that will bring osteoclasts to the resorption site.  This exposes mineralized 

bone surface which may act as a chemoattractant for osteoclast precursor cells (53,61,62).  

During the activation phase, preosteoclasts fuse to form the characteristic multinucleated mature 

osteoclasts which will attach themselves to the exposed bone surface (43).   

The resorption phase begins when the multinucleated osteoclasts begin to resorb bone at 

the remodeling site.  The osteoclast, with its ruffled border, attaches to the area of the bone to be 

resorbed; here the osteoclast and the underlying bone form the microenvironment into which the 

osteoclast secretes acids.  When the osteoclast secretes acids into this microenvironment, the 

collagen matrix breaks down, forming concave pits called resorption pits or Howship’s lacunae.  

In humans, the resorption pits have an average erosion depth of 60 micrometers in trabecular 

bone and about 100 micrometers in cortical bone.  The osteoclasts can erode up to tens of 
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micrometers per day (61).  The whole process of resorption takes 1-3 weeks and culminates with 

the release of calcium and other compounds from the matrix of the dissolved bone.  The end of 

resorption is marked by osteoclasts migrating from the bone surface to nearby marrow spaces, 

where they hibernate or die (67).   

The third stage of remodeling, reversal, is characterized by preparations to lay down new 

bone.  Phagocytes smooth out ragged edges left by the osteoclasts and a thin layer of collagen 

and matrix, referred to as a cement line, is laid down.  Osteoblasts are drawn to the area through 

as yet not understood mechanisms.  Osteoblasts may be stimulated to mature by signals from 

compounds such as growth factors released from the bone itself when it breaks down.  Some 

believe these signals occur when the calcium released by resorption activates calcium receptors 

on osteoblasts.  This, theoretically, helps insure bone resorption does not get out of control, since 

the more resorption there is, the more osteoblasts would be stimulated to form new bone (68).  

Once at the remodeling site, osteoblasts adhere to the cement line where they begin filling in the 

resorption cavity with osteoid (43).   In the final phase of remodeling, known as formation, new 

osteoid is secreted by the osteoblasts.  Under normal conditions, if there is sufficient calcium 

available, the new bone is mineralized.  Flurochrome labeling is often used to measure this 

process. 

In humans, the entire sequence of resorption and formation at a given remodeling site takes 

place over a period of several months and it is estimated that the lifespan of a BMU is about 6-9 

months (43,64,68).   In healthy adults between 3 and 4 million BMUs are activated annually, 

with about 1 million operating at any given time (43).  The remodeling cycle in animals follows 

the same sequence of events but the time required is significantly less.  This accelerated response 
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in animals makes them an attractive model to predict the effects of conditions and treatments in 

humans  

Remodeling Balance :  The RANKL/OPG/RANK Axis 

The balance of bone remodeling is controlled by hormones and paracrine influences 

originating from osteoblasts or stromal cells.  The discovery of RANKL and OPG was an 

important milestone in bone research since this helped explain a seeming paradox of bone 

remodeling.  Namely, that many of the hormones, cytokines, and growth factors that regulate 

osteoclast activity have receptors on the osteoblast (69).  Researchers had also noted that cell 

cultures of osteoclast precursors physically separated from osteoblasts did not develop into 

functional osteoclasts (65) and osteoclast apoptosis increased, indicating a close relationship 

between osteoblasts and the production and differentiation of osteoclasts.  RANKL is produced 

by osteoblasts and binds to RANK receptors on osteoclasts and osteoclast precursors where it 

stimulates differentiation and greater activity of osteoclasts.  OPG is also produced by 

osteoblasts but is a decoy receptor that competitively binds RANKL.  The amount of bone 

resorption is modulated at least to some extent by the ratio of RANKL to OPG.   

It is the ratio of RANKL to OPG, and not just the level of RANKL, that seems to govern 

whether bone remodeling favors formation or resorption so it is important to see what substances 

influence the ratio (70).  OPG production is stimulated by 1,25 dihydroxy vitamin D3, BMP-2, 

TNF-α , IL-1α and -1β, and estrogen (1,71).  The resulting increase in OPG production removes 

additional amounts of RANKL, thus decreasing the amount of RANKL available to bind to 

RANK which results in reduced osteoclast differentiation and activity.  Many circumstances lead 

to increased RANKL production, such as glucocorticoid use, lack of estrogen, and it is often 

present in diseases like rheumatoid arthritis.   
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Effects of Glucocorticoid Drugs and Teriparatide on Bone 

GCs inhibit the formation of osteoblasts and osteoclasts, increase apoptosis in osteoblasts, 

and interfere with normal bone remodeling.  While the negative effects of GCs on bone have 

long been recognized, the mechanisms remain to be fully understood (72-75).  Glucocorticoids 

bind to a cytoplasmic glucocorticoid receptor (GR) found on osteoblasts (76).  The receptor is a 

ligand-operated transcription factor.  When not bound, the receptor is located in the cytoplasm as 

a protein complex.  When activated, the complex dissociates and the receptor moves into the 

nucleus and binds to regulatory elements in the promoter regions of certain anti-inflammatory 

genes (77-79).  The GR also inactivates inflammatory genes by binding to transcription factors 

activator protein-1 (AP-1) and nuclear factor kappaB (NF-KB) (77,78)  With these transcription 

factors bound there is inhibition of pro-inflammatory cytokines such as IL-1β, IL-4, IL-5, and 

IL-8, and TNF-α (77).  Genomic effects begin probably no sooner than 30 minutes after GC 

administration, and are initiated by binding of the steroid to cytosolic receptors.  Nongenomic 

effects occur sooner, often within a few minutes, and are mediated by membrane-bound GC 

receptors (74).  There appears to be general agreement that GCs cause decreased bone formation; 

the case is not so clear for bone resorption (21,23). 

Systemic Effects of Glucocorticoid Drugs 

GCs exert a number of effects, both direct and indirect, that influence bone metabolism. 

(see Table 3-1). The direct effects of glucocorticoid drugs are those that effect the bone cells 

themselves and includes actions that effect osteoclasts, osteoblasts and osteocytes.  Direct effects 

also include influences on the production of RANKL and OPG and influences on various bone-

related growth factors.  Indirect effects include influences on organ systems that influence 

calcium metabolism. 
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Table 3-1.  Common Effects of Glucocorticoid Therapy.   
Direct Effects Indirect Effects 
    Increased Osteoclast formation     Increased Urinary Calcium Excretion 
    Increased Osteoblast apoptosis     Increased Intestinal Calcium Absorption 
    Increased Osteocyte apoptosis     Decreased GH production 
    Increased RANKL     Hypogonadism 
    Decreased Osteoblast #s and activity     Impaired renal function 
    Decreased OPG     Secondary Hyperparathyroidism 
    Decreased Type I Collagen Production  
    Decreased skeletal growth factors 
    (IGF-1, TGF-β) 

 

RANKL = Receptor activator of nuclear factor (NF)-kB ligand; OPG = Osteoprotegerin; IGF-1 = Insulin-like 
Growth Factor; TGF- β = Tumor Growth Factor- β; GH= Growth Hormone. 
 
Direct Effects of Glucocorticoids 

The effects of GCs on osteoblasts are potent, causing pre-osteoblasts to differentiate to 

adipocytes and decreasing synthesis of type I collagen by mature osteoblasts (80,81).    GCs also 

decrease the ability of osteoblasts to adhere to the extracellular matrix and promotes matrix 

breakdown by stimulating the activity of interstitial collagenase.  Additionally, GCs amplify the 

response of osteoblasts to endogenous PTH by increasing the number of PTH receptors on the 

cell (23).  The osteoblast lifespan decreases, leaving less time for synthesis of bone matrix and 

mineralization.  Taken together, these effects result in a significant decrease in bone formation as 

evidenced by sharp reductions in circulating levels of osteocalcin even at low doses (~ 5mg/day 

in humans) of GC (76,82).  GCs also inhibit a number of growth factors such as IGF-1, which 

increase the synthesis of type I collagen, and decrease collagenase 3 expression (80).   

Although there is general agreement that GC use decreases bone formation, it is less clear 

whether GCs increase bone resorption (23,74,83).  Studies of bone cells in vitro have variously 

shown stimulation and inhibition of osteoclasts in cell cultures (23,83) in response to GC, and 

decreased apoptosis of mature osteoclasts (75).  Some histomorphometric studies have found 

increased resorption (84) in the presence of GCs but serum and urine markers of bone resorption 

have shown inconsistent results (84).   
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GC treatment increases osteoblast production of RANKL and colony-stimulating factor 

(CSF)-1 (also known as macrophage-colony stimulating factor or M-CSF) (81).  The 

combination of M-CSF and RANKL stimulates osteoclastogenesis.  At the same time RANKL is 

increasing, OPG levels decrease.  GC drugs have been shown to inhibit OPG mRNA by 70-90%, 

increase mRNA levels of RANKL and RANKL/M-CSF-induced TRAP activity by over 50% 

(1,60,85).  This has the potential to shift the bone remodeling balance in favor of resorption by 

increasing osteoclast formation. 

With GC use in humans, there appears to be an early increase in bone loss which 

moderates over time, creating a biphasic response (76,80,86,87).  One explanation for early 

increases in resorption that subside later is the influence of GCs on induction of IL-6 receptors in 

bone (87).  Since IL-6 is a cytokine important in osteoclast recruitment, any increase in the 

number of receptors in skeletal tissue could increase bone resorption by recruiting more 

osteoclasts.  At the same time, GCs also inhibit osteoblastogenesis.  Declining numbers of 

osteoblasts eventually will produce less aggregate RANKL, causing reduced osteoclastogenesis 

as well (88).  That may explain observations that the greatest bone losses from GC use are 

experienced early in treatment and the rate of loss decreases and levels off over time.   

Indirect Effects of Glucocorticoid Drugs 

In addition to the direct effects of GC on bone metabolism there are also indirect effects 

that similarly result in bone loss over time.  The indirect effects of GCs on bone involve a 

number of organ systems in the body and are summarized in Table 3-1. 

Decreased intestinal absorption of calcium 

GC use results in a decrease in calcium absorption in the intestines (80).  Although the 

mechanism is not entirely understood, GCs appear to effect the duodenum by inhibiting active 
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calcium transport, decreasing the production of calcium-binding proteins and possibly increasing 

the degradation of 1,25(OH)2 vitamin D at its binding site (21,74,76,86).   

Increased renal elimination of calcium 

Increased renal excretion of calcium may be due to a reduction in reabsorption of calcium 

in the distal tubule of the kidney (74,76).  In the presence of GCs, the kidney tubules handle 

sodium and calcium cations differently (86).  GC treatment increases activity of epithelial Na+ 

channels, passive sodium channels on the apical membrane of the distal tubules and conducting 

duct cells and this increases the activity of Na+/ Ca2+ antiport pumps, resulting in increased 

calcium extrusion (86).  Increased renal calcium excretion coupled with decreased intestinal 

absorption may lead to secondary hyperparathyroidism (23,74).  It is unclear how this affects 

overall bone remodeling, however.  It was once believed that secondary hyperparathyroidism 

accounted for GC-mediated changes in bone, but research now suggests the situation is much 

more complex and dynamic (72).  Even in cases where secondary hyperparathyroidism occurs, it 

does not explain the trabecular bone loss seen with GC use (80).  In patients with secondary 

hyperparathyroidism, bone remodeling is increased (80) and the main effects are seen in cortical 

bone (81) instead of the decreased remodeling that primarily affects cancellous bone as seen in 

GIO.  

Antagonistic action on gonadal functions 

  Researchers have identified a direct GC-mediated effect on the production of gonadal 

steroids in men and women (74).  It is believed GCs suppress the hypothalamic-pituitary-adrenal 

axis and inhibit gonadotropin secretion (84).  GC treatment has been shown to decrease 

circulating levels of testosterone in men by about 50% (75).  Similar effects on estrogen are 

believed to occur in women (18,75).  Both estrogens and androgens suppress bone resorption by 
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inhibiting osteoblastic release of local stimulating factors that cause formation of increased 

numbers of osteoclasts (17,75).  

Increased sensitivity to PTH 

In vitro studies of isolated bone cells have shown that GCs modulated PTH sensitivity of 

both osteoblasts and osteocytes such that lower levels of PTH still elicited measurable 

biochemical changes (18).  This may be accomplished by GC-mediated upregulation of 

osteoblast PTH receptors (74) or increased affinity of the receptor for PTH (23,81).  This could 

explain why changes in bone are seen even when PTH levels remain in the normal range.   

Bone loss in response to glucocorticoid treatment 

Studies have shown that with GC treatment, there is a loss in trabecular connectivity 

making this population more susceptible to fracture (23,76,81).  This change in bone 

microarchitecture cannot be detected with densitometry, the most common clinical means of 

testing for bone loss.  Some have suggested that the GC-mediated loss of osteoblasts and 

osteocytes compromise bone strength independent of bone loss (72).   According to this theory, 

the integrity of bone relies on the network of osteocytes found there.  Osteocyte apoptosis may 

reduce the signaling available to initiate the replacement of damaged bone (73).  This may 

explain why fracture risk increases as early as three months after GC use, even before significant 

bone loss has occurred (73).   In response to this, the Royal College of Physicians of London in 

recent years suggested using a T score of -1.5 or lower as the treatment threshold for GC users 

(81).  Despite these recommendations, it is estimated that less than 15% of those on long-term 

steroid treatment also receive preventive medication to prevent osteoporosis (16,22,89) and there 

still appears to be limited testing for bone loss in GC patients (22).  There have been suggestions 

that preventive treatment should begin at the same time as GC therapy is initiated (89). 
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Parathyroid Hormone 

Dual Nature of PTH*:  Continuous versus Intermittent Administration 

Parathyroid hormone has a surprising, dual effect in mammals depending on whether 

delivery is continuous or intermittent.  At least since the 1930s researchers have noted that PTH 

is catabolic when exposure was continuous (as it normally is in the body in response to low 

plasma calcium levels) but showed anabolic properties when administered intermittently  (90-

93).  The use of PTH in an anabolic role was not seriously pursued, however, until it became 

possible to manufacture synthetic PTH.  In the mid-1970s,  recombinant techniques made it 

possible to sequence the amino acid fragment responsible for the hormone’s anabolic effect (90).  

