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ABSTRACT

Since the development of knockout and transgenic mouse models, mice have

become the most widely used mammalian animal model to study bone.  Despite the

advances in knowledge of bone biology and function that have occurred from use of

mouse models, many studies use primarily qualitative techniques, which may result in

overlooking important subtle pathophysiologic changes.  The hypothesis of this

dissertation is that quantitative techniques to measure bone structure and function could

identify the physiologic role of carbonic anhydrase II and calbindin-D28k in mouse bone,

despite earlier qualitative studies indicating mice without these proteins have normal

bone structure and function.  Furthermore, a method to quantify bone function in vivo

will be tested in a mouse model.

Although carbonic anhydrase II deficient mice are less severely affected than

patients, the mice demonstrate features of osteopetrosis including metaphyseal widening

and a 50% increase in trabecular bone volume.  The mice partially compensate for

inhibited osteoclast function by increasing osteoclast number.

Calbindin-D28k knockout mice demonstrated an increase in bone volume that

results from additional bone at the endosteal surfaces.  The higher bone volume results in

increased stiffness and failure loads, highlighting the potential use of drugs that inhibit

calbindin-D28k to treat diseases such as osteoporosis.

Finally, calcium phosphate ceramic and hydroxyapatite particles used as strain

gauge coatings demonstrated bone bonding to mouse femora after two months in vivo.

The use of hydroxyapatite particles to coat strain gauges is the first time this method has
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been used with all commercially available materials, and will allow other research groups

to use this technique.  The major limitation to in vivo bone strain measurement in mice is

the relatively large size of the sensors, which resulted in increased second moments of

inertia in the implanted bones.

Overall, this dissertation demonstrates that the use of quantitative techniques,

including histology, histomorphometry, µCT imaging, and mechanical testing can

measure subtle changes in bone properties that have been previously overlooked.

Development of additional quantitative methods to study bone biomechanics in mouse

models may encourage other research groups to quantify bone properties if no changes

are noted using primarily qualitative methods.
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CHAPTER 1: INTRODUCTION

1.1 Project Overview and Significance

Bone tissue is dynamic and is constantly remodeled by osteoclasts and

osteoblasts.  Although the widespread development of transgenic mouse models has

allowed scientists to study the role that hormones, extracellular matrix components, and

intracellular proteins play in regulating bone mass, many of the studies only perform

qualitative gross and histological analysis to assess the importance of a particular protein

in bone physiology.  Depending on the hypothesis being tested, these qualitative methods

are usually sufficient to address the role of a protein, however, studies primarily utilizing

qualitative techniques can overlook important subtle physiological changes, possibly

leading to a misinterpretation of the pathophysiologic function of a protein, failing to

identify important pharmacological targets that can be used to treat bone disease, and

overlooking potential animal models of human disease.

This dissertation uses two animal models where initial hypotheses regarding the

function of a protein in bone tissue were sufficiently addressed using qualitative

techniques, but necessitate the use of quantitative analytical methods to address more

specific hypotheses regarding the role of the protein.  In particular these two animal

models were chosen because carbonic anhydrase II is expressed in osteoclasts, and

carbonic anhydrase II deficient may demonstrate defects in bone resorption, while

calbindin-D28k is expressed in osteoblasts, and mice without this protein may

demonstrate defects in bone formation.  The overall hypothesis of this dissertation is that

quantitative techniques to measure bone structure and function can identify the
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physiologic role of carbonic anhydrase II and calbindin-D28k in mouse bone, despite

earlier qualitative studies indicating mice without these proteins have normal bone.

Furthermore, a method to quantify bone function in vivo developed as part of this study

will be tested in a mouse model.

Carbonic anhydrase II, an enzyme that catalyzes the equilibration of carbon

dioxide and carbonic acid, is widely expressed.  In bone carbonic anhydrase II is

expressed in osteoclasts, and is important in bone resorption since patients with carbonic

anhydrase II deficiency have osteopetrosis.  The osteopetrosis resulting from a carbonic

anhydrase II deficiency is unique because unlike other autosomal recessive genetic

defects that cause osteopetrosis, the skeletal manifestations of carbonic anhydrase II

deficiency are more variable and less severe.  While a carbonic anhydrase II deficient

mouse was created as a model of the disease, the mice only displayed some features of

the human disease including stunted growth and renal tubular acidosis.  Since the

carbonic anhydrase II deficient mice did not have cerebral calcification or display

osteopetrosis they were not considered a good model of patient disease.  While

qualitative analysis was sufficient to demonstrate that carbonic anhydrase II deficient

mice do not have severe osteopetrosis as evidenced by normal bone structure and the

presence of marrow cavities, quantification of the bone phenotype is necessary to

determine whether the mice display a bone phenotype consistent with impaired bone

resorption due to decreased osteoclastic bone resorption.

Calbindin-D28k, an intracellular calcium binding protein, is expressed in high

levels in neuronal, renal and bone tissues. Although initial hypotheses about calbindin-
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D28k indicated the protein may be necessary for proper bone and tooth mineralization,

creation of a calbindin-D28k knockout mouse demonstrated impaired motor coordination

and deficiency in calcium uptake by the kidney, but no gross qualitative changes in bone

properties.  While radiography was sufficient to demonstrate that calbindin-D28k was not

necessary for bone and tooth mineralization, there was in vitro evidence showing that

calbindin-D28k is important for osteoblast function, and recent in vivo evidence

demonstrated that calbindin-D28k knockout mice have low serum osteocalcin (Lee et al

2002), indicating that osteoblast function may be impaired in these mice. Quantitative

measurements of bone structure and function are needed to determine whether calbindin-

D28k is physiologically important in regulating bone formation by osteoblasts.

Although quantitative techniques exist to measure properties of explanted bones,

and improved imaging allows in vivo characterization of bone structure, no method is

currently available to measure the mechanical properties of mouse bone in vivo.  As a

result, investigators interested in examining changes in the mechanical properties of bone

need to use larger numbers of mice to understand whether functional changes are

occurring as a result of genetic, pharmaceutical or surgical treatments.  An alternative to

using large numbers of mice is to use larger animal models such as rats and dogs where in

vivo bone strain measurement is possible.  However, these models are more expensive

and there are few transgenic dogs or rats available limiting the use of these animals in

studies of protein function.

The final aim of this study is focused on adapting the currently available

technique of in vivo strain gauge measurement for use in mice.  This technique will



16

expand the utility of mouse models for orthopaedic research allowing more quantitative

study of bone function in transgenic mice.  This is particularly important because the

strength and stiffness of bones are ultimately determined by the function of osteoclasts

and osteoblasts, which are regulated by bone strain.  Development of this technology will

allow serial measurements to be performed in mice, expanding the types of studies that

can be performed in this animal model.  Furthermore, development of this technology for

mice will complement human studies by reducing the size of the sensors which is

necessary to use this technology in larger patient populations for clinical research and to

monitor orthopaedic treatments.

1.2 Specific Aims

This study includes 3 specific aims:

1. Determine whether carbonic anhydrase II deficient mice display a defect in bone

resorption that leads to phenotypic characteristics of osteopetrosis.

2. Determine whether calbindin-D28k knockout mice display reduced bone formation

that leads to physiologically significant changes in bone by quantitatively measuring

bone structure, function and bone formation rate in calbindin-D28k knockout mice.

3. Develop a new method to measure in vivo bone strains in mice that can be used in

future studies to perform serial measurements of bone mechanical properties.
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1 Overview of Background

This section is intended to give the reader a brief overview of bone biology.  The

section begins by reviewing cell mediated bone remodeling including the role of

osteoclasts and osteoblasts in this process.  The role of osteoclasts in bone resorption and

the relevance of carbonic anhydrase II to this process is discussed in further detail,

followed by a discussion of the role of osteoblasts in bone formation and mineralization

and the relevance of calbindin-D28k to this process.  A discussion of the role of strain in

regulating the bone remodeling process, the currently available methods to measure in

vivo bone strain and the method developed to measure in vivo bone strain in mice is

given.  Finally, there is a discussion of the quantitative methods used in this dissertation

to analyze bone structure and function in each aim.

2.2 Cell Mediated Bone Remodeling

The skeleton is constantly remodeled throughout life.  Each cycle of bone

remodeling involves four phases: 1) activation, 2) resorption, 3) reversal, and

4) formation (Hattner et al 1965, Parfitt 2006).  The remodeling cycle begins with

activation of endosteal or periosteal lining cells that digest a small volume of the

underlying bone and then retract to expose bone mineral (Parfitt 2006).  The signal to

activate lining cells is believed to originate from osteocytes, the primary cellular

component of bone which have canaliculi that allow communication with other

osteocytes and with lining cells (Chambers 1980, Verborgt et al 2000).  Signaling
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originating from the lining cells causes a capillary to form a new sprout, which penetrates

the retracting lining cells and serves as the entry point of osteoclast precursor cells

(Hauge et al 2001, Parfitt 2001).  Once osteoclast precursors enter the site exposed by

lining cells they develop into mature osteoclasts and begin resorbing the old bone.  These

cells are closely coupled to osteoblasts, which follow the osteoclasts and replace the

resorbed bone with osteoid, an unmineralized bone matrix.  Bone formation is completed

when the osteoid mineralizes to form bone tissue.  The process involving resorption of

old or damaged bone by osteoclasts and formation of new bone by osteoblasts has been

recognized as a coupled process, and for this reason the two cell types are referred to as a

basic multicellular unit (BMU) (Frost 1966 and 1989).