This anabolic capability resides in the first 34 amino acids on the N-terminal end which is why 

teriparatide is manufactured as PTH (1-34) (48,92,94).   

It has been suggested that at least some of the anabolic effects of intermittent PTH in bone 

are mediated through an IGF-I-dependent mechanism, while the catabolic effects are mediated 

through gene expression that causes an increased ratio of RANKL to OPG (95,96).  Teriparatide 

reverses the effects of GC on IGF-I expression in vitro, and this may partially explain its effects 

in treating GC-induced bone loss (80).  

Parathyroid Hormone (PTH 1-84) 

Endogenous PTH is an 84-amino acid protein secreted by the chief cells of the parathyroid 

glands when low serum calcium levels are detected by calcium receptors on the parathyroid 

glands (97) or there are elevated levels of extracellular phosphate (98).    PTH 1-84 is a critical 

mediator of calcium homeostasis.  Calcium-sensing receptors on the surface cells of the 

parathyroid gland respond to minute-by-minute changes in serum calcium levels (48,94,99) and 

                                                 
*   To avoid confusion, PTH produced by the parathyroid glands will be referred to as endogenous PTH or PTH 1-84 
and recombinant parathyroid hormone will be referred to as teriparatide or PTH (1-34). 
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maintain calcium balance through direct actions on bone and kidneys and indirectly through the 

gastrointestinal tract.  When blood levels of calcium are low, PTH stimulates bone resorption to 

liberate calcium stored in the bone matrix and enhances calcium reabsorption at the distal 

convoluted tubules of the kidney (94,98).  PTH also regulates 1 alpha-hydroxylase activity in the 

kidney, facilitating the conversion of 25-hydroxyvitamin D to 1,25 dihydroxyvitamin D in the 

kidney, which then acts on the GI tract to stimulate increased absorption of calcium across the 

gut (94,99,100).   

In humans, the half-life of endogenous PTH in the blood is less than 3 minutes and it  is 

metabolized by both the kidney (20-30%) and liver (60-70%) (90,94).  This rapid metabolism 

means the availability of PTH is determined by the rate of secretion from the parathyroid glands.  

Endogenous PTH has both rapid and slow effects on bone.  The rapid phase occurs within 30-90 

minutes after exposure and is characterized by increased osteoclast activity.  A second, later 

phase, is associated with an increase in both the number and activity of osteoclasts (94,101).  

With continuous PTH exposure there is a decrease in OPG mRNA and an increase in RANKL 

mRNA.   

While the actual mechanisms are not fully understood, PTH may exert its actions by 

activating a number of enzymes such as collagenase, lysosomal hydroxylases, acid phosphatases, 

H+, K+-adenosine triphosphatases, Na+/Ca+ exchange systems, cathepsin B, or cystein proteases.  

Continuous PTH exposure causes bone lining cells to retract from the bone surface as part of a 

calpain-dependent modification to the osteocyte cytoskeleton.  This allows osteoclasts to attach 

to the bone surface where they then initiate the process of bone resorption (94).  PTH also 

inhibits osteoclast apoptosis, possibly by stimulating the expression of RANKL and decreasing 

the expression of OPG by osteoblasts (102).  
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Teriparatide (PTH 1-34) 

Teriparatide, a recombinant parathyroid hormone marketed as FORTEOTM by Eli Lilly 

pharmaceutical company, is currently the only FDA-approved anabolic drug for osteoporosis.  

Unlike the anti-resorptive drugs, teriparatide stimulates bone formation, which contributes to 

increased bone mass, quality, and strength.  Teriparatide is administered as a subcutaneous 

injection typically 20ug/day for 18-24 months in humans.  The drug is not recommended for 

long-duration use since it caused an increased incidence of osteosarcoma in rats after long-term 

exposure to large doses of the drug (103-105).  Teriparatide is manufactured from a strain of 

Escherichia coli modified by recombinant DNA technology (100,106).  Teriparatide, which has a 

bioavailability of around  95% (90,100), reaches peak plasma concentration in about 30 minutes, 

then drops to virtually undetectable levels in 3-4 hours (90,92,97,100).  The systemic clearance 

of teriparatide is approximately 62 L/hour in women and 94 L/hour in men, which is greater than 

the rate of normal hepatic plasma flow, indicating both hepatic and kidney clearance similar to 

PTH (1-84) (100).   

Following extensive testing and clinical trials, teriparatide was approved by the FDA in 

November 2002 (100) for the treatment of postmenopausal women with osteoporosis who are at 

high risk for fracture and to increase bone mass in men with primary or hypogonadal 

osteoporosis who are at high risk for fractures (107).  Daily injections of teriparatide increase 

bone mass, microarchitectural structure and bone strength in mice, rats, rabbits, monkeys and 

humans (97).  Studies have shown it provides a statistically significant increase in BMD at 

clinically important sites such as the lumbar spine (29).  The increased bone turnover caused by 

teriparatide results in additional bone apposition on both periosteal and cancellous bone surfaces 

(97).  The effects of teriparatide are less robust at the femoral neck.     
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Mechanisms of Action 

PTH and teriparatide work through G Proteins and the PTH Receptor 1 (PTH1R) has a 

similar affinity for both (90).   PTH receptors are found predominantly on osteoblasts (but are 

also found in renal tubular cells) (48,90,94).   Binding of PTH to the receptor activates adenylate 

cyclase and phospholipases A, C, and D and increases intracellular levels of cAMP and calcium 

(90).  Some think it may be the ability of PTH to stimulate both adenylate cyclase and 

phospholipase C that gives it its dual anabolic and catabolic abilities (48).   

The primary effects of teriparatide on osteoclasts are indirect and are mediated by the 

drug’s effects on osteoblasts.  Increased bone formation following exposure to teriparatide 

occurs because of an increase in osteoblast numbers either through enhanced differentiation of 

pre-osteoblasts or an increase in the number of existing bone lining cells that differentiate into 

osteoblasts (48,90,108).  Teriparatide also has an anti-apoptotic effect on osteoblasts, enabling 

them to secrete bone matrix for a longer period of time (48,92,100,109).  Through these actions, 

the production of collagen-based bone matrix increases, improving trabecular bone volume and 

connectivity (90,110).  Teriparatide also acts on the cortical surface of cortical bone and 

increases its thickness without increasing porosity (90,109,111).    

Treatment with teriparatide has a variety of effects on osteoblasts, including causing 

increased secretion of various growth factors, such as transforming growth factor β (TGF-β), IGF 

I and II, IGF binding proteins, bone morphogenic proteins (BMPs), and cytokines such as IL-1, 

Il-6 and M-CSF (48,92,95,112).   M-CSF, IL-1, RANKL, and TNF β all enhance osteoclast 

survival (102).  The net result is increased bone turnover.  However, unlike the increased 

turnover seen in many disease conditions, the increased turnover associated with teriparatide 

favors bone formation over resorption.  This is what causes teriparatide to have its anabolic 

effect on bone. 
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Studies of Glucocorticoid-Induced Bone Loss in Mice 

Validity of the Mouse as a Model of Glucocorticoid-Induced Bone Loss 

The mouse genome has now been sequenced, making this animal an even more attractive 

model for scientific research.  The mouse has shown its value in studies of bone loss due to aging 

and sex steroid alterations (3) and some believe it is the preferred rodent model for the study of 

bone loss due to GC exposure (3-5).  This is because some researchers believe the rat may be 

resistant to the deleterious effects on bone associated with GC exposure and therefore may not 

represent a good model for this specific condition (36-38).   Commonly used mouse strains to 

assess the effects of GCs include the Swiss Webster  (5), the C57B1 (4) and the Balb/C (3) (see 

table 2).  Studies to date have used techniques such as histomorphometry, microCT, serum 

biochemistry, and DXA to measure bone responses in mice exposed to GCs (2-5).  Most studies 

have reported that GC treatment induces greater axial than appendicular bone loss (5) without 

significant weight loss or hypogonadism (2,3). A summary of GC-induced bone loss studies 

using mice listed in Appendix B.   

Glucocorticoid-Induced Bone Loss in Mice 

Glucocorticoid drugs have been shown to affect mouse bone metabolism during both in 

vitro and in vivo experiments.  In cell culture studies, the number of osteoclast precursors 

following treatment with prednisolone for 4 or 10 days decreased significantly after just 4 days.  

Osteoblast precursors also decreased, but only after 10 days of treatment.  Despite fewer 

precursor cells, prednisolone exposure resulted in an 81% increase in osteoclast numbers and a 

20-fold increase in the ratio of osteoclasts to osteoblasts perhaps reflecting decreased osteoclast 

apoptosis (4).   

In adult Swiss Webster mice, glucocorticoids affect osteoblasts and osteocytes at a 

threshold dose of 1.4 mg/kg body weight (5).  Some researchers have used this threshold dose (2) 
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while others have used a dose of 2.1 mg/kg body weight (4,5).  At this higher level of treatment, 

researchers have found increased osteoclast survival in as few as 10 days (4).   MicroCT analysis 

following administration of low levels of GC (1.2 mg/kg) only found significant differences in 

BV, while there were no significant differences either in Tb.N or Tb.Th (2).  Bone changes were 

generally dose and duration dependent.  In one study the greatest changes were detected when 10 

mg/kg was administered over a 21-day period (3).   

Histomorphometric analysis of the bones has yielded mixed results with some studies 

finding significant decreases in trabecular thickness while other studies found no significant 

difference in this measure (2-5).  In these studies, histomorphometric analysis of kinetic 

measures were more consistent and showed significant decreases in mineralizing surface, 

mineral apposition rate, and bone formation rate (2-5).  Studies have also demonstrated a 

preferential bone loss in the axial skeleton (5) and that spinal BMD decreases in a dose-

dependent manner (3-5).    

Dynamic measures, such as mineralizing surface (MS), mineral apposition rate (MAR), 

and bone formation rate (BFR/BS) which are only available using histomorphometry, showed 

changes in Swiss Webster mice at dosages > 1.2 mg/kg (2,4,5) while it took dosages of 10mg/kg 

to elicit changes in Balb/C mice (3).   

Teriparatide Treatment in Mice 

Teriparatide use has resulted in increased bone density and strength when used in mice 

(2,4,5,7,8).  There have been studies treating intact and ovariectomized mice with teriparatide 

(see table 3-2), though none of these studies examined the effectiveness of teriparatide in 

preventing or reversing GC-induced bone loss in mice.  Studies most commonly used the 

C57BL/6 (8,35,45), CBA-1  (113), and Swiss Webster strains (7) of mice.  In the strains of mice 



 

55 

tested, teriparatide had the greatest anabolic effect in the femur and was dose and duration 

dependent (7,8,45).  

One study found a subcutaneous dose of 40µg/kg/day 5 days/week increased BMD within 

1-2 weeks in the tibia and within 7 weeks in the vertebrae, suggesting site specific differences 

occur (45).  This finding differs from another study which found the earliest effects in the 

vertebrae (8).  Researchers have reported increased bone mass in cortical as well as cancellous 

bone, although increases in cortical bone were found primarily in long bones, possibly reflecting 

a response to mechanical loading patterns (8).  Significant effects from teriparatide seem to 

depend on the presence of existing trabeculae and may be hampered in areas that have suffered 

severe disruption of trabeculae (8).  A summary of studies using PTH in mice is in Appendix B 

Further Considerations 

We do not fully understand the mechanisms governing GC-induced osteoporosis nor how 

they effect bone mass and microarchitectural structure.  This study seeks to further our 

understanding of these processes in mice as a prelude to human studies.  To date, there has only 

been one study examining the efficacy of teriparatide in treating glucocorticoid-induced 

osteoporosis.  In this study, postmenopausal women on long-term GC therapy and hormone 

replacement therapy (HRT) also received teriparatide.  The addition of teriparatide resulted in 

significant bone density increases in the axial skeleton (6).  No study of teriparatide alone in 

glucocorticoid-induced osteoporosis in a human or murine model has been done to date. 
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CHAPTER 4 
RESULTS 

Measurement Design 

During this experiment, 70 7-month old male Swiss Webster mice were randomized into 7 

groups which received prednisolone, teriparatide, or vehicle in an attempt to characterize the 

effects of teriparatide on bone in glucocorticoid-treated mice.  Groups are identified in Table 4-1.  

At the end of the study, mice were euthanized and both femurs and lumbar vertebrae 2 and 3 (LV 

2, LV3) were removed and analyzed using histomorphometry or microCT.  Histomorphometric 

techniques were used on the right femur and L3 to measure the static parameters of BV/TV, 

Tb.N, Tb.Wi, Tb.Sp and dynamic parameters of MS, MAR, and BFR/BS.  MicroCT measures 

included BV/TV, Tb.N, Tb.Th, and Tb.Sp in the left femur and L2.  Cortical BV/TV was also 

measured in the mid-shaft of the left femurs.  Table values are reported as mean + standard 

deviation and figure values are reported as mean + standard error. 

Table 4-1.  Experimental Groups and Description of Treatments.   
Group n = Treatment (6 days/week) 
BSL CNTL     10 Baseline Control  
 
8 WK CNTL 

 
10 

 
8-Week Control.  Received GC-vehicle and 
PTH- vehicle for 8 weeks 
 

GC4/SAC 10 Received GC and PTH-vehicle for 4 weeks and 
were then sacrificed 
 

GC4/RECV 10 Received GC and PTH-vehicle for 4 weeks and 
then received GC-Vehicle and PTH-Vehicle for 
4 weeks to allow for natural recovery  
 

GC8 10 Received GC and PTH-vehicle for 8 weeks 
 

GC4/GC-PTH4 10 Received GC and PTH-vehicle for 4 weeks and 
then GC and PTH for 4 weeks 
 

GC-PTH8 10 Received GC and PTH for 8 weeks 
GC = prednisolone, 2.1 mg/kg/day; GC-vehicle = sterile saline; PTH = teriparatide 40ug/kg/day; PTH-vehicle = 2% 
acidified mouse serum. 
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Anthropomorphic Measures 

Animals were weighed at study entry, weekly, and prior to sacrifice.  Weight changes were 

used to monitor animal health and adjust dosages of study drugs.  Weight data are presented in 

Table 4-2.  There were no statistical differences in the average weight between the groups either 

at the start or end of the experiment.  