Although the sinusoid is associated with the BMU throughout the remodeling

process, and signaling between endothelial cells lining the sinusoid and the BMU may

regulate coupling between the various stages of bone remodeling, the functional role of

the osteoclasts and osteoblasts which make up the BMU are the most studied cell types in

this process (Figure 2.1, Parfitt 2000).  Each remodeling cycle lasts 3 months, with the

resorption phase taking approximately 25% of the time and the formation phase the

remaining 75% (Frost 1989).  Each BMU replaces approximately 0.05 mm3 of bone in

humans (Frost 1989).
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Figure 2.1: The basic multicellular unit.  The structure of a BMU shown in a histological
section (A, Parfitt 2000) and a schematic illustration (B, Parfitt 1998).  The osteoclasts
(Oc) are resorbing bone and moving the BMU from right to left approximately 25
µm/day.  The reversal zone can be seen between the osteoclasts and osteoblasts (Ob) and
is occupied by stromal cells of unknown function (can be seen in A, but are not drawn in
B).  Following the reversal zone is a line of osteoblasts producing osteoid.  The center of
the cavity is occupied by a sinusoid (S) that is supplied by an arteriole (A) and a venule
(V).  Osteoclast precursors enter the BMU by diapedesis though a endothelial cell (EC)
layer and travel about 150µm through a loose stroma to reach the osteoclasts.  The tunnel
is approximately 200µm wide and 500µm long (Parfitt 2000).

2.3 Osteoclastogenesis

Osteoclast development (osteoclastogenesis) is dependant on two signaling

factors produced by osteoblasts, macrophage colony-stimulating factor (M-CSF) and

Receptor Activator for Nuclear Factor κ B Ligand (RANKL) (Boyle et al 2003, Udagawa

et al 2002, Yasuda et al 1998a, Lacey et al 1998).  M-CSF is a factor that is secreted by

osteoblasts while RANKL is produced by osteoblasts and is a membrane bound factor

(Figure 2.2).  M-CSF acts on the M-CSF receptor, a tyrosine kinase receptor (Mancini et

al 2004), and RANKL acts on RANK, a receptor that is part of the Tumor Necrosis

Factor superfamily (Hsu et al 1999).  Differentiation of osteoclast precursors into mature

mononuclear osteoclasts is dependant on signaling from M-CSF and RANKL.  Fusion
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and activation of mature osteoclasts is dependant on RANKL signaling, which activates

Tumor Necrosis Factor Receptor Associated Factor-6 (TRAF-6) and c-Fos (Figure 2.2).

Although the full range as well as physiological and pharmacologic potential of

the regulatory pathways in this process are not known, two primary regulatory

mechanisms have been described (Figure 2.2B).  The first regulatory mechanism is a

paracrine signaling pathway that involves secretion of osteoprotegerin (OPG), a “decoy

ligand” for RANK, by osteoblasts.  The second regulatory mechanism is a negative

feedback loop within the osteoclast mediated by an autocrine signaling pathway that

involves secretion of interferon-β (IFN-β) (Takayanagi et al 2002).  Additional autocrine,

paracrine and endocrine signaling pathways are thought to regulate bone remodeling by

altering the ratio of OPG to RANKL and thus modulating the RANK/RANKL signaling

pathway (Boyle et al 2003, Yasuda et al 1998b, Simonet et al 1997).

Figure 2.2: Development and regulation of osteoclasts.  Osteoclast differentiation is
dependant upon M-CSF and RANKL, and activation is dependant on RANKL (A,
Udagawa 2002).  The pathway is regulated by OPG, which is secreted by osteoblasts, and
IFN-β, which is secreted by osteoclasts (B, Takayanagi et al 2002).
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2.4 Osteoclastic Bone Resorption

Mature activated osteoclasts resorb bone within a specialized structure called a

Howship’s (resorption) lacunae.  Osteoclasts attach to vitronectin in bone via αvβ3

integrins forming a tight junction between the cell and bone called the clear zone.  The

integrin binding causes re-organization of the cytoskeleton and activation of the

osteoclast (Faccio et al 2003).  The osteoclast generates protons from CO2 produced by

oxidative phosphorylation of glucose through the action of carbonic anhydrase II.  These

protons are pumped into the resorption lacunae by a vacuolar type H+-ATPase, and

charge neutrality is maintained by a Cl-/HCO3
- exchanger on the basolateral membrane

and a chloride channel (ClC-7) in the ruffled border (Figure 2.3).  The acidic environment

in the resorption lacunae facilitates dissolution of hydroxyapatite.  Resorption of the

organic component of bone is accomplished by secretion of lysosomal enzymes,

primarily cathepsin K and matrix-metalloproteinase 9.  Tartrate resistant acid phosphatase

(TRAP) is also secreted into the Howship’s lacunae at high concentrations, although its

specific role in bone resorption is unknown.  The digested bone matrix is removed by

exocytosis and excreted through the basolateral membrane.
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Figure 2.3: The mechanism of osteoclast acidification.  Protons are generated from CO2
and concentrated in the resorption lacunae by a H+-ATPase.  Charge balance is
maintained by a bicarbonate/chloride exchanger in the basolateral membrane and a
chloride channel in the ruffled border.

2.5 Osteopetrosis and Carbonic Anhydrase II

Osteopetrosis is a group of inheritable diseases that result in increased bone

density due to defects in osteoclast differentiation or function (Tolar et al 2004).  In

severe cases osteoclasts are unable to resorb bone leading to an absence of bone marrow

cavities, which are filled with mineralized cartilage and bone tissue.  Clinical features can

include anemia due to medullary insufficiency, nerve palsies due to narrowing of the

cranial foramen, fractures due to bone fragility and bone pain due to nerve compression

and/or bone weakness (de Vernejoul et al 2001).  In general there are autosomal recessive
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forms that result in severe disease and early death and autosomal dominant forms that are

less severe.  The autosomal dominant forms exhibit variable penetrance with variable

severity.  The osteopetrosis that results from carbonic anhydrase II deficiency is unique

because it is more variable and less severe than other forms of osteopetrosis that also

result from autosomal recessive genetic defects, and also because it is accompanied by

renal tubular acidosis and cerebral calcification (Sly et al 1983a and 1983b).  Despite the

advances in molecular genetics and the creation of mouse models of osteopetrosis, a large

percentage of human osteopetrosis cases have no identifiable genetic defect (Tolar et al

2004).

Evaluation of transgenic and knockout mouse models have shown that mutations

altering osteoclast differentiation can be either intrinsic or extrinsic to the osteoclast,

while mutations affecting osteoclast function are intrinsic (Tolar et al 2004). Genetic

mutations causing intrinsic defects in osteoclast acidification are responsible for over

75% of pediatric patients with severe autosomal recessive osteopetrosis, emphasizing the

importance of animal models of osteopetrosis with defects in the osteoclast acidification

pathway (Frattini et al 2000, Sobacchi et al 2001, Frattini et al 2003).

Autosomal recessive osteopetrosis arises from known mutations in TClRG1 (part

of the osteoclast specific H+-ATPase), ClCN7 (the gene encoding the chloride channel)

and in carbonic anhydrase II (Tolar et al 2004).  Patients with defects in the osteoclast H+-

ATPase suffer from severe autosomal recessive osteopetrosis that is typically fatal within

the first decade (Tolar et al 2004, Frattini et al 2000).  There are more variable

phenotypes among patients with chloride channel mutations where both autosomal
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recessive and autosomal dominant mutations have been reported (Frattini et al 2003).

Patients with autosomal recessive osteopetrosis due to chloride channel defects account

for a significant portion of patients with severe osteopetrosis, although some of these

patients also have intermediate forms of the disease (Tolar et al 2004, Frattini et al 2003,

Cleiren et al 2001).   In contrast to patients with defects in the osteoclast H+-ATPase or

chloride channel, the osteopetrosis resulting from carbonic anhydrase II deficiency is less

severe (Tolar et al 2004, Whyte 1993).  While the life expectancy of patients with

carbonic anhydrase II deficiency is unknown, patients with osteopetrosis due to carbonic

anhydrase II deficiency live longer than those with defects in the osteoclast H+-ATPase or

chloride channel (Tolar et al 2004, Whyte 1993).  The skeletal disease in patients with

carbonic anhydrase II deficiency is variable, as noted by a case study of a patient with

carbonic anhydrase II deficiency that did not demonstrate radiographic changes sufficient

to diagnose osteopetrosis (Ohlsson et al 1986).  Most patients with a carbonic anhydrase

II deficiency do not suffer from fractures (Whyte 1993) and do not demonstrate

hematologic failure, although many demonstrate signs of cranial nerve compression and

variable mental retardation (Tolar et al 2004, Whyte 1993).  Additionally, the bone

disease caused by carbonic anhydrase II deficiency is unique because the osteopetrosis

has been noted to improve with age in untreated patients, whereas patients with other

forms of osteopetrosis generally show progressively worse disease as they age (Tolar et al

2004, Whyte 1993, Whyte et al 1980, Figure 2.4).  It has been hypothesized that the

osteopetrosis in carbonic anhydrase II deficiency may begin to resolve due to renal
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tubular acidosis which is also present in carbonic anhydrase II deficient patients, but not

in patients with TClRG1 and ClCN7 mutations (Tolar et al 2004, Whyte 1993).