Table 4-2.  Mean Animal Weights by Group.   
GROUP Start Wt (g) End Wt (g) Diff (g) 

BSL CNTL (n =10) 35.8 + 2.7    n/a 

8 WK CNTL (n =10) 35.2 + 3.4 36.1 + 2.6 + 0.9 

GC4/SAC (n = 10) 35.3 + 3.7 34.0 + 4.2 - 1.3 

GC4/RECV (n = 10) 35.7 + 2.5 36.9 + 3.5 + 1.2 

GC 8 (n = 10) 35.2 + 2.3 34.4 + 3.7 - 0.8 

GC4/GC-PTH4 ( n = 10) 35.6 + 1.8 35.1 + 2.8 - 0.5 

GC8/PTH8 ( n = 10) 35.1 + 4.0 35.1 + 4.2   0.0 

Values are expressed as mean + standard deviation. 
 

Previous studies indicate 7-month old Swiss Webster mice have reached skeletal maturity 

and have ceased longitudinal bone growth (5).  To verify cessation of long bone growth, each 

animal’s left femur was measured and the results are presented in Table 4-3.  There were no 

significant differences in femur length between the groups. 

Table 4-3.  Mean Femur Lengths by Group.  
 BSL CNT 

 
  (n = 10) 

8 WK 
 CNTL 

(n = 10)

GC4/ 
SAC 

( n = 10)

GC4/ 
RECV 

( n = 10)

GC 8 
 

( n = 10)

GC4/ 
GC-PTH4 

( n = 10) 

GC8/ 
PTH8 

(n= 10)
Femur 
Length(mm) 

15.5 
+ 0.4 

15.4
+ 0.3

15.3
+ 0.4

15.6
+ 0.3

15.5
+0.2

15.6 
+0.5 

15.4
+ 0.4

Results are reported as mean +standard deviation. 
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Bone Measures 

Histomorphometric analysis was performed on the right femurs of 67 animals and the third 

lumbar vertebra (L3) of 70 animals.  One femur was damaged during tissue harvesting and could 

not be sectioned and the other two were sectioned but could not be analyzed.  Static and dynamic 

parameters of bone change were measured or derived using methods described in Chapter 3.  

Measured parameters using histomorphometry  included BV/TV, Ob.S Oc.S, MS and MAR.  

Once BV/TV was determined, values for Tb.N, Tb.Wi*, and Tb.Sp were derived using 

calculations described elsewhere (51).  Once MS and MAR were measured, BFR/BS was 

calculated as the product of these two.  MicroCt was performed on 70 intact femurs and 70 intact 

second lumbar vertebrae (L2).  Static parameters of bone change measured using microCT 

include BV/TV, Tb.N, Tb.Th*, and Tb.Sp. 

Data are presented as the measured or derived values for each parameter.  There are also 

tables showing percent change between groups that reached statistical significance.  These tables 

show the percent change compared to the group in the first column of the table.  Percent change 

is reported for all significant group interactions but only significant differences (p < 0.05) or 

trends among comparable groups will be discussed.  To simplify data presentation, a separate 

table is provided within the chapter for each measured or derived parameter.  Appendix A, 

however, contains comprehensive tables for static, dynamic and cellular data by bone for each 

measurement technique (histomorphometry and microCT).   

Measurements of the Lumbar Vertebrae 

Histomorphometry data for L3 are summarized in Table 4-4.  Lumbar vertebrae L2 was 

used for microCT and the results are shown in Table 4-5.   

                                                 
* Histomorphometry analyzes a two-dimensional sample so the distance across trabeculae will be reported as Tb.Wi; 
microCT analyzes samples in three dimensions so the distance across the trabeculae is reported as Tb.Th. 
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Table 4-4. Summary of Histomorphometric Analysis of LV3 by Group.   
 BSL CNTL 

(n = 10)  
8 WKCNTL 

(n = 10) 
GC4/SAC 

(n = 10) 
GC 4/RECV 

(n = 10) 
GC 8 

(n = 10) 
GC4/PTH4 

(n = 10) 
GC-PTH8 

(n = 10) 
BV/TV 
(%) 
 

12.7 + 3.3  8.8+ 3.2 10.9 + 3.0 9.2+ 3.4 8.7 + 2.4  11.0 + 3.1 12.5 + 2.1 

Tb.N 
(1/mm) 
 

4.9 + 0.8  4.1+ 1.3 4.7 + 0.8 4.3 + 0.9 4.5 + 1.1 4.1 + 0.7 4.9 + 0.6 
 

Tb.Wi 
(µm) 
 

31.0 + 4.6  25.3+ 5.0  27.5 + 3.8 25.1+ 5.1 23.2 + 3.0  31.5 + 4.3 30.9 + 4.9 

Tb.Sp 
(µm) 

185.6 + 38.4 242.1+ 82.4 196.7 + 42.4 223.0 + 6.4 214.5 + 6.1 220.7 + 39.6 182.3 + 21.0 

Results are reported as mean +standard deviation. 
 
Table 4-5. Summary of MicroCT Analysis of LV2 by Group.    
 BSLCNTL 

(n= 10)  
8 WK CNTL 
(n = 10) 

GC4/SAC 
(n = 10) 

GC4/RECV 
(n = 10) 

GC 8 
(n = 10) 

GC4/PTH4 
(n = 10) 

GC-PTH8 
(n = 10) 

BV/TV (%) 
 

19.0 + 3.6 16.1 + 3.6 17.4 + 4.3 15.0 + 3.8 19.0 + 4.6 18.8 + 4.8 22.0 + 4.4  

Tb.N (1/mm) 4.2 + 0.3 
 

3.9 + 0.5 3.9 + 0.5 3.8 + 0.5 4.4 + 0.8 3.8 + 0.5 4.04 + 0.4 

Tb.Th (µm) 
 

48.7 + 2.8 47.5 + 3.8 47.1 + 1.9 45.9 + 3.0 46.4 + 2.2 52.1 + 4.2 54.7 + 4.9  

Tb.Sp (µm) 
 

236 + 19 259 + 40 261 + 33 266 + 35 232 + 50 265 + 35 245 + 29 

Results are reported as mean + standard deviation. 
 
Bone Volume/Total Volume 

Bone volume data based on histomorphometry are presented in Table 4.4, Table 4-6 and 

Figure 4-1.  Bone volume data based on microCT are presented in Table 4-5, Table 4-7, and 

Figure 4-2.  Bone volume was lower in older animals and higher in animals treated with PTH as 

shown in Figure 4-1 and Figure 4-2.  Histomorphometry indicated BV/TV was significantly 

lower in the 8 WK CNTL (-30.7%, p = 0.03) group compared to BSL CNTL.  Significant 

increases in BV/TV were seen in animals treated with PTH.  Animals treated with PTH for 8 

weeks had a higher BV/TV than both the 8 WK CNTL (+42%, p = 0.01) and GC8 (+ 43.7%, p = 

0.01) groups and a 35.9% (p = 0.03) higher BV/TV than animals in GC4/RECV.  Animals in the 

GC4/GC-PTH4 group had a 26.4% (p = 0.03) higher BV/TV than GC8 animals.  MicroCT 

analysis found significantly higher BV/TV in GC-PTH8 compared to 8 Wk CNTL (+36.6%, p = 
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0.01), GC4/SAC (+26.4%, p = 0.04), and GC4/RECV (+46.7%, p = 0.00).  There was no bone 

loss in GC8 compared to 8WK CNTL using either histomorphometry (8.7 +2.4 vs. 8.8 + 3.2) or 

microCT (19.0 + 4.6 vs. 16.1 + 3.6). BV/TV did not increase after GC treatment ended. 

Table 4-6.  Significant Changes in Lumbar Vertebra L3 Bone Volume by Group using 
Histomorphometry.   

GROUP 8WK 
CNTL 
 

GC4/RECV 
 

GC8 
 

GC4/GC-
PTH4 
 

GC-PTH8 
 

BSL CNTL 
 

- 30.7%  
(p = 0.03) 

- 27.7% 
(p = 0.03) 

- 31.5% 
(p=0.02) 

  

8 WK CNTL 
 

    + 42.0% 
(p = 0.01) 
 

GC4/RECV     + 35.9% 
(p = 0.03) 
 

GC 8 
 

   + 26.4% 
(p = 0.03) 

+ 43.7% 
(p = .01) 

Results are percent change compared to groups on the left.   
 
 

 
Figure 4- 1.  Lumbar Vertebra L3 Bone Volume/Total Volume by Group using 

Histomorphometry.  a = significant compared to BSL CNTL; b = significant 
compared to 8 WK CNTL; c = significant compared to GC4/RECV; d = significant 
compared to GC8.  Results are percent change compared to groups on the left.  
Results are reported as mean + standard error. 
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Table 4-7.  Significant Changes in Lumbar Vertebra L2 Bone Volume by Group using MicroCT.   
Group GC4/RECV GC-PTH8 

 
BSL CNTL - 21.1% 

(p = 0.03) 
 

 

8 WK CNTL  + 36.6% 
(p = 0.01) 
 

GC4/SAC 
 
 

 + 26.4% 
(p = 0.04) 
 

GC4/RECV  + 46.7% 
(p = 0.00) 
 

GC 8 
 

- 21.1% 
(p = 0.04) 

 

Results are shown as percent change compared to groups on the left.   
 

 
Figure 4-2.  Lumbar Vertebra L2 Bone Volume/Total Volume by Group using MicroCT.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/SAC; d = significant compared to GC4/RECV; e = 
significant compared to GC8.  Results are reported as mean + standard error. 

Trabecular Number 

Data for trabecular number are presented in Table 4-4, and Figure 4-3 (histomorphometry) 

and Table 4-5 and Figure 4-4 (microCT).  According to histomorphometry, the only significant 

difference in trabecular number in L3 among treatment groups was between the GC4/GC-PTH4 
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and GC-PTH8, where the latter group had a higher (19.5%, p = 0.02) Tb.N.  MicroCT, on the 

other hand, showed only a non-significant 6.3% difference in these groups (Appendix A).  There 

was, however, a significant difference based on microCT between GC4/RECV (-9.5%, p = 0.04) 

and GC4/GC-PTH4 (-9.5%, p = 0.02) compared to BSL CNTL. 

 
Figure 4-3.  Lumbar Vertebra L3 Trabecular Number by Group using Histomorphometry.  a = 

significant compared to GC4/GC-PTH4.  Results are reported as mean + standard 
error. 

 
Figure 4-4.  Lumbar Vertebra L2 Trabecular Number by Group using MicroCT.  a = significant 

compared to BSL CNTL. Results are reported as mean + standard error. 
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Trabecular Width/Trabecular Thickness 

Trabecular Width/Trabecular Thickness was a measure of the mean distance across the 

trabeculae and changes reflected the effects of prednisolone, teriparatide, or both on this 

distance.  Data for Tb.Wi based on histomorphometry are found in Table 4-4, Table 4-8 and 

Figure 4-5, while microCT data concerning Tb.Th are presented in Table 4-5, Table 4-9, and 

Figure 4-6.  As shown in Figure 4-5, histomorphometry generally detected higher Tb.Wi in PTH-

treated animals and lower Tb.Wi in older animals but no significant difference based on GC 

treatment in comparably aged animals.  

There was a significantly lower Tb.Wi between the BSL CNTL group and animals in the 8 

WK CNTL (-18.4%, p = 0.02).  Histomorphometry and microCT each found significant 

differences between both of the PTH groups and 8 WK CNTL, GC4/RECV and GC8.  There was 

also a higher Tb.Wi in GC4/GC-PTH4 (24.5%, p = 0.01) and GC-PTH8 ( 22.1%, p = 0.01) 

groups compared with comparably aged animals (8 WK CNTL).  Additionally, animals treated 

with PTH for either four or eight weeks had a 35.8% (p = 0.00) and 33.2% (p = 0.00) higher 

Tb.Wi  respectively compared to GC8 animals.  There was no significant difference in Tb.Th 

between GC4/GC-PTH4 and GC-PTH8. 

Similar to histomorphometric findings, microCT showed significantly higher Tb.Th in 

animals treated with PTH.  Animals in the GC4/GC-PTH4 group had a greater Tb.Th than 

animals in the 8 WK CNTL (+9.7%, p = 0.04), GC4/SAC (+10.6%, p = 0.01), GC4/RECV 

(+13.5%, p = 0.00) and GC8 (+12.3%, (p=0.00) groups.  Animals treated with PTH for eight 

weeks showed a higher Tb.Th than 8 WK CNTL (+15.2%, p = 0.00), GC4/SAC (+16.1%, p = 

0.00), GC4/RECV (+19.2%, p = 0.00), and GC8 (+17.9%, p = 0.00).  Again, there was no 

significant difference in Tb.Th between the GC4/GC-PTH4 and GC-PTH8 groups.   
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Table 4-8.  Significant Changes in Lumbar Vertebra L3 Trabecular Width by Group using 
Histomorphometry.   

Group 8WK CNTL GC4/SAC GC4/RECV GC8 GC4/GC-
PTH4 

GC-PTH8 

BSL  
CNTL 
 
 

- 18.4% 
(p = 0.02) 

 - 19.0 
(p=0.02) 

- 25.1 
(p= 0.00) 
 

  

8 WK 
CNTL 
 

    + 24.5 % 
(p =0.01) 
 
 

+ 22.1 
(p = 0.01) 
 
 

GC4/SAC 
 
 

    + 14.5% 
(p = 0.03) 

 

GC4/RECV 
 

    + 25.5% 
(p = 0.00) 

+ 23.1% 
(p = 0.01) 
 

GC 8 
 
 

 + 18.5% 
(p = 0.02) 

  + 35.8% 
(p = 0.00) 
 

+ 33.2% 
(p = 0.00) 

Results are shown as percent change compared to groups on the left.   
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Figure 4-5. Lumbar Vertebra L3 Trabecular Width by Group using Histomorphometry.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/SAC; d = significant compared to GC4/RECV; e = 
significant compared to GC8.  Results are reported as mean + standard error. 
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Table 4-9.  Significant Changes in Lumbar Vertebra L2 Trabecular Thickness by Group using 
MicroCT.   