Figure 2.4:  Radiographs from a patient with carbonic anhydrase II deficiency (Whyte
1993).  The images on the left are the patient at 8.5 years of age and the images on the
right are the same patient at 40 years of age without treatment.  Note that the radiograph
of the vertebrae (A) demonstrates a “bone-in-bone” appearance and no marrow cavity.
The radiograph of the femora (C) demonstrates the typical “Erlenmeyer flask” deformity
caused by widening of the femoral epiphysis.  The abnormal appearance of the bone has
improved as shown by the presence of marrow cavity in the vertebral column (B) and a
normal appearing femoral condyle (D).

2.6 Carbonic Anhydrase and Bone Resorption

Carbonic anhydrase was first discovered in 1933 (Meldrum et al 1933, Stadie et al

1933) as an enzyme in erythrocytes that catalyze the equilibration of carbon dioxide and

carbonic acid: H2O + CO2 ↔H2CO3 ↔ H+ + HCO3
-
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The isolation of carbonic anhydrase was accomplished in 1960 (Lindskog 1960), and the

purification and recognition of two isoforms in human erythrocytes occurred in 1961

(Nyman 1961).  There are currently thirteen known active carbonic anhydrases, each with

a different tissue distribution, subcellular location and activity (Pan et al 2007).

Carbonic anhydrases are a family of zinc metalloenzymes.  Carbonic anhydrase II

is one of four cytosolic forms of carbonic anhydrase (Pan et al 2007, Sly et al 1995).  In

addition, carbonic anhydrase II has the widest tissue distribution of the carbonic

anhydrases, being present in almost every tissue including bone, blood, kidney, brain, etc

(Sly et al 1995).  Carbonic anhydrase II has a turnover of more than 106 reactions per

second, the fastest turnover of any mammalian enzyme (Sly et al 1995).  To date the only

known disease attributed to a carbonic anhydrase is a carbonic anhydrase II deficiency

that causes an autosomal recessive disease with osteopetrosis, renal tubular acidosis and

cerebral calcification (Sly et al 1983a and 1983b).

Carbonic anhydrase II deficiency was the first osteopetrotic disease to be

understood at the molecular level, and highlighted the necessary function carbonic

anhydrase II performs in osteoclasts (Whyte 1993).  Cell culture experiments using

antisense nucleotides have confirmed the important role of carbonic anhydrase II in

osteoclastic bone resorption (Laitala et al 1994, Figure 2.5A).  In this experiment cells

isolated from bone were cultured on cortical bone slices to quantify osteoclast function.

Although the cell culture system used in this experiment consists of multiple cell types,

including osteoclasts, osteoblasts, osteocytes and some marrow stromal cells, the

osteoclasts are the only cell type capable of bone resorption in this system and the area of
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the resorption pits is proportional to osteoclast activity (Laitala et al 1994).  This

experiment demonstrated that removal of either carbonic anhydrase II, the enzyme used

to generate protons for bone resorption, or the V-ATPase proton pump, the enzyme used

to transport protons into the resorption lacunae, resulted in reduced bone resorption as

noted by the decreased area of resorption pits on the cortical bone slices (Laitala et al

1994, Figure 2.5A).

One unique aspect of the bone disease resulting from carbonic anhydrase II

deficiency is that it improves with age (Whyte 1993).  Since carbonic anhydrase II

deficiency also causes acidosis, a decrease in blood pH, it has been hypothesized that

osteopetrosis of carbonic anhydrase II deficiency improves with age due to a lower

extracellular pH.  This hypothesis is supported by a cell culture experiment showing that

osteoclasts can compensate for the inhibition of carbonic anhydrase II in the presence of

low extracellular pH (Lehenkari et al 1998, Figure 2.5B).  This study used a similar

mixed cell culture system to that previously described (Laitala et al 1994), but used

acetazolamide, a drug that inhibits carbonic anhydrase function, instead of antisense

RNA and DNA to study the role of carbonic anhydrase II in osteoclast function

(Lehenkari et al 1998).  This study demonstrated that bone resorption is inhibited in the

presence of acetazolamide at normal blood pH, but in the presence of low extracellular

pH osteoclasts were able to resorb bone (Lehenkari et al 1998, Figure 2.5B).  While

providing a possible explanation for the improvement in bone disease, this study further

showed that inhibiting carbonic anhydrase II function inhibited osteoclast precursor

proliferation and fusion (Lehenkari et al 1998).  It is unknown whether the primary
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defect(s) in carbonic anhydrase II deficiency in vivo results from reduced osteoclast

number, decreased osteoclast function, or a combination of both.  In this dissertation

osteoclast number and function will be characterized in carbonic anhydrase II deficient

mice to address whether the primary defect in vivo results from deficient osteoclast

differentiation or function.

Figure 2.5: The function of carbonic anhydrase II in bone resorption in vitro.  In
experiment A the 16kD subunit of the V-ATPase, 60kD subunit of the V-ATPase and
carbonic anhydrase II are removed from osteoclasts using antisense RNA and DNA
(Laitala et al 1994).  This experiment shows that removal of carbonic anhydrase II
inhibits almost 50% of bone resorption and that inhibition of some subunits of the V-
ATPase may result in more severe osteoclast dysfunction.  In experiment B carbonic
anhydrase II is inhibited with increasing concentrations of acetazolamide (10-7, 10-6, and
10-5 M) in a normal and acidic environment (Lehenkari et al 1998).  This experiment
reveals that bone resorption is inhibited in a dose dependant manner by acetazolamide
and that osteoclasts can compensate for inhibition of carbonic anhydrase II in an acidic
environment.  In A and B *p<0.05, ** p<0.01, and ***p<0.001.

2.7 Carbonic Anhydrase II Deficient Mice

In order to study the features of carbonic anhydrase II deficiency in vivo, a mouse

model was created using chemically induced mutagenesis (Lewis et al 1988).  The
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mutation induced a cysteine to threonine substitution resulting in a stop codon in place of

glutamine at position 155 (Gln155X, Sly et al 1995).  This mouse model of carbonic

anhydrase II deficiency demonstrated many of the pathological features of human

disease, including stunted growth and renal tubular acidosis; however, a notable feature

of the carbonic anhydrase II deficient mouse was that it lacked the osteopetrosis and

cerebral calcifications that are seen in patients with this defect (Lewis et al 1988).  In old

age the carbonic anhydrase II deficient mice display blood vessel calcification (Spicer et

al 1989), and the carbonic anhydrase II deficient mice have also been important in

determining the distribution and function of carbonic anhydrase IV (Ridderstrale et al

1992 and 1994).

The original study describing carbonic anhydrase II deficient mice showed that

these mice display smaller bones compared to wild type mice, but attribute the smaller

bones to a lower body weight (Lewis et al 1988).  Planar x-ray images of an aged

carbonic anhydrase II deficient mouse showed that these mice do not develop severe

osteopetrosis as was apparent by visible marrow cavities and a normal/low radiopacity of

the bones (Lewis et al 1988, Figure 2.6).
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Figure 2.6: Planar x-ray images of a carbonic anhydrase II deficient and wild type mouse
(Lewis et al 1988).  A 15 month old carbonic anhydrase II deficient mouse (left) and a 14
month old wild type mouse (right).  Note that marrow cavities are visible on the carbonic
anhydrase II deficient mouse and bone density appears lower than the wild type mouse.

To date only one quantitative study has been performed to confirm the

observation that carbonic anhydrase II deficient mice do not display a bone phenotype.

In that study, mechanical testing demonstrated that the cortical bone in carbonic

anhydrase II deficient mice had similar bending moduli and brittleness compared to wild

type mice (Jepsen et al 1990).  Furthermore, the study reported no differences in the

histological structure of cortical bone in carbonic anhydrase II deficient mice, although

the parameters that were measured were not discussed beyond confirming the presence of

marrow cavities in the long bones (Jepsen et al 1990).

While it is clear that carbonic anhydrase II deficient mice do not have a phenotype

of severe osteopetrosis, the skeletal disease in patients with carbonic anhydrase II
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deficiency is variable and less severe than the malignant forms of osteopetrosis (Tolar et

al 2004).  Indeed, one report of a patient with carbonic anhydrase II deficiency did not

demonstrate radiographic changes sufficient to diagnose osteopetrosis (Ohlsson et al

1986).  The clinical heterogeneity of osteopetrosis in carbonic anhydrase II deficient

patients warranted a more in depth look into the bone structure of carbonic anhydrase II

deficient mice, particularly if the mice display a skeletal phenotype consistent with

inhibited bone resorption.  Furthermore, carbonic anhydrase II deficient mice may

provide a model to address whether the primary defect resulting in increased bone density

is a defect in osteoclast formation, function or both.