    Group GC4/RECV GC4/GC-PTH4 GC-PTH8 
 

BSL CNTL - 5.7% 
(p = 0.02) 
 

 + 12.3% 
(p = 0.01) 

8 WK CNTL  + 9.7% 
(p = 0.04) 

+ 15.2% 
(p = 0.00) 
 

GC4/SAC 
 
 

 + 10.6% 
(p = 0.01) 

+ 16.1% 
(p = 0.00) 
 

GC4/RECV   + 13.5% 
(p = 0.00) 

+ 19.2% 
(p = 0.00) 
 

GC 8 
 
 
 

 + 12.3% 
(p = 0.00) 

+ 17.9% 
(p = 0.00) 
 
 

Results are shown as percent change compared to groups on the left.   
 

 

Figure 4-6. Lumbar Vertebra L2 Trabecular Thickness by Group using MicroCT.  a = significant 
compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = significant 
compared to GC4/SAC; d = significant compared to GC4/RECV; e = significant 
compared to GC8.  Results are reported as mean + standard error. 
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Trabecular Separation 

Trabecular separation data are shown in Table 4-4 and Figure 4-7 (histomorphometry) and 

Table 4-5 and Figure 4-8 (microCT).  Trabecular Separation is a reflection of the mean distance 

between trabeculae within the region of interest.  This distance tends to increase when resorption 

is higher and decrease with increased bone formation.  MicroCT results typically showed greater 

trabecular separation for each group than did histomorphometric analysis, although the 

differences were not significant.  There were no significant differences in Tb.Sp related to age or 

GC exposure based on microCT or histomorphometry.  The only significant differences in 

trabecular separation in L3 (histomorphometry) were found in PTH-treated animals.  The GC-

PTH8 group had a significantly lower (-24.7%, p = 0.03) Tb.Sp compared with the 8 WK CNTL 

and GC4/GC-PTH4 (-17.4%, p = 0.01) groups (Appendix A).  MicroCT indicated significant 

differences between BSL CNTL and GC4/RECV (+12.7%, p = 0.03) and GC-PTH8 (+12.3%, p 

= 0.04). 

 
Figure 4-7.  Lumbar Vertebra L3 Trabecular Separation by Group using Histomorphometry.  a = 

significant compared to 8 WK CNTL; b = significant compared to GC4/GC-PTH4.  
Results are reported as mean + standard error. 
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Figure 4-8.  Lumbar Vertebra L2 Trabecular Separation by Group using MicroCT.  a = 
significant compared to BSL CNTL.  Results are reported as mean + standard error. 

MicroCT methods showed significant changes in Tb. Sp only in relation to the BSL CNTL 

group.  Histomorphometry did not find changes in any group compared to the BSL CNTL group 

but did find significant differences in animals treated with PTH, but only after 8 weeks of 

treatment. 

Measurements of the Distal Femur  

The right femurs of 67 animals used for this study were harvested for histomorphometric 

analysis while 70 left femurs from the same animals were analyzed using microCT.  Three bones 

could not be used for histomorphometric analysis for reasons previously described.  The femurs 

were harvested from each animal as described in Chapter 2.  From each right femur, two 4 µm 

thick sections were stained and used to measure or derive static bone measurements including 

BV/TV, Tb.N, Tb.Wi, and Tb.Sp.  The results of that analysis are summarized in Table 4-10.  

Femurs used for microCT were scanned intact and the resulting measures of BV/TV, Tb.N, 

Tb.Th, and Tb.Sp are presented in Table 4-11.   
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Table 4-10. Summary of Histomorphometric Analysis of the Distal Femur by Group.   
  BSL CNTL 

(n = 10)  
8 WK CNTL 
(n = 9) 

GC4/SAC 
(n = 10) 

GC4/RECV 
(n -= 10) 

GC 8 
(n=9) 

GC4/GC-PTH4 
(n=9) 

GC-PTH8 
(n=10) 

BV/TV (%) 4.8 + 2.3 2.6 + 1.9 4.8 + 2.3 2.3 + 2.1 3.1 + 1.6 4.5 + 1.7 5.2 + 2.9 
 

Tb.N(1/mm) 2.0 + 0.9 1.2 + 0.8 1.8 + 0.9 1.2 + 0.9 1.6 + 0.8 1.9 + 0.7 2.2 +  0.9 
 

Tb.Wi(µm) 
 

28.2 + 5.9 25.4 + 7.2 26.1 + 5.9 21.9 + 5.5 23.2 + 6.1 27.9 + 4.3 28.6 + 6.1 

Tb.Sp (µm) 540 + 225 1366+1146 694 + 428 1497 + 1812 904 + 916 551.6 + 195 554 + 359 
 

Oc.S (%)  
 

0.6 + 0.2 1.1 + 1.1 0.4 +  0.3 1.3 + 0.8 0.9 + 0.7 0.8 + 0.6 1.7 + 1.2 

Ob.S (%) 
 

7.9 + 13.2 7.2 + 3.5 1.1 + 1.2 8.7 + 8.9 2.1 + 1.5 13.6 + 12.0 20.0 + 7.8 

MS (%) 6.7 +5.4 
 

3.1 + 3.2 1.1 + 1.6 5.9 + 3.5 1.6 + 1.8 14.2 + 5.3 16.8 + 8.7 

MAR (µm/d) 0.9 + 0.2 0.6 + 0.2 0.6 + 0.2 0.7 + .1 0.6 + 0.2 0.8 + 0.1 0.8 + 0.2 
 

BFR/BS 
(um3/um2/d) 

6.4 + 6.0 2.2 + 3.0 0.6 + 1.0 4.2 + 2.7 1.0 + 1.1 10.8 + 5.7 14.8 +12.8 

Results are reported as mean +standard deviation. 
 
Table 4-11. Summary of MicroCT Analysis of the Distal Femur by Group.   
 BSL CNTL 

(n = 10)  
8WK 
CNTL 
(n = 10) 

GC4/SAC 
(n = 10) 

GC4/RECV 
(n = 10) 

GC 8 
(n = 10) 

GC4/PTH4 
(n = 10) 

 GC-PTH8 
(n = 10) 

BV/TV (%) 
 

9.9 + 3.1 6.2 + 2.1 8.5 +  3.4 6.0 + 3.8 8.7 +  2.6 7.9 +  2.9  11.5 + 3.1  

Tb.N(1/mm) 2.7 + 0.63 
 

2.1 + 0.45 2.5 +  0.57 2.2 + 0.78 2.8 +0.75 2.5 +  0.54  2.8 + 0.47 

Tb.Th (µm) 
 

60.7 + 5.2 64.5 + 6.3 60.1 + 2.8 59.9 + 6.4 56.3 +8.5 63.9 + 5.0  70.6 + 7.2  

Tb.Sp (µm) 383 + 91 485 + 113 413 + 99 500 + 158 391 +154 416 + 108  361 + 60 
Results are mean + standard deviation. 
 
Bone Volume 

Bone volume data based on histomorphometry are presented in Table 4-10, Table 4-12 and 

Figure 4-9 while microCT data are presented in Table 4-11, Table 4-13, and Figure 4-10.  

Histomorphometry and microCT detected the same trends in BV/TV in the distal femur.   

Bone volume tended to be lower with age and higher with exposure to PTH.  There was a 

lower BV/TV in 8Wk CNTL compared to BSL CNTL in histomorphometry and microCT.  GC-

PTH treatment resulted in higher BV/TV compared to 8 WK CNTL control and GC-treated 

groups.  Compared to GC/RECV, both groups receiving PTH had significantly increased bone 

volume . 
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Table 4-12.  Significant Changes in Distal Femur Bone Volume by Group using 
Histomorphometry.   

Group 8WK CNTL GC4/RECV GC4/GC-PTH4 GC-PTH8 
 
BSL CNTL 
 
 

 
- 45.8% 
(p = 0.03) 
 

 
- 52.1% 
(p = 0.01) 
 

  

8WK CNTL 
 

    +100.0% 
(p = 0.02) 
 

GC4/RECV   + 95.6% 
(p = 0.01) 
 

+ 126.1% 
(p = 0.01) 
 

Results are shown as percent change compared to groups on the left.   
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Figure 4-9.  Distal Femur Bone Volume/Total Volume by Group using Histomorphometry.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/RECV.  Results are reported as mean + standard error. 

There was only a slightly different BV/TV between GC4/SAC animals and the GC4/GC-

PTH4 and GC-PTH8 groups and these differences did not reach statistical significance.  The GC-

PTH8 group had a higher BV/TV than GC4/GC-PTH4 (45.6%, p = 0.02) based on microCT.  

MicroCT and histomorphometric comparisons of PTH groups with the 8 WK CNTL showed 

BV/TV was higher in GC4/GC-PTH4 and the GC-PTH8 group, despite the fact these groups also 

received GC.   
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Table 4-13.  Significant Changes in Distal Femur Bone Volume by Group using MicroCT.   
Group 8WK CNTL GC4/RECV GC8 GC-PTH8 

 
BSL CNTL - 37.4% 

(p = 0.00)  
 
 

- 39.4% 
(p = 0.00)  
 
 

  

8 WK CNTL   + 40.3% 
( p = 0.03) 
 
 

+ 85.5% 
(p = 0.00) 
 
 

GC4/RECV   + 45.0% 
( p =0.02) 

+ 91.7% 
(p = 0.00) 
 
 

GC 8 
 
 
 

   + 32.3% 
(p = 0. 0.04 
 
 

GC4/GC-PTH4    + 45.6% 
( p = 0.02) 
 
 

Results are shown as percent change compared to groups on the left. 
 

 
Figure 4-10.  Distal Femur Bone Volume/Total Volume by Group using MicroCT.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/RECV; d = significant compared to GC8; e = significant 
compared to GC4/GC-PTH4.  Results are reported as mean + standard error. 
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Trabecular Number 

Data for trabecular number based on histomorphometry are found in Table 4-10, Table 4-

14, and Figure 4-11.  MicroCT data on this parameter are found in Table 4-11, Table 4-15, and 

Figure 4-12.   Histomorphometry and microCT detected similar patterns of change;  where Tb.N 

was lower in older animals and higher in animals treated with GC or GC-PTH.   

Table 4-14.  Significant Changes in Distal Femur Trabecular Number by Group using 
Histomorphometry.   
Group 8WK CNTL GC4/RECV GC-PTH8 
 
BSL CNTL 
 
 

 
- 40.0% 
(p = 0.05) 
 
 

 
- 40.0% 
(p = 0.01) 
 
 

 

8 WK CNTL 
 

  + 83.3% 
(p = 0.03) 
 

GC4/RECV   + 83.3% 
(p = 0.03) 
 

Results are shown as percent change compared to groups on the left. 
 

 
Figure 4-11.  Distal Femur Trabecular Number by Group using Histomorphometry.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/RECV.  Results are reported as mean + standard error. 
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Table 4-15.  Significant Changes in Distal Femur Trabecular Number by Group using MicroCT.   
Group 8WK CNTL GC8 GC-PTH8 

 
BSL CNTL - 22.2% 

( p=0.05) 
 

  

8 WK CNTL  + 33.3% 
(p = 0.03) 
 
 

+ 33.3% 
(p = 0.00) 
 
 

GC4/RECV   + 27.3% 
(p =0.01) 
 
 

Results are shown as percent change compared to groups on the left.   
 

 
Figure 4-12.  Distal Femur Trabecular Number by Group using MicroCT.  a = significant 

compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = significant 
compared to GC4/RECV.  Results are reported as mean + standard error. 

Trabecular Thickness/Trabecular Width 

Data for Tb.Wi in the distal femur based on histomorphometry are found in Table 4-10, 

Table 4-16, and Figure 4-13.  MicroCT data for distal femur Tb.Th are found in Table 4-11, 

Table 4-17, and Figure 4-14.  Histomorphometry and microCT detected the same general 

patterns in Tb.Th/Tb.Wi in the distal femur.  Parameters of Tb.Wi and Tb.Th tended to be lower 

in response to GC treatment and higher with PTH treatment.  There was no significant age effect 
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apparent in Tb.Wi/Tb.Th as shown in Figure 4-13 and Figure 4-14.  Both histomorphometry and 

microCT found significant differences between  PTH-treated animals and the 8 WK CNTL and 

GC4/RECV groups.  Additionally, there was a trend toward decreased Tb.N in GC4/SAC 

compared to GC4/RECV in both histomorphometry. 

Table 4-16.  Significant Changes in Distal Femur Trabecular Width by Group using 
Histomorphometry.   

Group GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 

BSL CNTL 
 
 

- 22.3% 
(p = 0.04) 
 

- 17.7% 
(p = 0.05) 

  

GC4/RECV   + 27.4 
(p = 0.05) 

+ 30.6% 
(p = 0.02) 
 

GC 8 
 
 

  + 20.3% 
(p =0.04) 

+ 23.3% 
(p =  0.03) 

Results are shown as percent change compared to groups on the left.   
 
 

 
Figure 4-13.  Distal Femur Trabecular Thickness by Group using Histomorphometry.  a = 

significant compared to BSL CNTL; b = significant compared to GC4/RECV; c = 
significant compared to GC8.  Results are reported as mean + standard error. 
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Table 4-17.  Significant Changes in Distal Femur Trabecular Thickness by Group using 
MicroCT.   

Group GC8 GC4/GC-PTH4 GC-PTH8 
BSL CNTL   + 16.3% 

(p = 0.01) 
8 WK CNTL  

- 12.7% 
(p = 0.04) 
 
 

  

GC4/SAC 
 
 

 + 6.3% 
( p = 0.05) 

+ 17.5%  
(p = 0.00) 

GC4/RECV 
 

  + 17.9% 
(p = 0.00) 
 
 

GC 8 
 
 
 

 + 13.5% 
(p = 0.05) 

+ 25.4% 
(p = 0.00) 

GC4/GC-PTH4 
 
 

  + 10.5% 
(p = 0.05) 

Results are shown as percent change compared to groups on the left.   
 

  
Figure 4-14.  Distal Femur Trabecular Thickness by Group using MicroCT.  a = significant 

compared to BSL CNTL; b = significant compared to 8WK CNTL; c = significant 
compared to GC4/SAC; d = significant compared to GC4/RECV; e = significant 
compared to GC8; f = significant compared to GC4/GC-PTH4.  Results are reported 
as mean + standard error. 
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Trabecular Separation 

Data for trabecular separation based on histomorphometry are found in Table 4-10, Table 

4-18, and Figure 4-15.  Data from microCT for Tb.Sp are found in Table 4-11, Table 4-19, and 

Figure 4-16.  In general, higher Tb.Sp was seen in older animals and both GC and GC-PTH 

tended to decrease this parameter as shown in Figure 4-15 and Figure 4-16. 