The first aim of this dissertation is to analyze bone structure and osteoclast

number and osteoclast morphology in carbonic anhydrase II deficient mice to determine

whether the mice display any characteristics consistent with defective bone resorption.

2.8 Bone Formation and Mineralization

Mineralized tissue formation is a specialized process that occurs physiologically

in teeth and bones.  For years theories on tissue mineralization focused on the role of

bone and tooth specific proteins, as it was believed that these proteins facilitated the

initiation of bone mineralization.  However, knockout mice lacking proteins that have

long been recognized as bone specific, such as bone sialoprotein (Aubin et al 1995) and

osteocalcin (Ducy et al 1996) have been created and still show normal bone and tooth

mineralization, although bone formation and structure are altered.  These and other

mouse models suggest the idea that only one bone specific protein is present that is
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necessary to induce extracellular matrix mineralization (Murshed et al 2005).  Although

double knockout mouse models have not been created to test whether a combination of

bone specific or calcium binding proteins is necessary for tissue mineralization, recent

studies by Murshed et al 2005 indicate that co-expression of two commonly expressed

proteins is necessary and sufficient to induce extracellular matrix mineralization.

While hard tissue is primarily made up of type I collagen, this collagen is not

specific to mineralized tissues.  Osteoblasts normally secrete pyrophosphate, an inhibitor

of extracellular matrix mineralization.  Pyrophosphate is two phosphate ions linked by an

ester bond that binds to nascent hydroxyapatite crystals and prevents further

mineralization (Fleish et al 1961 and 1962).  Tissue non-specific alkaline phosphatase

(TNAP) is also secreted by osteoblasts, and likely cleaves pyrophosphate into inorganic

phosphate.  Both type I collagen and TNAP are widely expressed and not specific to

mineralized tissues.  However, the only cell types where type I collagen and TNAP are

co-expressed are osteoblasts, odontoblasts and cementoblasts (Murshed et al 2005).

Although tissue mineralization does not appear to be completely dependant upon bone

specific or calcium binding proteins, the role of these proteins in regulating normal bone

physiology may be important but as yet is unclear.

2.9 Vitamin D Dependant Calcium Binding Protein

Vitamin D dependant calcium binding protein (calbindin) was initially discovered

by its action in chick intestinal mucosa as a protein that was up-regulated by vitamin D

and increased calcium absorption (Schachter et al 1959, Wasserman et al 1966).  Since
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calbindin was first described, 9kD and 28kD forms of the protein were discovered in

mammalian and avian intestinal tissues, respectively (Kallfelz et al 1967).  In humans

both isoforms are expressed: calbindin-9k is primarily expressed in the intestine and

kidney, and calbindin-D28k is expressed in the kidneys and neurons (Christakos et al

1989).  Both isoforms are expressed in osteoblasts, but there is approximately 100 times

as much calbindin-D28k as calbindin-D9k (Berdal et al 1996).  Calbindin-D28k is

primarily cytosolic while calbindin-D9k has been localized to the cytosol of osteocytes

and osteoblasts adjacent to mineralized tissue, and in extracellular matrix including

mineralized bone and osteoid tissue that has begun to mineralize (Balmain et al 1989).

Although there were theories that both the 28k and 9k isoforms were important in

initiation of bone mineralization, creation of calbindin-D9k knockout (Kutuzova et al

2006) and calbindin-D28k knockout (Airaksinen et al 1997) mouse models have not

revealed any skeletal mineralization defects.

Biochemical studies have suggested that the two isoforms may have different

functions.  Both isoforms can bind to and buffer free calcium, however calbindin-D28k

also acts as a calcium sensor that can activate inositol monophosphatase (IMPase,

Berggard et al 2002a and 2002b).  Calbindin-D28k is especially effective at low calcium

and low inositol monophosphate (IMP) concentrations, and it can activate IMPase over a

wide range of pH (Figure 2.7).  Calbindin-D28k has also been shown to inhibit apoptosis

by inhibiting caspase-3 (Figure 2.7) and activating extracellular signal related kinase

(ERK) 1 and 2 (Liu et al 2004, Bellido et al 2000).  Cell culture experiments indicate that
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calbindin-D28 is important for calcium transport during tissue mineralization (Faucheux

et al 1998) and also suppresses osteoblast apoptosis (Bellido et al 2000).

Figure 2.7: Calbindin-D28k interacts with IP3 (Berggard et al 2002a) and caspase (Liu et
al 2004) signaling cascades.  The ability of calbindin-D28k to activate IMPase is higher
at low IMP concentrations (A) and low free calcium concentrations (B).  Calbindin-D28k
has IMPase activity over a wide range of pH (C).  The reaction of IMPase is shown in D.
Note that calbindin-D28k would also interact with the IP3 signaling cascade by buffering
intracellular calcium (D).  Calbindin-D28k also inhibits caspase-3 activity with little to
no effect on other caspase isoforms (E).

2.10 Calbindin-D28k Knockout Mice

Studies of calbindin-D28k knockout mice have demonstrated they do not have

any gross defects in bone formation or mineralization (Figure 2.8), but have impaired

motor coordination likely due to deficits in cerebellar pathways (Airaksinen et al 1997).

Calbindin-D28k has also been shown to participate in calcium uptake in the distal tubule

in vitro (Bouhtiauy et al 1994), which was confirmed with in vivo studies indicating

calbindin-D28k knockout mice have significant hypercalciuria when fed a high calcium
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diet (Sooy et al 2000).  These studies support the proposed function of calbindin-D28k in

neuronal and renal tissues.

Another recent study in calbindin-D28k KO and vitamin D receptor KO mice

demonstrated that calbindin-D28k plays an important physiologic role in calcium

homeostasis, however, its function can be mostly compensated for by calbindin-D9k

(Zheng et al 2004).  This study provides the most direct in vivo evidence to date that

calbindin-D28k is important in bone.  However this and previous studies have not found

any significant changes in the bones or growth plates of calbindin-D28k KO mice

(Airaksinen et al 1997, Zheng et al 2004), indicating that calbindin-D28k may only have

an indirect effect in bone.

Figure 2.8: Bone structure and mineral density in calbindin-D28k knockout mice (Zheng
et al 2004).  The bones of calbindin-D28k knockout and wild type mice appear similar on
x-ray (A) and have similar lengths (B).  Bone mineral density is decreased overall and in
the cortical bone of calbindin-D28k knockout mice, however the difference is small and
seems to be reversed in trabecular bone (C).  *p<0.05
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Control of calcium transport in many tissues involves active transport through

cells, which may provide better regulation of calcium concentration compared to

mechanisms involving calcium movement through passive paracellular routes.  In the

intestine and kidney, calcium transport occurs through three steps: calcium entry,

intracellular transport, and extrusion across another membrane.  Calbindin is the calcium

binding protein that “ferries” calcium across the cytoplasm in intestinal and renal tissues.

The calbindin-D28k knockout mouse model was used to demonstrate that the traditional

“calcium ferry” mechanism described in renal and intestinal tissue does not apply to the

mineralization of enamel (Turnbull et al 2004).  Removal of calbindin-D28k reduces the

calcium binding capacity of enamel epithelial cells (Figure 2.9C), and no known calcium

binding proteins were up-regulated to compensate for this loss.  Despite the

uncompensated loss of calcium buffering capacity no defects in tooth or bone

mineralization were noted in calbindin-D28k knockout mice (Figure 2.9).
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Figure 2.9: Tooth and bone mineralization in calbindin-D28k knockout mice (Turnbull et
al 2004).  The thickness and area of dental enamel (A) and the bone mineral content (B)
were the same in calbindin-D28k knockout and wild type mice despite the decreased
calcium binding capacity of cells from calbindin-D28k knockout mice (C).  Images and
x-rays of the mandible demonstrate that calbindin-D28k knockout mice (D and F) have
normal appearing bone and mineralization compared to wild type mice (E and G).  The
scale bar in G is 2mm.

Although studies looking at tissue mineralization in calbindin-D28k knockout

mice have not shown any differences resulting from loss of the protein, one recent study

noted that calbindin-D28k knockout mice have a decreased level of serum osteocalcin

(Lee et al 2002).  Osteocalcin is a protein uniquely synthesized by osteoblasts and

secreted into the bone extracellular matrix (Weinreb et al 1990, Boivin et al 1990).

Osteocalcin has been shown to correlate with bone formation rate (Ducy et al 1996) and

serum osteocalcin levels are used as a clinical indicator of bone metabolism (Taylor et al

1994).  Lower serum osteocalcin levels suggest that bone formation may be suppressed in

calbindin-D28k knockout mice and that the protein may have a direct effect on bone.
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The second aim of this dissertation is to analyze bone formation rate in calbindin-

D28k knockout mice to determine whether the absence of calbindin-D28k has an effect

on osteoblast function in vivo.  Furthermore, bone structure and biomechanical properties

will be measured to determine whether altered osteoblast function leads to functional

changes in the bones of calbindin-D28k knockout mice.