Compared to the BSL CNTL group, Tb.Sp was higher (+153.0%, p = 0.05) in the 8WK CNTL 

group based on histomorphometry. 

Table 4-18.  Significant Changes in Distal Femur Trabecular Separation by Group using 
Histomorphometry.   

Group 8WK CNTL GC4/RECV GC4/GC-PTH4 GC-PTH8 
 
BSL CNTL 
 
 

 
+153.0% 
(p = 0.05) 
 

 
+ 177.2% 
(p = 0.01) 
 

  

8 WK CNTL 
 

   - 59.4% 
(p = 0.03) 
 

GC4/RECV   - 63.3% 
(p = 0.01) 
 

- 63.0% 
(p =  0.03) 

Results are shown as percent change compared to groups on the left.   
 

 
Figure 4-15.  Distal Femur Trabecular Separation by Group using Histomorphometry.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/RECV.  Results are reported as mean + standard error. 
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Table 4-19.  Significant Changes in Distal Femur Trabecular Separation by Group Using 
MicroCT.   

Group GC4/RECV GC8 GC-PTH8 
 

BSL CNTL + 30.5% 
(p = 0.05) 

  

8 WK CNTL  - 19.4% 
(p = 0.03) 

 - 25.6% 
(p = 0.00) 
 

GC4/RECV 
 

   - 27.8% 
(p = 0.01) 
 

Results are shown as percent change compared to groups on the left.  
  

  
Figure 4-16.  Distal Femur Trabecular Separation by Group using MicroCT.  a = significant 

compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = significant 
compared to GC4/RECV.  Results are reported as mean + standard error. 

Osteoblast Surface and Osteoclast Surface 

Osteoblasts and osteoclasts are the cells involved in resorbing and forming new bone.  

They act in concert and the balance of numbers and activity levels of these two cell types 

determines whether there is an overall increase or decrease in bone.  Many disease conditions 

affect the numbers and activity levels of these cells.  The ratio in number rand activity levels are 

also influenced by treatments, including PTH.  Osteoblast and Osteoclast Surface data are 

presented in Table 4-10, Table 4-20, and Figures 4-17 and 4-18  There were no significant age-
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related changes in Ob.S or Oc.S in the distal femur as shown in Figure 4-17 and Figure 4-18.  

Ob.S tended to decrease with GC and increase with GC recovery or PTH.  Trends in Oc.S were 

not as clear cut.   

Table 4-20.   Significant Changes in Distal Femur Osteoblast Surface and Osteoclast Surface by 
Group. 

Group GC4/SAC GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 
BSL CNTL  Oc.S 

+ 116.7% 
(p = 0.02) 

  Oc.S 
+ 183.3% 
(p = 0.01) 
 
Ob.S 
+ 153.2% 
(p = 0.01) 
 

8 WK CNTL Oc.S 
- 63.6% 
(p = 0.03) 
 
Ob.S 
- 84.7% 
(P= 0.00) 
 

 Ob.S 
-70.8 
(p = 0.00) 

 Ob.S 
+ 177.8% 
(p =0.00) 
 

GC4/SAC 
 
 

 Oc.S 
+ 225% 
(p = 0.00) 
 
Ob.S 
+ 690.9% 
(p = 0.00) 
 

 Ob.S 
+1,136.4% 
(p= 0.00) 

Oc.S 
+ 325.0% 
(p = 0. 00) 
 
Ob.S  
+ 1,718.2% 
(p = 0.00) 
 

GC4/RECV     Ob.S 
+ 129.9% 
(p = 0.00) 
 

GC 8 
 
 
 

 Ob.S 
+ 314.30 % 
(p = 0. 00) 

 Ob.S 
+ 547.6% 
(p = 0.00) 

Ob.S 
+ 852.4% 
( p= 0.00) 
 
 

GC4/GC-PTH4     Oc.S 
+ 112.5% 
(p = 0.03) 
Ob.S 
+ 47.1% 
(p = 0.05) 
 

Results are shown as percent change compared to groups on the left. 
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Figure 4-17. Distal Femur Osteoblast Surface by Group using Histomorphometry.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/SAC; d = significant compared to GC4/RECV; e = 
significant to GC8; f = significant compared to GC4/GC-PTH4.  Results are reported 
as mean + standard error. 

 

 
Figure 4-18.  Distal Femur Osteoclast Surface by Group using Histomorphometry.  a = 
significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = significant 
compared to GC4/SAC; d = significant compared to GC4/GC-PTH4.  Results are reported as 
mean + standard error. 
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Dynamic Measures of Bone Formation in the Distal Femur 

Dynamic measures included mineralizing surface (MS), mineral apposition rate (MAR) 

and surface referent bone formation rate (BFR/BS).  Changes in bone formation were measured 

or calculated using unstained 8 µm-thick sections.  Data for MS, MAR, and BFR/BS are 

provided in Table 4-10.  Differences in MS, MAR, and BFR/BS between groups are shown in 

Tables 4-22, Table 4-23 and Table 4-24 as well as in Figure 4-19, Figure 4-20 and Figure 4-21, 

respectively. 

Mineralizing Surface 

Mineralizing surface was determined by measuring the total perimeter of trabeculae and 

the percentage of the perimeter with double fluorochrome labeling.  Significant changes in MS 

are shown in Table 4-21. 

Mineralizing surface was lower in older animals and those exposed to GC but tended to 

increase when GC was discontinued and when PTH was used as shown in Figure 4-19.  Animals 

in GC8 had 48.4% (p = 0.05) less MS than 8 WK CNTL, while GC4/SAC had 64.5% (p = 0.02) 

less MS than did 8 Wk CNTL.  When GC treatment was discontinued, MS increased.  Compared 

to GC4/SAC, GC4/RECV had 436.4% (p = 0.00) higher MS and GC4/RECV had a 268.8%,p = 

0.00) higher MS than did GC8.  GC4/GC-PTH4 also showed a higher MS that 8 WK CNTL 

(+358.1%, p = 0.00), GC4/SAC (1,190.0%, (p = 0.00), GC4/RECV (+140.7%, p = 0.01), and 

GC8 (787.5%, p = 0.00).  Mineralizing surface was even more pronounced in the GC-PTH8 

group where it was higher than 8 WK CNTL (441.9%), p = 0.00), GC4/SAC (1,427.3%, p = 

0.00), GC4/RECV (184.7%, p = 0.00), and GC8 (950.0%, p = 0.00).  

MAR was lower in older animals but was not significantly decreased by GC use.  

However, MAR tended to increase when GC was discontinued and when PTH was administered 
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Table 4-21.  Significant Changes in Distal Femur Mineralizing Surface by Group. 
Group GC4/SAC GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 

 
BSL CNTL - 83.8% 

(p = 0.01) 
 - 76.8% 

 (p = 0.02) 
+111.9% 
(p = 0.01) 

+ 150.7% 
(p = 0.00) 
 

8 WK CNTL - 65.4% 
(p = 0.02) 

+ 90.3% 
(p = 0.05) 
 

- 48.4% 
(p = 0.05) 

+ 358.1% 
 (p= 0.00) 
 

+ 441.9% 
(p = 0.00) 
 

GC4/SAC 
 
 

 + 436.4% 
(p = 0.00) 
 
 

 + 1,190.0% 
 (p = 0.00) 
 
 

+1,427.3% 
 (p = 0.00) 
 
 

GC4/RECV    + 140.7% 
(p = 0-.01) 
 

+ 184.7%  
(p = 0.00) 
 

GC 8 
 
 
 

 +268.8% 
(P = 0.00) 

 + 787.5% 
 (p = 0.00) 
 

+950.0% 
(p = 0.00) 
 

Results are shown as percent change compared to groups on the left.   
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Figure 4-19.  Distal Femur Mineralizing Surface by Group using Histomorphometry.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/SAC; d = significant compared to GC4/RECV; e= 
significant compared to GC8.  Results are reported as mean + standard error. 
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Mineral Apposition Rate 

Significant changes in MAR are shown in Table 4-22 and Figure 4-20.  

Table 4-22.  Significant Changes in Distal Femur Mineral Apposition Rate by Group. 
 
 

8WK CNTL GC4/SAC GC4/RECV GC8 GC4/GC-
PTH4 

GC-PTH8 
 

BSL CNTL - 33.3% 
(p = 0.01) 

 -33.3% 
(p = 0.01) 

 - 33.3% 
(p = 
0.02) 

  

8 WK CNTL   + 16.7% 
(p = 0.03) 

 + 33.3%  
(p = 0.01) 
 

+ 33.3% 
(p = 0.02) 
 

GC4/SAC 
 

  + 16.7% 
(p = 0.03) 
 

 + 33.3% 
(p = 0.01) 

+ 33.3% 
(p = 0.02) 

GC4/RECV     + 14.3% 
(p = 0.02) 
 

 

GC 8 
 

    + 33.3% 
(p = 0.02) 
 

 

       

Results are shown as percent change compared to groups on the left. 
 

 
Figure 4-20.  Distal Femur Mineral Apposition Rate by Group using Histomorphometry.  a = 

significant compared to BSL CNTL; b = significant compared to 8 WK CNTL; c = 
significant compared to GC4/SAC; d = significant compared to GC4/RECV; e = 
significant compared to GC8.  Results are reported as mean + standard error. 
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as shown in Figure 4-20.  Mineral Apposition Rate was 33.3% (p = 0.01) lower in 8 WK CNTL 

than in BSL CNTL.  Mineral Apposition rate remained the same between GC8 and 8 WK CNTL 

(0.6 µm/day).  However, in animals recovering from GC exposure, GC4/RECV had a 16.7% (p = 

0.03) higher MAR than 8 WK CNTL and a 16.7% (p = 0.03) higher MAR compared with the 

GC4/SAC group. 

Exposure to PTH resulted in the GC-PTH groups having significantly higher MAR than 

control or GC-treated groups.  Compared with comparably aged animals in the 8 WK CNTL 

group, MAR in the GC4/GC-PTH4 group was 33.3% (p = 0.01) greater.  The MAR in GC/GC-

PTH4 group was also 33.3% (p = 0.01) higher than in the GC4/SAC group, 14.3% (p = 0.02) 

higher than in GC4/RECV, and 33.3% (p = 0.02) higher than in GC8.  MAR was greater in GC-

PTH8 than in 8 WK CNTL (+33.3%, p = 0.02)  

Bone Formation Rate/Bone Surface (BFR/BS)  

Both MS and MAR are measured directly, while the third dynamic measure in bone, 

BFR/BS, was calculated.  BFR/BS is derived by multiplying MS x MAR and represents the 

average amount of bone formed daily (um3/um2/day). Significant changes in BFR/BS based on 

treatment groups are found in Table 4-23.   There was a non-significant trend toward lower 

BFR/BS in older animals and a significant decrease in BFR/BS following GC exposure in the 

GC4/SAC group compared with the 8 Wk CNTL group.  However, there was no significant 

difference in BFR/BS between the GC8 and 8 WK CNTL group.  PTH treatment did result in 

significantly higher BFR/BS.  The GC4/PTH4 group had a BFR/BS higher than the 8 WK CNTL 

(+390.9%, p = 0.01), the GC4/SAC (+1,700%, p = 0.00), the GC4/RECV (+157.1%, p = 0.02), 

and the GC8 (+980%, p = 0.00) groups.  This pattern continued with the GC-PTH8 group.  
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Table 4-23.  Significant Changes in Distal Femur Bone Formation Rate by Group using 
Histomorphometry.   

 GC4/SAC GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 
BSL CNTL - 90.6% 

(p = 0.00) 
 - 84.4% 

(p = 0.01) 
 + 131.3% 

(p = 0.02) 

8 WK CNTL - 72.7% 
(p = 0.02) 

+ 90.9% 
(p = 0.03) 

 + 390.9% 
(p = 0.01) 
 

+ 572.7% 
( p = 0.00) 

GC4/SAC 
 
 

 + 600.0% 
(p = 0.00) 

 + 1,700% 
(p = 0.00) 

+ 2.366.7% 
 (p = 0.00) 

GC4/RECV    + 157.1% 
( p = 0.02) 
 

+ 254.4% 
(p = 0.00) 

GC 8 
 
 
 

 + 76.2% 
(p = 0.00) 

 + 980.0% 
(p = 0.00) 
 
 

+ 1,380.0% 
(p = 0.00) 

Results are shown as percent change compared to groups on the left.   
 
 

 
Figure 4-21.  Distal Femur Bone Formation Rate/Bone Surface by Group using 

Histomorphometry.  a = significant compared to BSL CNTL; b = significant 
compared to 8 WK CNTL; c = significant compared to GC4/SAC; d = significant 
compared to GC4/RECV; e = significant compared to GC8.  Results are reported as 
mean + standard error. 
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Mid-Shaft Cortical Bone Data and Significant Changes 

A portion of the mid-shaft of the left femur in 70 mice was also analyzed using microCT.  In 

each animal, 55 slices (1.2 µm each) were scanned and reconstructed.  Cortical thickness (Ct.Th) 

data are presented in Table 4-24, Table 4-25, and Figure 4-22.  There was no apparent age-

related difference in cortical thickness.  While Ct.Th did not change significantly with GC 

treatment, it did increase significantly with PTH as shown in Figure 4-22.  Animals receiving  8 

weeks of GC and PTH had significantly higher Ct.Th than BSL CNTL (+8.7%, p = 0.02), GC8 

(9.5%, p = 0.02), or GC4/SAC (+10.7%, p = 0.00).  The only other significant difference 

occurred where Ct.Th was 6.7% higher (p = 0.03) in the GC4/GC-PTH4 group than in GC4/SAC 

animals.   

Table 4-24.  Summary of Histomorphometric Analysis of Femur Mid-Shaft by Group. 
 BSL 

CNTL 
(n = 10)  

8 WK 
CNTL 
(n= 10) 

GC4/ 
SAC 

(n = 10) 

GC4/ 
RECV 

(n = 10) 

GC 8 
(n = 10) 

GC4/GC-
PTH4 

(n = 10) 

GC-
PTH8 

(n = 10) 
Cortical 
Thickness 

27.5 + 1.9 28.3 +2.4 27.0 + 1.4 28.2 + 1.3 27.3 + 1.7 28.8 + 1.7 29.9+2.0 

Results are reported as mean +standard deviation. 

 

Table 4-25.  Summary of Significant Changes in Femur Mid-Shaft Cortical Bone Thickness by 
Group using MicroCT.     

 GC4/GC-PTH4 GC-PTH8 
BSL CNTL  + 8.7% 

(p = 0.02) 
 

GC8  9.5% 
(p = 0.02) 
 

GC4/SAC4 + 6.7% 
(p = 0.03) 

10.7% 
(p = 0.00) 

Note: Results are shown as percent change compared to groups on the left.   
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Figure 4-22.  Mid-Shaft Femur Cortical Thickness by Group using MicroCT.  a = significant 

compared to BSL CNTL; b= significant with GC8; c = significant with GC4/SAC   
Results are reported as mean + standard error. 
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CHAPTER 5 
DISCUSSION 

This was the first prospective study to evaluate the ability of PTH treatment to inhibit the 

negative skeletal effects of GC in mice.  The study examined several aspects of this issue 

including the cumulative effects of both GC and PTH over time, site specific responses, tissue 

and cellular changes in response to treatment, and the effectiveness of natural recovery from 

termination of GCs.  The major findings of this investigation are as follows:   

• GCs suppress bone formation/turnover but do not necessarily reduce bone volume 

• PTH was bone anabolic even in the presence of GCs 

• PTH increased bone mass quickly 

• There was a residual effect following discontinuation of GC therapy that resulted in no 
increase in bone mass despite a rebound effect in osteoblast numbers and activity 

• Following GC treatment with PTH was more effective in improving bone structural 
parameters and mineralization than was natural recovery 

• The magnitude of response to GC and PTH varied by skeletal site 

• There was an age-related decline in bone structural parameters in control animals. 

Glucocorticoid Drugs Suppressed Bone Formation But Did Not Affect Bone Volume 

A previous study found that bone turnover decreased 67.4% (p = 0.05) in Swiss Webster 

mice treated with GC for 4 weeks (5).  Other studies have reported similar findings (2,5,114) and 

it is generally accepted that exposure to GCs suppresses bone turnover in mice.  We also found 

that turnover decreased but, in contrast to some studies, we observed increased BV/TV, though 

this only reached the level of statistical significance in the distal femur and only in measurements 

using microCT. 

GCs may have caused an uncoupling of the remodeling process so there was no longer the 

same amount of bone formed as resorbed. In some previous studies this resulted in a lower 
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BV/TV in mice, but in the present study we detected a bone specific increase in BV/TV.  While 

we found no significant changes in lumbar spine BV/TV after 8 weeks of GC use, we did detect 

(by microCT) a significant increase in BV/TV in the distal femur.   

At the cellular level, GCs affect osteoblasts, osteocytes, and osteoclasts but typically affect 

the osteoblast most (39).  GCs typically decrease osteoblast and osteoclast numbers and activity 

levels while also increasing osteocyte apoptosis.  The effects on osteoclasts are more variable.  

Studies invariably find Ob.S declines, but studies have found both increases and decreases in 

Oc.S (39).  Lane found significant increases in Oc.S while Weinstein found increased and 

decreased Oc.S in different studies (2,5,114).  In our study, 4 weeks of GC resulted in an 84.7% 

(p = 0.03) lower Ob.S and a 63.6% (p = 0.03) lower Oc.S in the distal femur in GC-treated 

animals.   

In the present study, decreased Ob.S had far-reaching consequences.  Mineralizing surface 

decreased by over 60%, further suggesting an important effect of GCs on osteoblast numbers.  

Mineralizing surface generally reflects the number of osteoblasts on trabecular surfaces and 

histomorphometry detected a trend toward decreased Ob.S and Oc.S in the GC8 group compared 

to 8 WK CNTL although the changes did not reach statistical significance.  It is possible that the 

increased BV/TV seen in this study results from GCs having more of a suppressive effect on 

osteoclasts than on osteoblasts.  If osteoclast activity levels were suppressed more, relative to 

osteoblast levels, this would result in increased bone volume.   

GCs not only affect bone cell numbers, they also influence the activity levels of these cells.  

In osteoblasts, GCs reduce the time these cells secrete osteoid and actively mineralize bone (72).  

Although we did not measure osteoid, measurement of dynamic parameters suggest a decrease in 

bone turnover.  In the distal femur, we found MS was 48.4% (p = 0.05) lower in GC-treated 
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animals (GC8) than in 8 WK CNTL animals but found no difference in MAR, an index of 

osteoblast activity, and only a non-significant, two-fold decrease in BFR/BS.  These findings are 

similar to other studies with respect to MS but differ with studies that found lower MAR and 

BFR/BS (2,5).  Our findings with respect to MAR and BFR/BS are consistent with the 

differences in BV/TV we detected, however. 

It is more difficult to directly assess osteoclast activity levels, but inferences can be made.  

The typical response to GCs in human disease is decreased bone turnover that disproportionately 

affects formation rather than resorption.  This results in rapid bone loss.  Most studies of GC in 

mice have found that BV/TV declines in a dose-dependent and time-dependent manner.  This 

was the case in several studies, including some using Swiss Webster mice   A previous study 

found that 6-month old Swiss Webster mice treated for three weeks had a modest 19% (p = 0.05) 

lower BV/TV in the lumbar vertebrae based on histomorphometry and 22% (p = 0.05) decrease 

based on microCT (2).  In this same study, Oc.S increased over 100 %, from 0.8 to 1.7% (p < 

0.05), MS decreased by almost one-third, from 42.9 to 29.5% (p < 0.05) while MAR declined 

almost 40% from 1.03 to 0.64 μm (p < 0.05).  These changes accompanied a 105% increase in 

osteocyte apoptosis from 1.9 to 3.9% (p < 0.05) (2).  Findings such as these have previously been 

attributed to a decrease in osteoblastogenesis and increased apoptosis of both osteoblasts and 

osteocytes (2,5,39).   

What determines the net balance of formation to resorption is unclear, but our finding of 

increased BV/TV in mice should not be dismissed without further study since the same 

phenomenon has been seen in other rodents.  In rats, researchers have detected bone loss, bone 

increase, or no change after exposure to GCs (36-38).  There has also been variability reported in 

mice exposed to GCs.  While some studies in mice have reported dose- and time-dependent 
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losses in BV related to GC use, others have not.  Using histomorphometry, one study found no 

significant decline in BV/TV even though BFR/BS declined significantly (~75%) in the femur.  

The only significant differences detected by microCT occurred at very high GC dosages, which 

are known to impact other steroid receptors (3).  This suggests that the dose-response to GCs is 

not linear and that some conditions may cause resorption to be more suppressed than formation.  

Our findings suggest, that while changes in bone cell numbers were important, changes in 

activity levels at the cellular level may also be central to the changes we detected in these bones.  

While both osteoblasts and osteoclasts decreased in number in response to GC treatment, the 

increased BV/TV found with GC treatment found in our study suggests osteoclast activity levels 

may have been more severely suppressed relative to osteoblast activity, allowing for increased 

BV/TV despite decreased numbers of osteoblasts.  This requires further examination, however, 

since there were no measures in this study to detect or quantify osteoclast activity levels. 

Anabolic Effects of PTH Prevented the Inhibitory Changes Associated with Glucocorticoid 
Drugs  

Studies evaluating the effects of PTH on mice consistently show it is bone anabolic even 

under conditions that tend to decrease bone formation and/or bone mass (7,8,45) and our study 

supports this finding as well.   In one study involving ovariectomized mice, PTH treatment 

resulted in a two-fold increase in MAR and a 3-fold increase in BFR/BS (7).   

GCs suppress osteoblast proliferation/ activity levels and PTH, a hormone that stimulates 

osteoblasts, is able to reverse this trend (6) to overcome the suppressive effects of GCs.  PTH 

and GC together have been tested in rats (115), but the present study is the first to examine the 

effects of PTH in GC-treated mice.  The only human investigation of the combined effects of GC 

and PTH involved subjects who also took estrogen.  In that study, BMD increased linearly 

during the entire 12 month course of treatment (6).   This finding was consistent with other 
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studies that found that the antiresorptive effects of estrogen did not prevent the bone anabolic 

response to PTH (116).  

The anabolic nature of intermittent PTH on bone is seen in its effects at the cellular level.  

Following PTH administration to rats and humans, there is typically an increase in both Ob.S and 

Oc.S, leading to increased bone turnover.  Although both Oc.S and Ob.S increase, this change is 

most dramatic in Ob.S and, therefore, favors bone formation.  A study of PTH in intact mice 

reported a significant increase in Ob.S (45).  We found no significant change in Oc.S but a 

significant increase in Ob.S compared to the GC8 group after 4 weeks (+ 547.6%, p = 0.00) and 

8 weeks (+ 852.4%, p = 0.00) of PTH treatment.  This substantial change in osteoblast presence 

on trabecular surfaces could reflect increased differentiation, decreased apoptosis, or reactivation 

of bone lining cells.   Consistent with the increase in Ob.S, after 4 weeks of treatment with PTH, 

there was a significant increase in MS (787.5%, p = 0.00) MAR (33.3%, p = 0.02), and BFR/BS 

(980.0%, p = 0.00) compared to animals receiving eight weeks of GC.  The differences in MS 

and BFR/BS were even more pronounced after 8 weeks of PTH.   

In this study, Ob.S was over 1,000% higher in a group of animals treated with PTH for 4 

weeks compared to animals treated similarly with GCs (GC4/SAC) .  The increase in number 

and activity levels of the osteoblasts resulted in a BFR/BS over ten times the rate seen in GC8 

animals in just 4 weeks.  Likewise, animals treated with PTH and GC for 8 weeks had over 

850% greater Ob.S than did GC8 animals.  The magnitude of change in Ob.S makes it unlikely 

that it could result solely from reactivation of quiescent bone lining cells.  The very high 

increases in Ob.S seen with PTH likely stem from increased osteoblast proliferation as well as 

increases in osteoblast lifespan (116). 
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Mineralizing surface is an indirect measure of the osteoblast population and increased 

numbers of these cells means more bone surface is mineralizing at any given time.  

Mineralization apposition rate generally reflects the activity level of the osteoblasts, since 

osteoblasts modulate bone mineralization.  The significantly higher MS and MAR detected in the 

present study are evidence PTH increased both the number and activity levels of osteoblasts.  

BFR/BS, a function of both MS and MAR, is also significantly higher with PTH, reflecting the 

shifting balance in bone turnover toward bone formation.  There are only a few studies that have 

examined the effects of PTH following GC therapy on BFR/BS.  One of these found that 

BFR/BS tended to decrease in response to GC alone but increased with PTH alone in rats.  That 

study found that when the two drugs are used simultaneously, there was an intermediate response 

that increases BFR/BS relative to GC-only treated animals, but kept it lower than with PTH 

alone (115).  

The effects of PTH also appeared to increase over time.  Animals in the GC-PTH8 group 

showed a trend toward even higher bone mass than the GC4/GC-PTH4 animals, according to 

microCT, but high variability prevented this from reaching statistical significance.    MicroCT 

found a 45.6% (p = 0.02) greater BV/TV in distal femur between animals treated with PTH for 8 

weeks versus those treated for only 4 weeks.  These changes appear driven by additional 

increases in osteoblast and osteoclast numbers since Ob.S was 47.1% (p = 0.05) higher and Oc.S 

was 112.5% (p = 0.03) higher in group receiving 4 additional weeks of PTH.  At the end of the 8 

weeks of PTH treatment, osteoclasts lined 1.7% of the trabecular surfaces while osteoblasts lined 

20% of the trabecular surfaces. 

PTH Increases Bone Mass Quickly 

Studies have found the effects of PTH are rapid and one study found significant changes in 

BMD in the tibia of C57BL/J6 mice with just one week of treatment (45), although it took longer 
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to detect BMD differences in the vertebrae.  In the present study, there was also significantly 

higher Ob.S, MS, MAR, and BFR/BS in the distal femur after 4 weeks of PTH-treatment 

indicating increases in osteoblast numbers and activity levels quickly influenced both bone 

formation and mineralization activity.  These improvements were evident in increased vertebral 

BV/TV and Tb.Wi at 4 weeks based on histomorphometry and in Tb.Th based on microCT.    

Our study mirrors other studies in finding early and significant changes in dynamic indices of 

bone turnover but a lag of at least 4 or more weeks before structural differences reach statistical 

significance difference from baseline controls (8,45). 

Changes in bone structural parameters were brought about through the ability of PTH to 

increase bone turnover even though GC was also administered.  Animals receiving PTH for 4 

weeks showed increases in Ob.S (+547.6%, p = 0.00) but a non-significant decrease in Oc.S      

(-11.1%, p = ns) compared to GC8 animals.  This helps show why PTH is anabolic since the 

proportion of the trabecular surfaces covered in osteoblasts increased over 5-fold.  PTH also 

increased the activity levels of osteoblasts as reflected in higher MS, MAR, and BFR/BS.  Of 

interest, animals treated with PTH for 8 weeks while also receiving GCs, showed a further 

increase in Ob.S (+47.1%, p = 0.05) and Oc.S (+112.5%, p = 0.03) compared to animals in the 

GC4/GC-PTH4.  

Residual Effects of Glucocorticoid Drugs are Apparent During Natural Recovery 

No previous studies have evaluated bone recovery once GC treatment is discontinued.  We 

expected discontinuation of GC treatment would result in natural recovery that would bring the 

measured parameters closer to control animals.   That was not the case since we detected trends 

toward lower BV/TV, Tb.N and Tb.Th and higher Tb.Sp in the GC4/RECV group than in the 

GC4/SAC, a group of animals sacrificed immediately following four weeks of GC treatment.  

This suggests there is a residual effect to GC use that, at least in mice, does not abate in four 
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weeks.  Although there were no statistically significant changes in bone structural parameters, 

there were significant changes in activity at the cellular level.  Four weeks of recovery resulted in 

significantly higher Oc.S (+225%, p = 0.00) and Ob.S (+ 690.9%, p = 0.00) compared to 

GC4/SAC.  There was a “rebound” effect in dynamic bone measures, that resulted in MS, MAR, 

and BFR/BS exceeding even the 8 WK CNTL group.  Increases in these parameters, however, 

did not translate into increased bone mass, suggesting either there was not sufficient time for 

increased bone mass to be detected or there were GC-induced changes to the bone matrix 

preventing expected increases.  We believe the latter is more likely and that this may represent a 

change to the bone matrix that inhibits increases in structural bone mass even once GC treatment 

is discontinued.   