2.11 Strain Mediated Bone Remodeling

Since the late 1800’s mathematical evaluation has demonstrated that the shape of

trabecular bone in the femoral head was a result of the magnitude and direction of

stresses imposed on the bone as a result of body weight (Wolff 1870 and 1892, Koch

1917).  Clinical evidence that supports strain mediated bone remodeling includes bone

loss during unloading, which occurs in bed rested patients (Deitrick et al 1948) and

during spaceflight (Whendon et al 1976), as well as large bone mass in weight lifters

(Frost 1987).  The first mechanistic theory that explained this phenomenon was the

“mechanostat” proposed by Frost (Frost 1987).  The theory proposed that normal bone in

a “physiologic” maintenance window experiences peak strains ranging from 300µε to

1,500µε.  In this physiologic window osteoclastic bone resorption is balanced by

osteoblastic bone formation.  When peak strains drop below 100-300µε net bone

resorption occurs, and when peak strains are above 1,500µε net bone formation occurs.

Peak strain levels sufficient to induce microdamage in bone may be necessary to

stimulate the initiation of bone remodeling (Frost et al 1961 and 1970, Radin et al 1984,

Burr et al 1985, Martin et al 1982, Martin 2003).  While Frost’s theory provided the first
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theoretical framework for understanding strain mediated bone remodeling, additional

theories have been proposed to explain this phenomenon.  One such theory, cellular

accommodation, differs from the mechanostat theory by indicating that bone is

responsive to changes in the loading environment instead of precise peak strain levels

(Turner 1999).  Experimental evidence indicates that cellular accommodation provides a

better explanation for changes in bone mass following loading than the mechanostat

theory, because the response is path-dependant (Schriefer et al 2005).

The cellular mechanisms to explain how cells sense and respond to bone strain

have begun to emerge.  Osteocytes are considered the primary sensor cell and the

osteoblasts are considered the primary effecter cell, however both cells are capable of

sensing strain directly and the mechanisms may be similar (Pavalko et al 2003).  Strain

sensitive channels, deformation due to bone adhesion, fluid flow induced cilia

deformation and piezoelectric effects may all be involved in the cell sensing strain

environment (Malone et al 2007, Pavalko et al 2003, Ehrlich et al 2002).  While most

research has been focused on bone strain detection and response in osteoblasts and

osteocytes, one recent study has demonstrated that osteoclasts are sensitive to strain

(Kurata et al 2001).  The emerging evidence showing the intricate relationship between

osteoblasts and osteoclasts indicate that the response of BMU’s to bone strain may

involve communication between all three cell types.



40

2.12 Bone Strain Measurement

Quantification of the functional strains in bone was first extensively studied in the

1940’s and 1950’s when strains were measured in loaded cadaver bones (Gurdjian et al

1945, 1946, and 1947, Pedersen et at 1949).  These early studies used the stresscoat

technique to analyze strains, however the use of more accurate electrical resistance strain

gauges to monitor strains was not extensively used until the 1970’s when cyanoacrylate

adhesives were developed (Evans et al 1962, Lanyon et al 1970, Lanyon 1972 and 1973,

Baggott et al 1977, Lauder et al 1979).  The use of glued gauges became the standard

method of in vivo strain measurement in large animal models and was used to obtain the

first in vivo strain measurements from the tibia of a male research subject (Lanyon et al

1975).

The use of glued gauges allows accurate collection of in vivo strain measurements

immediately after an animal recovers from surgery, but long term measurements with

glued strain gauges are problematic because cyanoacrylate adhesives begin to degrade

within one week of exposure to an in vivo environment (Cameron et al 1965, Leonard et

al 1966).  This degradation limits sensor accuracy with acceptable measurements insured

for only two weeks following placement (Carter et al 1980 and 1981, Keller et al 1982,

Rubin et al 1984, Maliniak et al 1993, Szivek et al 1995, Burr et al 1996).  Although

measurements have been collected from glued gauges for three weeks (Cochran 1972)

and six weeks (Maliniak et al 1993) these measurements were highly variable and

inaccurate when compared to control gauges glued to the contralateral femora (Maliniak

et al 1993).  To overcome glue degradation, which prevents accurate long term in vivo
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bone strain measurement, calcium phosphate ceramic coated strain gauges were

developed (Szivek et al 1990, 1995, 1996, 1997, and 2004, Battraw et al 1999, Cordaro et

al 2001a and 2001b, Rabkin et al 2001).  Calcium phosphate ceramic coated gauges have

been used for up to 10 weeks in rats (Rabkin et al 2001) and 12 weeks in dogs (Szivek et

al 1997) to collect in vivo measurements, demonstrating the utility of calcium phosphate

ceramic coated gauges for long term studies.  In addition to collecting in vivo bone strain

measurements from large animal models, calcium phosphate ceramic coated gauges bond

to bone in humans, and have been used to measure strains from a lamina during spine

fusion in a patient for several months (Szivek et al 2005).  Prior to this study calcium

phosphate ceramic coated strain gauges have not been used in mice despite their potential

to directly measure mechanical bone quality in many commercially available transgenic

and knockout mice.

The third aim of this study is to determine whether calcium phosphate ceramic

coated strain gauges attach to mouse bone in vivo.  Furthermore, the third aim of this

study uses a mouse model to test a hydroxyapatite coating to determine whether long-

term in vivo strain measurement can be performed using commercially available

materials.

2.13 Techniques to Measure Bone Structure and Function

Qualitative analysis of bone structure is sufficient to address many hypotheses of

the role of proteins on bone function.  For instance, the hypothesis that a carbonic

anhydrase II deficiency would cause osteopetrosis in bone was easily addressed in mice
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using planar radiography, where the presence of marrow cavities in the long bones and

normal radiopacity of the bones demonstrated that mice did not suffer from bone disease.

Another example of a qualitative analytical technique providing sufficient information to

address a hypothesis was the theory that calbindin-D28k was necessary for proper

mineralization of bone and teeth.  Radiography showing absorption of x-rays due to the

presence of mineralized tissue sufficiently addressed this hypothesis.  However, further

studies into the function of these proteins have lead to the development of more specific

hypotheses that cannot be addressed using only qualitative methodologies.  Although it is

clear that carbonic anhydrase II deficient mice do not have severe osteopetrosis, it is

unknown whether these mice demonstrate any defects in osteoclast function.  It is also

clear that calbindin-D28k knockout mice have normally mineralizing bones and teeth,

however, it is unknown whether absence of this protein affects osteoblast function.  In

order to address these more specific hypotheses quantitative techniques of bone analysis

are necessary.

Histology is the study of tissue microanatomy and has been used to study bone for

hundreds of years.  However, quantitative histology of mineralized tissues did not

become possible until the mid-1950’s when methods of taking thin sections of

mineralized bone tissue were developed (Arnold et al 1954).  Prior to this time, bone

needed to be demineralized before taking thin sections, which significantly distorted the

bone tissue and prevented accurate quantification of bone structure.  Currently,

quantitative histology can be used to analyze the absolute and relative amounts of

mineralized bone, non-mineralized bone (osteoid) and marrow tissues within a bone



43

section.  These methods make it possible to quantify bone structure and provide insight

into whether changes in a bone are normal or pathologic.  For instance if a bone is noted

to be larger, histological characterization can determine whether a larger bone is “normal”

and the change is a result of bone growth with a normal amount of bone tissue.

Histological characterization could also note whether a larger bone is a result of relatively

more mineralized tissue, as would be reflected in an increased amount of bone and a

change in the bone volume, a measure of the relative amount of mineralized bone tissue

compared to other bone tissues.  Furthermore, quantitative histology allows analysis of

where the additional tissue is located, i.e. on the periosteal or endosteal surfaces of

cortical bone or in the trabecular bone.  Despite the smaller size of bones in carbonic

anhydrase II deficient mice, if bone resorption is inhibited then histological analysis is

expected to show an increase in bone volume.  If bone formation is decreased in

calbindin-D28k knockout mice then a similar decrease in bone volume is expected to

occur.

Only a few years after methods to analyze bone tissue became possible, it was

noted that tetracycline, a commonly used antibiotic, was trapped in mineralizing osteoid

and could be visualized in histological sections when excited with fluorescent light

(Milch et al 1957, Frost et al 1960).  A technique that exploited this phenomenon was

subsequently developed to directly measure bone formation rate in histological sections,

and is referred to as histomorphometry.  This method can directly address hypotheses

related to osteoblast function, as it allows a direct quantification of mineralized tissue
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formation.  If osteoblast function is inhibited in calbindin-D28k knockout mice, then

bone formation is expected to decrease as a result.

Although histomorphometry provides a direct measurement of osteoblast

function, this technique is also valuable to address hypotheses related to osteoclast

function, because no histological technique is available to directly measure osteoclast

function and bone resorption.  Although histology is expected to show an increase in

bone volume if bone resorption is inhibited, interpretation of histological sections may be

misleading as an increase in bone formation rate and normal bone resorption would also

result in increased bone volume.  For this reason analysis of osteoclast activity must use

both histology and histomorphometry to ensure that an increased bone volume is not a

result in changes in osteoblast activity.  In carbonic anhydrase II deficient mice an

increased bone volume can only be interpreted as decreased osteoclast function if

histomorphometry also demonstrates normal or decreased bone formation rate.