The reason for the impaired ability of these bones to increase in mass despite high activity 

levels in bone cells is unclear, but is not without precedent.  Experiments in animals treated with 

alcohol show similar impaired recovery.  When decalcified bone cores from alcohol-treated and 

control mice were placed subcutaneously in untreated mice, the alcohol-exposed cores showed 

an impaired ability to re-mineralize (117).  It is possible a similar process is at work in 

glucocorticoid-treated mice.  Conversely, it is also possible a longer recovery period would have 

made a difference.  After GCs are discontinued in humans there is a slow reduction in fracture 

risk over time (23).  One study found the relative fracture risk decreased from 2.4 to 1.8 one year 

after GC is stopped, and continued to move back to pre-treatment baseline risk levels over time 

(23).  These reductions in fracture risk may result from improved structural repairs to the bone 

over time. 

PTH Treatment After Glucocorticoid Use Was More Effective than Natural Recovery 

We expected administration of PTH following GC treatment to be more effective in 

increasing bone structural parameters than natural recovery, and the data support this.  In the 
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vertebrae, Tb.Th was increased by 25.5% (p = 0.00) using histomorphometry and by 13.5% (p = 

0.00) using microCT in GC4/GC-PTH4 compared with GC4/SAC.  In the distal femur, BV/TV 

and Tb.Wi were significantly higher in GC4/GC-PTH4 compared with GC4/SAC while Tb.Sp 

was significantly lower based on histomorphometry.  In the distal femur, BV/TV increased 

significantly (95.6% (p = 0.01) although there was only a non-significant increase in Ob.S 

between the GC4/GC-PTH4 and GC4/SAC groups.  Histomorphometry did, however, detect 

significant increases in MS (140.7%, p = 0.01), an indication that a greater percentage of the 

trabeculae were covered in osteoblasts.  There was also a 14.3% (p = 0.02) increase in MAR, a 

measure of osteoblast activity levels.  The increases in MS and MAR contributed to the 

significant increase in BFR/BS (+ 157.1, p = 0.02) indicating that PTH treatment resulted in 

increased bone formation.  These findings were expected; since PTH in bone anabolic we 

expected it would have a greater effect on bone parameters than natural recovery after GC-

treatment was discontinued.  While animals that experienced natural recovery showed a rebound 

effect in dynamic bone parameters that showed significant increases in MS(90.3%, p = 0.05), 

MAR (16.7%, p = 0.03), and BFR/BS (90.9%, p = 0.03) compared to 8 WK CNTL, these levels 

were much more impressive following PTH treatment:  MS (441.9%, p = 0.00), MAR (33.3%, p 

= 0.02), BFR/BS (572.7%, p = 0.00).   

Age-Related Effects on Bone Mass 

We expected a relatively constant level of bone turnover in these adult male Swiss Webster 

mice.  A previous study, whose goal was specifically to determine when long-bone growth 

ceased, found that this strain of mice cease longitudinal bone growth in the long bones between 

five and six months of age (5).  Based on this, we expected young adult Swiss Webster mice to 

have a constant level of bone turnover that would result in stable levels of bone mass throughout 

the two-month length of the study.  Our data suggest, however, this was not the case.  Our results 
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may represent the first reporting that age-related decreases in bone mass occur in Swiss Webster 

mice begin within a few months of these animals reaching peak bone mass.  The effect was seen 

in histomorphometry of the lumbar spine and both histomorphometry and microCT of the distal 

femur.  

There is evidence of variability between and within in-bred mouse strains with respect to 

skeletal maturation (118,119) and, this study suggests there may be perhaps also age-related 

changes to bone in young adult out-bred mice, like the Swiss Webster strain.  One study found 

that the Swiss Webster mouse reaches skeletal maturity between 5 and 6 months of age (5), 

although no attempt was made to determine the age at which there would be a natural decline in 

bone mass due to aging.  Another study found that the level of osteoblastogenesis decreased 

three-fold in SAMP6 mice between 3 and 4 months of age and resulted in significant bone loss 

soon after (120).  Data from another study using 10 week old C57BL/J6 mice showed a trend 

toward decreasing bone volume at about 16 weeks of age (45).  Our data also suggest an age-

related decrease in bone mass in control animals.  The Swiss Webster mice in our study entered 

at seven months of age and were sacrificed two months later.  There was a lower cancellous 

BV/TV in both the lumbar spine and distal femur, using microCT and histomorphometry, 

between 7 month old and 9 month old control animals.   

In the distal femur, both histomorphometry and microCT found 35-45% less BV/TV and 

around a 20-40% lower Tb.N in nine month old animals than in their seven month old 

counterparts.  There was also more than double the Tb.Sp according to histomorphometry.   

Despite these changes there was no significant difference in the Ob.S and Oc.S although Ob.S 

showed a downward trend while Oc.S showed an upward trend.  The downward trend in Ob.S 

was insufficient to cause a significant difference in MS.  However, there was a significant 
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decline in MAR, suggesting that, while osteoblast numbers may be relatively stable, the 

osteoblasts were less actively forming bone.  The 33.3% (p = 0.01) decline in MAR contributed 

to the almost three-fold decline in BFR/BS in the 8 WK CNTL compared to the BSL CNTL 

animals. 

Prophylactic Value of Concurrent Treatment with Glucocorticoid Drugs and PTH 

This study is the first to examine whether there is increased benefit to starting PTH 

treatment concurrently with GC administration as opposed to using GC first and then later 

treating with PTH.  One group of animals was treated with GC for 4 weeks and then treated for 

an additional four weeks with both GC and PTH.  Another group simultaneously received GC 

and PTH for 8 weeks.  There was a benefit to simultaneous treatment but this may be the result 

of the additional 4 weeks of PTH.  There was a 47.1% (p = 0.05) higher Ob.S and a 112.5% (p = 

0.03) higher Oc.S with 8 weeks of PTH, indicating continued gains in the latter group. In the 

lumbar vertebrae, the group treated with PTH for 8 weeks also had a significant decrease in 

Tb.Sp.  In the distal femur, significant changes were only seen with microCT, where both BV 

and Tb.Th were significantly higher.  There were no significant differences in MS, MAR, or 

BFR/BS with additional PTH treatment.  These findings suggest that even though 8 weeks of 

PTH resulted in some additional improvement to bone parameters, 4 weeks of PTH after GC 

exposure was still highly effective.   

Comparing the effects of 4 weeks of PTH use against eight weeks of PTH in animals 

receiving GC for 8 weeks shows that most of the change occurred in the first 4 weeks of PTH 

administration.  There were continued improvements in the group receiving PTH for 8 weeks, 

but the magnitude of change was less.  82.9% of the final level of MS seen in the GC-PTH8 

group was seen in the GC4/GC-PTH4 group.  The same trend was true for MAR which was 

slightly higher in the 4 week PTH group and BFR/BS where over 70% of the total 8 week 
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change was seen in the GC4/GC-PTH4 group.  These findings suggest PTH was able to reverse 

the effects of prior GC use sufficiently to make it a valid post-exposure treatment. 

Site Specificity of GC and PTH Treatment 

In mice, as in humans, BV/TV is higher in the vertebrae than in the femur.  In humans 

however, the effects of both GC and PTH are more prevalent in the vertebrae than in the femur.  

Humans treated with both GC and PTH increased spinal BMD by 35% while the hip gained only 

a modest 2% BMD over a one-year period (6).  A different relationship has been reported in 

mice (8) where there is greater change in long bones of the appendicular skeleton than in the 

axial skeleton.  Other studies in rats have reported the same results (39).  The difference in 

results found in rodents may result from biomechanical loading differences between bipeds and 

quadrupeds (8).  In our study, changes with both GC and PTH were also greater in the distal 

femur than in the lumbar spine.  Based on histomorphometry, BV/TV changes were greater in 

the distal femur than in the lumbar spine (-46% versus -30%) and based on PTH exposure (100% 

versus 42%).  It may be that the biomechanics of weight-bearing activities of the mouse explain 

the different findings or that there is an additive effect when PTH is acting on a bone already 

exposed to higher mechanical loading (8,121,122). 

Conclusions 

This study found that glucocorticoid drugs suppress bone turnover in the Swiss Webster 

mouse and that these effects can be offset by PTH.  The effects of PTH were rapid, with most of 

the total changes seen over eight weeks occurring in the first 4 weeks.  We also found that PTH 

treatment after GC exposure is more effective at restoring bone mass than natural recovery.  We 

found there are site specific differences in response to PTH and that these caused greater changes 

to occur in the appendicular rather than in the axial skeleton.   
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This study also reports some novel findings.  We found there was an age-related loss of 

bone between 7 and 9-month old animals who received only vehicle and no study drugs.  We 

also found that GCs tended to increase bone mass even though there was clearly a suppression of 

bone turnover.  Finally we found a residual effect with GC treatment that inhibited increases in 

bone mass after GC treatment was discontinued even though osteoblastic activity rebounded 

after GC removal. 

Clinical Applications 

The underlying goal for this research was to demonstrate the efficacy of using PTH to 

mitigate the skeletal effects of GCs in mice, as a prelude to studies in humans.  Swiss Webster 

mice have previously been validated as models of bone loss due to ovariectomy (7) and for GC-

induced bone loss (2) and have been described as “a faithful model of the glucocorticoid-induced 

bone loss in humans”(39).  Despite the fact this study found exposure to GC may have increased 

BV/TV, we believe the results pave the way for follow-on studies using PTH to treat bone loss 

due to GCs in humans, although our results suggest the response of Swiss Webster mice to GCs 

may be more variable than previously reported.  There has been ample research demonstrating 

the deleterious effects of GCs and the increased risk of bone fracture that accompanies their use 

(21,23,73,76,81).  This study demonstrated that PTH is effective in reversing the inhibitory 

effects of GCs on bone formation.  Our findings support a clinical application for PTH in 

patients diseases conditions such as rheumatoid arthritis, COPD and other conditions that result 

in long-standing GC use.  PTH was used in one study with rheumatoid arthritis patients where it  

increased spinal BMD by 35%, although gains in the hip were a more modest 2% (6).  This 

human study concluded that while anti-resorptive treatments can prevent bone loss, PTH was the 

only therapy currently available that could reverse the suppressive effects of GCs (6).  We 

believe these findings and our current study show there is potential for successful treatment of 



 

99 

other patients who have experienced long-term glucocorticoid therapy including those that may 

require solid organ transplants.   

Due to the nature of post-transplant immunosuppressant protocols and reports of 

osteosarcoma in rats exposed to life-time doses of PTH (103-105), we would not recommend the 

use of PTH after transplant surgery, but this drug may prove efficacious in treating pre-existing, 

GC-induced osteoporosis in those still awaiting surgery.  The rapid effects of the PTH suggest 

that even if patients could not complete the normal 18-24 month treatment regimen prior to 

receiving a transplant, even a few months of treatment could be beneficial.  Although beneficial 

effects are more likely to be seen in the spine, one study showed that bone mass in the hip 

increased six months after PTH was discontinued (44), indicating therapeutic benefits beyond the 

dosing period. 

Study Limitations 

As with any study, resource considerations influenced study design and implementation.  

Animals were housed one to a cage although this was not ideal.  Mice are social animals that 

interact with each other so housing them alone might have affected activity or stress levels.  We 

had to house the mice singly, however, to avoid fighting.  These were adult males formerly used 

for breeding and were highly territorial.  We also had to accept delivery of study animals in 7 

shipments of 10 mice rather than receiving all animals simultaneously.  This was necessary 

because of the age of the animals involved.  The other alternative would have been to buy young 

animals and age them either at our facility or with the vendor.  This would have decreased cohort 

variation but was cost-prohibitive.  We minimized the impact of multiple cohorts by assigning 

animals from each arriving shipment to each study group. 
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Future Directions 

There were novel findings in this study that warrant further investigation.  The finding of 

negative changes in bone structural parameters in control mice over the two-month course of the 

study was unexpected.  Further studies are needed to verify these differences and establish the 

significance and mechanisms mediating these changes.  If there is a natural loss of bone so 

quickly after attaining peak bone mass, researchers need to be aware of this so they don’t 

attribute age-related changes to interventional treatments.   

The residual effect of GCs on the bone matrix also needs further study.  Animals treated 

with GCs and then allowed to recover showed further declines in bone structural parameters 

despite increased osteoblastic activity.  It is possible bone structural parameters would have 

returned to normal if more recovery time had been allowed, but it is also possible that the GCs 

caused a change to the bone matrix that inhibited recovery.  If the latter is true, it might partially 

explain the increased risk of bone fracture after GC therapy. 