Although the development of quantitative histology and histomorphometry was a

great advance in bone research, these methods can still result in erroneous results due to

errors in sectioning and because the measurements from a two dimensional slice must be

extrapolated to a three dimensional object.  Recent advances in imaging technology have

minimized these errors by allowing quantification of bone structure using high resolution

three dimensional imaging techniques.  One such technique, micro-computed

tomography (µCT), uses multiple planar x-ray images collected at various angles to

reconstruct a three dimensional image of the tissue.  Although additional high resolution

three dimensional imaging techniques exists, such as magnetic resonance imaging, µCT
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is well suited to analyze bone tissue because mineralized tissues strongly absorb x-rays

which provides a high signal to noise ratio.  Since µCT imaging does not necessitate any

bone processing there is no error due to plastic embedding or sectioning of bone, and the

quality of the analysis is directly related to the resolution of the imaging system.  Despite

these advantages, µCT imaging is used in this study to complement the histological and

histomorphometric analysis because it cannot provide all the information that these

techniques provide.  For example, histology can discriminate between osteoid and

marrow cavity tissues, whereas µCT imaging cannot sufficiently resolve these tissues.

Furthermore, none of the dynamic bone formation data provided by histomorphometry

can be obtained from any currently available imaging modality.

Another advantage of µCT imaging is that image intensity is directly proportional

to the bone mineral content because the calcium in bones is primarily responsible for

absorption of x-rays that are used to construct the µCT image.  When standards of known

density are imaged with the sample, analysis of image intensity can be used to measure

bone mineral density.  In this dissertation, µCT imaging with standards was used to

measure the bone mineral content of bones in carbonic anhydrase II deficient mice.  If

standards are not available then additional methods can be used to determine bone

mineral density.  The “gold standard” to measure bone mineral content is to ash bones by

heating in a furnace to destroy the organic component of the bone, and then use chemical

or spectrophotometric methodologies to quantify elements within the bone.  In this

dissertation chemical analysis was used to quantify calcium content in the bones of

calbindin-D28k knockout mice and inductively coupled plasma mass spectrometry was
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used to quantify phosphorous content.  Studies have shown a relationship between the

failure strength of bone and the bone mineral content (Gluer et al 2006, McClung 2005,

Li et al 2004), emphasizing the importance of measuring bone mineral content.

Although histology and high resolution imaging can be used to quantify bone

structure, these techniques have limited resolution and cannot be used to image cellular

structure.  In studies of carbonic anhydrase II deficient mice visualization of osteoclast

morphology is important because specific features of osteoclast morphology are

characteristic of the cells function.  Normal osteoclast function is characterized by the

presence of a ruffled boarder, a clear zone, and numerous mitochondria.  Osteoclasts

increase the cell surface area available to pump protons and lysosomal enzymes into the

resorption lacunae by developing a ruffled boarder, while the clear zone is an indication

of osteoclast adhesion to bone (Figure 2.3).  Furthermore, the presence of numerous

mitochondria is necessary to maintain ATP production because the production of a

lysosomal enzymes and maintenance of a large proton gradient across the ruffled border

has a high energy requirement.  Transmission electron microscopy was used to image

osteoclasts in carbonic anhydrase II deficient mice to determine whether they displayed

characteristic features of osteoclasts that are actively resorbing bone.

Scanning electron microscopy, similar to transmission electron microscopy, can

achieve higher resolution than light microscopy which is used in histology and

histomorphometry.  While transmission electron microscopy provides a higher resolution

than scanning electron microscopy, transmission electron microscopy necessitates taking

extremely thin sections to obtain an image.  In some samples, such as those with
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implants, taking sections thin enough to image using transmission electron microscopy is

difficult and high resolution images are more readily obtained using scanning electron

microscopy.  In addition to using histology, histomorphometry and µCT imaging, the aim

analyzing the response of bone to the placement of calcium phosphate ceramic particle

coated strain gauges scanning electron microscopy is used to image the interface between

the bone and implanted strain gauge.

While the techniques described above, including histology, histomorphometry,

µCT imaging, transmission and scanning electron microscopy can be used to determine

the structure of bone tissue, bone cells and the interface between bone and implanted

materials, none of these techniques analyze the mechanical properties of bone.  As bone

functions as both a calcium storage site and a tissue that provides mechanical integrity to

allow movement and protect soft tissues, it is important to quantify the strength and

stiffness of bones to determine whether changes in bone structure result in functional

differences in the mechanical properties of bone.  In this dissertation various methods of

mechanical testing are used to quantify the functional properties of whole mouse bones.

In calbindin-D28k knockout mice and mice implanted with strain sensors cantilever bend

testing is used to quantify bone compliance and the attachment of implanted calcium

phosphate ceramic coated strain gauges.  Since cantilever bend testing is not a commonly

used method to analyze bone biomechanics in mice, this method was verified using

paired femora from the same mice to determine the precision of the method in mouse

femora.  In addition, three point bend testing was used in calbindin-D28k knockout mice

to verify the results obtained with cantilever bend testing.  Finally, four point bend testing
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was used to measure the effect of waterproofing and particle coating on strain

measurement in mice.  Four point bend testing is the preferred method for this analysis

because the strain generated in a specimen is uniform in four point bending, but varies as

a function of location along the sample in three point and cantilever bending.  In carbonic

anhydrase II deficient mice mechanical testing was not preformed because testing has

been performed previously and demonstrates no difference between carbonic anhydrase

II deficient and wild type mice (Jepsen et al 1990).

The methods outlined in this section were used to study specific hypotheses

related to bone cell function in carbonic anhydrase II deficient and calbindin-D28k

knockout mice.  Although previous hypotheses related to proteins were sufficiently

addressed using qualitative radiography and histology, the use of currently available

quantitative techniques are necessary to address more specific hypotheses in these mouse

models related to the function of osteoclasts and osteoblasts in these mouse models.

Furthermore, the use of these techniques allowed analysis of attachment of calcium

phosphate ceramic particle coated strain gauges used to measure in vivo bone strain as

well as the effect that implanting these sensors has on bone structure.
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CHAPTER 3: EXPERIMENTAL DESIGN

3.1 Bone Phenotype in Carbonic Anhydrase II Deficient Mice

Carbonic anhydrase II deficient and wild type mice were used to study bone

phenotype.  The study was performed at 90 days of age because the skeletal disease in

patients with a carbonic anhydrase II deficiency is the most severe in adolescence, and

mice do not reach skeletal maturity until 120 days of age.  Six of each type of mouse was

used for histomorphometry and µCT imaging.

Thirteen and three days prior to sacrifice the mice were labeled with calcein

(Sigma, St. Louis, MO) subcutaneously at a dose of 15 mg/kg.  Calcein is a fluorochrome

that can be used in place of tetracycline to label mineralizing bone for histomorphometry.

One tibia was embedded in polymethylmethacrylate for histology to measure bone

structure and histomorphometry to measure bone formation rate.  The other tibia was

explanted and imaged with µCT to provide an additional measure of bone structure.  In

addition, µCT imaging was used to measure the bone mineral density.  Three additional

carbonic anhydrase II deficient and wild type mice were perfused with 10% formalin.  In

these additional mice, one tibia was decalcified and used for counting osteoblasts and

osteoclasts, the other was used for transmission electron microscopy to view osteoclast

morphology.
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3.2 Bone Phenotype in Calbindin-D28k Knockout Mice

Calbindin-D28k knockout and wild type mice were used to study bone phenotype

at 90 days of age.  At 90 days of age the mice used in this study were one month older

than mice used in a previous study demonstrating reduced serum osteocalcin (Lee et al

2002).  The mice were studied at a later time point in this project so that differences in

osteoblast function would potentially become apparent at a tissue level leading to changes

in bone structure and mechanical properties.

Thirteen and three days prior to sacrifice six wild type and six calbindin-D28k

knockout mice were labeled with calcein (Sigma, St. Louis, MO) subcutaneously at a

dose of 15 mg/kg.  One tibia was explanted and embedded in polymethylmethacrylate for

histology and histomorphometry to measure bone structure and bone formation rate.  The

other tibia was cleaned of soft tissue and used to analyze bone mineral content.  One

femur was tested in cantilever bending, imaged with µCT, and then embedded in

polymethylmethacrylate for histology and histomorphometry to measure the

biomechanical properties of the bone and confirm whether any structural changes noted

in the tibia were also seen in the femur.  The other femur was imaged with µCT and

tested in three point bending to confirm the biomechanical properties measured with

cantilever bending.  Three additional calbindin-D28k knockout and wild type mice were

perfused with 10% formalin, and one femur was decalcified and used for counting

osteoblasts and osteoclasts.
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3.3 Development of a Method to Measure In Vivo Bone Strain in Mice

Wild type mice were used in this study.  The first part of this study involved

characterization of cantilever bend testing in mouse femora.  This technique was used to

characterize bone bonding to strain gauges in this aim and was used to characterize the

mechanical properties of femora in calbindin-D28k knockout mice.  Analysis of the

precision of cantilever bend testing was valuable because it is not as commonly used as

three point bend testing to measure the mechanical properties of long bones in mice.

In the second part of this aim wild type mice were implanted with a calcium

phosphate ceramic (previously designated calcium phosphate ceramic-2, Szivek et al

1996), or hydroxyapatite nanopowder (Sigma, St. Louis, MO) coated strain gauge to

characterize bone bonding to gauges with each type of coating.  Femora were explanted

and tested in cantilever bending to measure mechanical coupling between the bone and

implanted strain gauges.  Femora were then imaged with µCT to determine whether

placement of a strain gauge in vivo altered bone structure.  Femora were embedded in

polymethylmethacrylate and used for histology, histomorphometry to confirm structural

changes measured with µCT and determine whether bone formation rate changed as a

result of strain gauge placement. Finally, femora were imaged with scanning electron

microscopy to obtain high magnification images of the bone-strain gauge interface.  The

goal of the in vivo model was to compare bone bonding to the two types of calcium

phosphate ceramic coatings.  Comparison of the strains with the different coatings was

evaluated using four point bending.
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CHAPTER 4: METHODS

4.1 Animal Models and Handling

A. Carbonic Anhydrase Deficient and C3H Mice

The carbonic anhydrase II deficient mouse strain used in this study was created

from heterozygous C57BL/6J CAR-2 breeders (Lewis et al 1988) purchased from

Jackson Laboratory (Bar Harbor, ME).  The mice were backcrossed to C3H-HeNHsd

mice for more than 5 generations and are considered congenic to these mice.  The

carbonic anhydrase II deficient mice were maintained as a homozygous carbonic

anhydrase II deficient colony at the University of Arizona animal care facility.  These

mice have similar growth curves and urine pH (Lien et al 1998, Lai et al 1998) compared

to the original mutant mouse (Lewis et al 1988) and carry a nonsense mutation resulting

in early termination of translation of the carbonic anhydrase II gene (Gln155/term)

(Tashian 1992).  These carbonic anhydrase II deficient mice have mixed metabolic and

respiratory acidosis with a low arterial blood pH in the range of 7.18-7.25 (Lien et al

1998).

Wild type C3H-HeNHsd mice were used as controls in experiments with carbonic

anhydrase II deficient mice.  The C3H-HeNHsd mice were purchased from Harlan

(Indianapolis, IN), and are housed at the University of Arizona’s animal facility for two

weeks prior to being used in any experiments.
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B. Calbindin-D28k Knockout and C57BL6 Mice

The calbindin-D28k knockout mice were purchased from Jackson Laboratory

(Bar Harbor, ME) and have been backcrossed to C57BL/6 mice for a total of six

generations by Jackson Laboratories.  The calbindin-D28k knockout mice were

maintained as a homozygous colony at the University of Arizona animal care facility.

Wild type C57BL/6 mice were used as controls in experiments with calbindin-

D28k knockout mice.  The C57BL/6 mice were also used to develop in vivo strain

gauging for mice because this is the most commonly used mouse model.  The C57BL/6

mice were purchased from Jackson Laboratory (Bar Harbor, ME), and were housed at the

University of Arizona’s animal facility for two weeks prior to use in any experiments.

4.2 Histology and Histomorphometry

A. Sample Preparation

Histology was performed on both mineralized and de-calcified bones.  Explanted

bones (tibia and femora) used for non-decalcified histology were placed in individual

containers (small vials) and fixed in 70% ethanol overnight.  In initial experiments the

bones were dehydrated in graded ethanol solutions by exchanging the fixative solution

with 70%, 90%, 90%, 95%, 95%, 100% and 100% ethanol solutions every twenty-four

hours.  A previously described procedure was used to embed the bones in

polymethylmethacrylate for histology (Emmanual et al 1987).  When embedding bones in

the final solution (prior to polymerization) the vials were tilted and place into caps from

centrifuge tubes so that the bones rested on the side of the vials.  This kept the bones long
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axis aligned with the vial which made sectioning the specimens in the desired locations

easier.  Use of the method described by Emmanual et al 1987 proved unreliable in mouse

bones, resulting in damage to approximately half of the mouse bones due to cracking of

the bones in multiple places before completely polymerizing.  This left bone fragments

suspended randomly throughout the polymer (Figure 4.1).

Figure 4.1: A tibia embedded in polymethylmethacrylate and damaged during
polymerization.  Note that the diaphysis of the tibia is visibly broken in three locations
from this view.  The “fuzziness” visible near the tibial plateau is also a result of damage
incurred during polymerization.

Attempts were made to circumvent this problem by polymerizing the bones with

the containers placed in a water bath, but produced minimal improvement. This protocol

was changed to use a commercially available kit to embed the bones in

polymethylmethacrylate (Technovit 9100, Electron Microscopy Sciences, Harfield, PA).

Bones embedded with the Technovit 9100 kit were dehydrated according to the same

protocol; however the solution was changed to a 50/50 mixture (volume/volume) of

xylenes and ethanol, and then pure xylenes prior to embedding the bones according to the
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manufactures instructions.  Every bone embedded using the Technovit 9100 kit set

without damaging the bone.

Polymethylmethacrylate embedded bones were sectioned using a Bronwill

diamond saw (Bronwill Scientific Inc., Rochester, NY) (Recker 1990).  Sections used to

examine cortical bone were cut perpendicular to the long axis of the bone at the mid-

diaphysis of the femur, at the tibia-fibula junction or 2.5mm distal to the tibia-fibula

junction (Figure 4.2).  Sections through the epiphyses of the bones to examine trabecular

bone were taken after the sections taken to look at cortical bone, and were cut parallel to

the long axis of the bone through the femoral head or tibial plateau (Figure 4.2).  In

studies looking at carbonic anhydrase II deficient and calbindin-D28k knockout mice one

thick section (approximately 5mm) was taken through each location.  This section was

polished using 0.5µm alumina on a Leco GP-25 Grinder/Polisher (Leco Corporation, St.

Joseph, MI).  The polymethylmethacrylate was scored around the bone using a scalpel

and the sections were glued to a slide using Devcon® 5-minute epoxy (ITW Devcon,

Danvers, MA).  The sections were ground to approximately 10µm using silica-carbide

paper (ranging from 400-1200grit) and were polished using 0.5µm alumina on a Leco

GP-25 Grinder/Polisher.

In studies looking at bone bonding to implanted strain gauges one slice was taken

near the gauge.  Slides were glued directly to the embedded bone using Devcon® 5-

minute epoxy (ITW Devcon, Danvers, MA).  A clamp was used to hold the slide to the

polymethylmethacrylate block.  A thin section was taken which was then ground and

polished as described above.  This protocol for taking thin slices allowed more sections to
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be taken through the implanted gauge (between 2-4 sections through the sensing

element).  Sections taken for the other studies are more aesthetically pleasing because

both sides of the slide are polished.

Ground and polished polymethylmethacrylate embedded bone sections (Recker

1990) were stained using Villanueva Mineralized Bone Stain (MIBS, Villanueva et al

1989).  MIBS stains mineralized tissues green and soft tissues (non-mineralized tissue)

red (Figure 4.3).  This allows differentiation of bone tissue from osteoid and marrow

cavity tissues.  To prepare MIBS, 0.5grams of MIBS powder was dissolved in 100mL of

60% methanol and was allowed to stir overnight.  The final solution was filtered through

Whatman filter paper and was stored in a light-tight container in the refrigerator.  MIBS

straining was performed at room temperature for 10-15 minutes on each section.  The

slides were stained in batches, the first slide was removed from the MIBS solution after

10 minutes, and the last slide was removed approximately 5 minutes later.  The MIBS

stain was fixed by quickly swishing the slides in 0.25% HCl, then dipping the slides 10

times in 95% ethanol followed by twelve dips in each of the following solutions: 100%

ethanol, 100% ethanol, 50%/50% ethanol/xylene, and 100% xylene.  Slides were

immediately dried under a blast of air, being careful not to distort the slide by holding it

still while the air stream was directed toward the bone section.  MIBS stained sections

were used for histology and histomorphometry.
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Figure 4.2: Location of sections taken for histology and histomorphometry.  Sections
taken through the tibia (A&C) and femur (B&D) to analyze cortical bone (A&B) and
trabecular bone (C&D).  The tibia (A) was sectioned at the tibia-fibula junction (**) in
studies of carbonic anhydrase II deficient mice and 2.5 mm distal to the tibia fibula
junction (*) in studies of calbindin-D28k knockout mice.  The femur was sectioned
through the mid-diaphysis, which is the location of the sensing element of strain gauges
used in mechanical testing (B).  Trabecular bone is analyzed in a mid-sagittal section of
the tibia (C) in carbonic anhydrase II deficient mice and through the femoral head and
neck (D) in calbindin-D 28k knockout mice.

Decalcified bone sections were prepared from explanted bones that were fixed in

10% formalin overnight.  The formalin fixed bones were stored in 70% ethanol until they

were decalcified in rapid decalcifier (Apex Engineering Products Co, Aurora, IL) for 3

hours, embedded in paraffin, and cut into 3µm thick mid-sagittal sections using a Microm

HM 355 S microtome (Mikron Instruments Inc, San Marcos, CA).  The sections were
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stained for tartrate resistant acid phosphatase (TRAP) using a histochemical kit (Sigma,

St. Louis, MO) to identify osteoclasts and with haematoxylin and eosin to count

osteoblasts.  Processing and staining of decalcified bone sections was performed by the

Tissue Acquisition and Cellular/Molecular Analysis Shared Service (TACMASS) core

facility at the Arizona Cancer Center.