Finally, we believe the results of this study provide clear evidence of the efficacy of PTH 

in treating bone changes caused by GC exposure.  We believe human clinical populations may 

also benefit from this treatment as previously discussed. 
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APPENDIX A 
SUMMARY OF BONE MEASUREMENTS 

A-1.  Summary of Significant Changes in Lumbar Vertebrae L3 based on Histomorphometry. 
 BSL CNTL 8WK CNTL GC4/SAC GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 
BSL CNTL 
 
 

 BV/TV    
-30.7%  
(p = 0.03) 
 
Tb.Wi 
-18.4% 
(p = 0.02) 

 BV/TV 
-27.7% 
(p = 0.03) 
 
Tb.Wi 
-19.0 
(p=0.02) 

BV/TV 
-31.5 
(p = 0.02) 
 
Tb.Wi  
-25.1 
(p = 0.00) 
 
 

  

8 WK CNTL 
 

      
 
 
 
Tb.Wi 
+ 24.5 % 
(p =0.01) 
 
 

BV/TV 
+ 42.0% 
(p = 0.01) 
 
Tb.Wi 
+ 22.1 
(p = 0.01) 
 
Tb.Sp 
-24.7 % 
(p =  0.03) 
 
 

GC4/ SAC 
 

     Tb.Wi 
+ 14.5% 
(p = 0.03) 
 
 

 

GC4/RECV       
 
 
 
Tb.Wi   
+25.5% 
(p = 0.00) 

BV/TV 
+35.9% 
(p = 0.03) 
 
Tb.Wi  
+23.1% 
(p = 0.01) 
 
 

GC 8 
 

   
 
 
 
Tb.Wi 
+ 18.5 
(p = 0.02) 

  BV/TV  
+ 26.4% 
(p = 0.03) 
 
Tb.Wi  
+ 35.8% 
(p = 0.00) 
 
 

BV/TV 
+ 43.7% 
(p =  0.01) 
 
Tb.Wi 
+ 33.2% 
( p = 0.00) 

GC4/GC-PTH4       Tb.N 
+ 19.5% 
(p =0.02) 
 
Tb.Sp 
- 17.4% 
(p = 0.01) 
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A-2.  Summary of Significant Changes in Lumbar Vertebrae L2 based on MicroCT. 
 GC4/RECV GC4/GC-PTH4 GC-PTH8 
BSL CNTL BV/TV 

- 21.1% 
(p = 0.03) 
 
Tb.N 
- 9.5% 
(p = 0.04) 
 
Tb.Th  
- 5.7% 
(p = 0.02) 
 
Tb.Sp 
+ 12.7% 
(p = 0.03) 
 
 

Tb.N 
-9.5% 
(p = 0.02) 
 
Tb.Sp 
+ 12.3% 
( p = 0.04) 

Tb.Th 
+ 12.3% 
(p = 0.01) 

8 WK CNTL  Tb.Th 
+ 9.7% 
(p = 0.04) 

BV/TV 
+ 36.6% 
(p = 0.01) 
 
Tb.Th 
+ 15.2% 
(p = 0.00) 
 
 

GC4/SAC 
 
 

 Tb.Th 
+ 10.6% 
(p = 0.01) 

BV/TV 
+ 26.4% 
(p = 0.04) 
 
Tb.Th 
+ 16.1% 
(p = 0.00) 
 
 

GC4/RECV  Tb.Th 
 + 13.5% 
(p = 0.00) 

BV/TV 
+ 46.7% 
(p = 0.00) 
 
Tb.Th 
+ 19.2% 
(p = 0.00) 
 
 

GC 8 
 
 
 

BV/TV 
- 21.1% 
(p = 0.04) 

Tb.Th 
+ 12.3% 
(p = 0.00) 

Tb.Th 
+ 17.9% 
(p = 0.00) 
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A-3.  Summary of Significant Changes in the Distal Femur based on Histomorphometry. 
 8WK CNTL GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 
BSL CNTL 
 
 

BV/TV 
- 45.8% 
(p = 0.03) 
 
Tb.N  
- 40.0% 
(p = 0.05) 
 
 
 
 
 
Tb.Sp 
+ 153.0% 
(p = 0.05) 
 
 

BV/TV 
- 52.1% 
(p = 0.01) 
 
Tb.N 
- 40.0% 
(p = 0.01) 
 
Tb.Wi 
- 22.3% 
(p = 0.04) 
 
Tb.Sp  
+ 177.2% 
(p = 0.01) 
 

 
 
 
 
 
 
 
 
Tb.Wi 
- 17.7% 
(p = 0.05) 

  

8 WK CNTL 
 

    BV/TV 
 + 100.0% 
(p = 0.02) 
 
Tb.N 
+ 83.3% 
(p = 0.03) 
 
Tb.Sp  
-59.4% 
p = 0.03 
 
 

GC4/RECV    BV/TV 
+ 95.6% 
(p = 0.01) 
 
 
 
 
 
Tb.Wi 
+ 27.4% 
(P =0.05) 
 
Tb.Sp 
- 63.3% 
(p = 0.01) 
 
 

BV/TV 
+ 126.1% 
(p = 0.01) 
 
Tb.N 
+ 83.3% 
(p = 0.03) 
 
Tb.Wi 
+ 30.6% 
(p = 0.02) 
 
Tb.Sp 
- 63.0% 
(p =  0.03) 
 

GC 8 
 
 

   Tb.Wi 
+ 20.3% 
(p =0.04) 

Tb.Wi 
+ 23.3% 
P =  0.03 
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A-4.  Summary of Significant Changes in the Distal Femur based on MicroCT 
 8WK CNTL GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 
BSL CNTL BV/TV 

- 37.4% 
(p = 0.00)  
 
Tb.N 
- 22.2% 
( p=0.05) 
 

BV/TV 
- 39.4% 
(p = 0.00)  
 
Tb.Sp 
+30.5% 
(p = 0.05) 

   
 
 
 
Tb.Th 
+ 16.3% 
(p = 0.01) 

8 WK CNTL   BV/TV 
+ 40.3% 
( p = 0.03) 
 
Tb.N 
+ 33.3% 
(p = 0.03) 
 
Tb.Th 
- 12.7% 
(p = 0.04) 
 
Tb.Sp 
- 19.4% 
(p = 0.03) 
 

 BV/TV 
+ 85.5% 
(p = 0.00) 
 
Tb.N 
+ 33.3% 
(p = 0.00) 
 
 
 
 
 
Tb.Sp 
 - 25.6% 
(p = 0.00) 

GC4/SAC 
 
 

   Tb.Th 
 + 6.3% 
( p = 0.05) 

Tb.Th  
+ 17.5%  
(p = 0.00) 
 

GC4/RECV   BV/TV 
+ 45.0% 
( p =0.02) 

 BV/TV 
+ 91.7% 
(p = 0.00) 
 
Tb.N 
+ 27.3% 
(p =0.01) 
 
Tb.Th 
+ 17.9% 
(p = 0.00) 
 
Tb.Sp 
 - 27.8% 
(p = 0.01) 
 

GC 8 
 
 
 

    
 
 
 
Tb.Th  
+ 13.5% 
p = 0.05 

BV/TV 
+ 32.3% 
p =  0.04 
 
Tb.Th  
+25.4% 
P = 0.00 

GC4/ 
GC-PTH4 

    
 

BV/TV 
+ 45.6% 
( p = 0.02) 
 
Tb.Th 
+ 10.5% 
(p = 0.05) 
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A-5.  Percent Changes in Osteoclast and Osteoblast Surfaces in the Distal Femur.  
p GC4/SAC GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 
BSL CNTL  Oc.S 

+ 116.7% 
(p = 0.02) 

  Oc.S 
+ 183.3% 
(p = 0.01) 
 
Ob.S 
+ 153.2% 
(p = 0.01) 
 
 
 

8 WK CNTL Oc.S 
- 63.6% 
(p = 0.03) 
 
Ob.S 
- 84.7% 
(P= 0.00) 
 
 
 

  
 
 
 
Ob.S 
-70.8 
(p = 0.00) 

  
 
 
 
Ob.S 
+ 177.8% 
(p =0.00) 
 

GC4/SAC 
 
 

 Oc.S 
+ 225% 
(p = 0.00) 
 
Ob.S 
+ 690.9% 
(p = 0.00) 
 
 
 

  
 
 
 
Ob.S 
+1,136.4% 
(p= 0.00) 

Oc.S 
+ 325.0% 
(p = 0. 00) 
 
Ob.S  
+ 1,718.2% 
(p = 0.00) 
 
 

GC4/RECV     Ob.S 
+ 129.9% 
(p = 0.00) 
 
 
 

GC 8 
 
 
 

 Ob.S 
+314.3% 
(p = 0. 00) 

 Ob.S 
+ 547.6 
(p = 0.00) 

Ob.S 
+ 852.4% 
( p= 0.00) 
 
 
 

GC4/GC-PTH4     Oc.S 
+ 112.5% 
(p = 0.03) 
 
Ob.S 
+47.1% 
(p = 0.05) 
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A-6.  Percent Changes in Dynamic Bone Formation Parameters in the Distal Femur. 
 8WK CNTL GC4/SAC GC4/RECV GC8 GC4/GC-PTH4 GC-PTH8 
BSL CNTL  

 
 
 
 
MAR  
- 33.3% 
(p = 0.01) 
 
 
 

MS 
- 83.8% 
(p = 0.01) 
 
 
MAR 
- 33.3% 
(p = 0.01) 

 MS 
- 76.8% 
 (p = 0.02) 
 
 
MAR 
- 33.3% 
(p = 0.02) 
 
BFR/BS 
- 84.4% 
(p = 0.01) 
 

MS 
 +111.9% 
(p = 0.01) 

MS 
+ 150.7% 
(p = 0.00) 
 
 
 
 
 
 
BFR/BS 
+ 131.3% 
(p = 0.02) 

8 WK CNTL  MS 
- 64.5% 
(p = 0.02 
 
 
 
 
 
BFR/BS 
- 72.7% 
(p = 0.02)) 

MS 
+ 90.3% 
(p = 0.05) 
 
MAR 
+ 16.7% 
(p = 0.03) 
 
BFR/BS 
+ 90.9% 
(p = 0.03) 

MS 
- 48.4% 
(p = 0.05) 

MS 
+ 358.1% 
 ( p= 0.00) 
 
MAR 
+ 33.3%  
(p = 0.01) 
 
BFR/BS 
+ 390.9% 
(p = 0.01) 

MS 
+ 441.9% 
(p = 0.00) 
 
MAR 
+ 33.3% 
(p = 0.02) 
 
BFR/BS 
+ 572.7% 
( p = 0.00) 
 

GC4/SAC 
 
 

  MS 
+ 436.4% 
(p = 0.00) 
 
MAR 
+ 16.7% 
(p = 0.03) 
 
BFR/BS 
+ 600.0% 
(p = 0.00) 
 

 MS 
+ 1,190.9% 
(p = 0.00) 
 
MAR 
+33.3% 
(p = 0.01) 
 
BFR/BS 
+ 1,700.0% 
(p = 0.00) 

MS 
+ 1,427.3% 
(p = 0.00) 
 
MAR 
+ 33.3% 
(p = 0.02) 
 
BFR/BS 
+ 2,366.7% 
 (p = 0.00) 

 
GC4/RECV 

    MS 
+ 140.7% 
(p = 0-.01) 
 
MAR 
+ 14.3% 
(p = 0.02) 
 
BFR/BS 
+ 157.1% 
(p = 0.02) 
 

MS 
+ 184.7%  
(p = 0.00) 
 
 
 
 
 
BFR/BS 
+ 254.4% 
(p = 0.00) 

GC 8 
 
 
 

  MS 
+268.8% 
(p = 0.00) 
 
 
 
 
 
BFR/BS 
+76.2% 
(p = 0.00) 

 MS 
+787.5% 
(p = 0.00) 
 
MAR 
+ 33.3% 
(p = 0.02) 
 
BFR/BS 
+ 980.0% 
(p = 0.00) 

MS  
+ 950.0% 
(p = 0.00) 
 
 
 
 
 
BFR/BS 
+ 1380.0% 
(p = 0.00) 
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APPENDIX B 
SUMMARY OF SELECTED STUDIES IN MICE  
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Table B-1.  Studies Of Glucocorticoid-Induced Bone Loss In Mice.   
Strain Treatment Dose 

(mg/kg) 
Age 
(wk.) 

Gender #/Grp Time 
(days) 

Results  Type 
Analysis 

SW Prednisolone 
(pellet) 

2.1 28 M 4-5 27 - Spinal BMD 
decrease 
- Preferential loss 
in axial skeleton 
- Increased 
resorption 
Decreased 
formation 
- Increased 
osteocyte 
apoptosis 

Weinstein 
(5) 
 
1998 

DXA 
 
Histomor-
phometry 

 
SW 

 
Prednisolone (pellet) 
Prednisolone + 
alendronate 

 
2.1 

 
16  

 
M 

 
5-9 

 
4, 10, 
and 27  

 
- Decreased 
Osteoclast 
apoptosis 
- Increased 
osteoclast 
survival 
- Decreased bone 
formation rate  
- Increased 
osteoblast 
apoptosis 
 

 
Weinstein 
(4) 
 
 
2002 

 
DXA 
 
Histomor- 
phometry 
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Table B-1.  Continued. 
Strain Treatment Dose 

(mg/kg) 
Age 
(wk.) 

Gender #/grp Time 
(days) 

Results  Type 
Analysis 

Balb/C Dexa-methasone (IP) 1 and 10 28 F 5 21 - Changes only 
seen at higher 
dosages 
 
-Decreased 
BFR/BS and  
MAR 
 
- Decreased 
osteocalcin 
 
 

McLaughlin 
(3) 
 
2002 

Histomor- 
phometry 
 
MicroCT 
 
Biochemical 
Assays 
 

SW Prednisolone (pellets) 1.4  24 M Unk 21 -Decrease Tr bone 
volume and 
strength 
 
-Increased size of 
osteocyte lacunae 
 
-Increased DPD 
crosslinks 
(resorption) 
 
-Decreased 
Osteocalcin 
(formation) 

Lane 
(2) 
 
2006 

Histomor- 
phometry 
 
MicroCT 
 
Biochemical 
Assays 
 

BFR/BS = bone formation rate/bone surface; BMD = bone mineral density; DPD = deoxipyrodinoline; GC = glucocorticoid; Tr = trabecular; MAR = mineral 
apposition rate; SW = Swiss Webster. 
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Table B-2.  Studies using Teriparatide in Mice.   
Strain Condition  Dose 

(µg/kg) 
Age 
(wk.) 

Gender N/ 
grp 

Time 
(Wks) 

Results  Type 
Analysis 

C57BL/6 Ovx/sham 40 12 F 4-6 3 or 7  - Increased bone 
formation rate and 
BV/TV 
Increased Oc. S 
-greater effect in 
LV than tibia 
- Little change in 
cortical bone 

Zhou (8) Histomor-
phometry 

C57BL/6 Intact 40 10  F 9 3 and 7 -greater BMD 
change in tibia and 
femur than LV 
- increased bone 
turnover 

Iida-Klein 
(45) 

Piximus 
(DXA) 
 
Histomor-
phometry 

SW Ovx 80 11 F 9 4  -Bone loss reversed 
- Mice lost bone 
faster than rats 
- 2-3X increase 
MAR 

Alexander 
(7) 

Histomor-
phometry 
 
MicroCT 

BMD = bone mineral density; BV/TV = bone volume/total volume; LV = lumbar vertebrae; MAR = mineral apposition rate; Oc. S = osteoclast surface; Ovx = 
ovariectomized; SW = Swiss Webster. 
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