B. Histology

Images of the stained bone sections were collected using an Optronics digital

imaging system that consists of an Olympus camera and Magnafire software (Optronics,

Goleta, CA) coupled to a Machintosh G4 computer.  Image analysis was performed using

Image J software for the Machintosh OS X operating system, developed by the National

Institutes of Health (Research Services Branch, NIMH). All histology parameters were

determined using the guidelines set forth by the American Society of Bone and Mineral

Research (Parfitt et al 1987).

Prior to collecting images that were analyzed using Image J, a micrometer was

photographed at each magnification.  Image J was calibrated during each session by

drawing a 1mm line using an image of the micrometer and measuring the number of

pixels per mm in the “set scale” function.  When measurements were performed on

images collected using the 40X and 60X objectives, the scale was calibrated by drawing a

0.1mm line because the full 1mm scale did not fit in the field of view at these high

magnifications.

In carbonic anhydrase II deficient mice cortical bone was analyzed at the tibia-

fibula junction.  In calbindin-D28k knockout mice the cortical bone was analyzed at the
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mid-diaphysis of the femur and 2.5mm distal to the tibia-fibula junction.  In mice

implanted with strain sensors the cortical bone was analyzed in sections taken through the

sensing element of the strain gauge.  In carbonic anhydrase II deficient mice trabecular

bone was analyzed in the tibial plateau and in calbindin-D28k knockout mice the

trabecular bone was analyzed in the femoral head.  A region of interest was selected in

the trabecular bone of either the tibial plateau (Figure 4.3) or the femoral head.

Figure 4.3: A sagittal section through the tibia stained with MIBS (A).  MIBS stains the
mineralized tissues green and the soft tissues red.  The same image shown in A
demonstrating a region of interest that was used to analyze trabecular bone (B).  The
region of interest is highlighted and the remainder of the image is translucent.  The scale
bar = 1mm.

The quantitative histological measurements made with Image J software included

the following parameters: bone, marrow cavity, and osteoid areas (mm2), as well as

endosteal and periosteal perimeters (mm).  The tissue area was calculated as the sum of

the bone, marrow and osteoid areas.  The bone volume (BV/TV, %) was calculated as the

bone area divided by the tissue area, multiplied by 100 to convert it into percent.  Marrow

cavity volume (MaV/TV, %) and osteoid volume (OS/TV, %) were calculated the same

way.
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C. Histomorphometry

All histomorphometry parameters were determined using the guidelines set forth

by the American Society of Bone and Mineral Research (Parfitt et al 1987).  The

quantitative histomorphometry parameters measured using fluorescent light included the

single label length, double label length, and inter-label distance of the calcein labels.  The

double label length was measured as the average of the inner and outer label lengths.  The

distance between the labels was measured from the center of each label.  In cortical bone

the histomorphometry parameters were calculated separately for the endosteal and

periosteal surfaces.  The mineral apposition rate (MAR, µm/day) was calculated as the

distance between the calcein double labels divided by the days between administration of

calcein.  The MAR, which gives an indication of the amount of osteoid that is

produced/mineralized by a group of osteoblasts in a given period of time, provides an

indication of osteoblast activity.  The mineralizing surface (MS) was calculated as the

sum of the length of the double labels plus one half of the length of single labels.  The

labeled surface (%) was calculated as the MS divided by the bone perimeter and

multiplied by 100%.  The bone formation rate was normalized using different referents.

Normalizing the bone formation rate is important because the MS is related to the size

and distribution of bone tissue, and thus must be normalized to bone surface area, bone

tissue area or bone volume prior to comparison between animals.  The surface referent,

BFR/BS (µm3/µm2/day), was calculated as the product of MAR and MS, divided by the

perimeter.  The bone formation rate was also calculated using a bone area referent,

BFR/BA (µm/day) and a bone volume referent, BFR/BV (%/day).  BFR/BA was
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calculated as the product of MAR and MS, divided by the cortical bone area and

multiplied by 100%.  BFR/BV was calculated as the product of MAR and MS, divided by

the bone volume and multiplied by 100%.

Table 4.1 Summary of histology and histomorphometry measurements
Abbreviation Units

Bone Area mm2

Endosteal Bone Perimeter mm
Periosteal Bone Perimeter mm
Bone Volume BV/TV %
Marrow Volume MaV/TV %
Osteoid Volume OsV/TV %
Labeled Surface Lbl S %
Mineral Apposition Rate MAR µm/day
Bone Formation Rates:
Surface referent BFR/BS µm3/µm2/day
Area referent BFR/BA µm/day
Volume referent BFR/BV %/day

4.3 Imaging and Spectroscopy

A. µCT Imaging

All µCT imaging was performed on a Scanco Medical µCT 20 (Scanco,

Switzerland).  Whole explanted tibia and femora were imaged at 9µm resolution for

structural analysis, a resolution sufficient to differentiate cortical and trabecular bone

(Figure 4.4).  Cortical and trabecular bone was imaged and analyzed in the same location

that was used for histological analysis.  In carbonic anhydrase II deficient mice cortical

bone was analyzed at the tibia-fibula junction and trabecular bone was analyzed in the

tibial plateau.  In calbindin-D28k knockout mice cortical bone was analyzed at the mid-

diaphysis of the femur and 2.5mm distal to the tibia-fibula junction.  Trabecular bone was
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analyzed in the femoral head and tibial plateau of calbindin-D28k knockout mice.  The

trabecular bone in the tibial plateau, extending 0.9 mm below the epiphyseal plate was

analyzed.

Figure 4.4: A reconstructed slice from a µCT image of the tibia collected at 9µm
resolution.  A representative “region of interest” is outlined by the red line.  There is a
small gap between the cortical bone and the region of interest to ensure that only
trabecular bone is analyzed.

In order to analyze µCT images, a region of interest was selected (Figure 4.4)

within the anatomic locations described above.  A total of 100 slices were analyzed

through each region of interest.  Analysis was performed using software developed by

Scanco.  A three-dimensional segmentation and analysis of the region of interest was

done at a “sigma-gauss” value of 1.2, a “support” value of 2, and a “threshold” of 300.

The cortical bone was analyzed for non-normalized cortical bone volume (mm3),

normalized bone volume (BV/TV, %), cortical bone thickness (mm), and the ratio of bone
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surface to bone volume (BS/BV, mm-1).  The trabecular bone was analyzed for bone

volume (BV/TV,%), trabecular number (mm-1), trabecular thickness (mm), trabecular

spacing (mm) and the ratio of bone surface to bone volume (BS/BV, mm-1).

Table 4.2 Summary of measurements collected from µCT images
Abbreviation Units

Non-Normalized Bone Volume mm3

Normalized Bone Volume BV/TV %
Cortical Bone Thickness Cortical Th. mm
Bone Surface to Volume Ratio BS/BV mm-1

Trabecular Number Tb. N. mm-1

Trabecular Thickness Tb. Th. mm
Trabecular Spacing Tb. Sp. mm

An additional set of µCT images was collected at a resolution of 9 µm that

included a set of phantoms (standards) with densities of 0, 50, 150, 250, 500, and 1,000

mg of hydroxyapatite / cc (Gammasonics, Australia) placed in the sample holder with the

bone (Figure 4.5).  Ten cross sectional images taken through the tibial plateau and ten

cross sectional images taken through the tibia-fibula junction were analyzed in carbonic

anhydrase II deficient and C3H mice.  The cross sectional images were imported into

Image J software for the Machintosh OS X operating system (Research Services Branch,

NIMH).  In each image the mean gray value was measured from the phantoms and used

to generate a linear standard curve relating the mean gray value to the mineral density.

The bone area in each cross sectional image was selected using a threshold analysis with

a lower limit of 60 and an upper limit of 500.  These values were chosen as they gave

similar bone volumes to those found using the software developed by Scanco for the µCT
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analysis as well as the values measured using histology.  This procedure was used so that

density measurements did not include the marrow space.  The trabecular bone density

was analyzed by first selecting a region of interest in the µCT image (Figure 4.4), which

was cropped and exported to Image J so that the trabecular bone could be analyzed

without analyzing the cortical bone.  The standard curve generated in each slice was used

to convert mean grey value measured for bone into a bone mineral density.

Figure 4.5: A reconstructed slice from a µCT image of the tibia collected at 9µm
resolution with phantoms.  The phantoms are shown at the top of the image and range
from 1,000 mg/cc of hydroxyapatite (left) to 0 mg/cc hydroxyapatite (right).  The
phantoms are used to make a linear calibration curve relating density to image intensity.
The bone density is determined from a region of interest selected within the tibia using
the same method illustrated in figure 4.4.

Prior to testing femora in three-point bending, they were first imaged at 18µm

resolution with the Scanco CT.  The lower resolution used in these scans prevents bones

from becoming dry during the scanning process.  A 6 mm region of interest

encompassing the mid-diaphysis of the femur was analyzed for the second moment of
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inertia (mm4) using Scanco software.  The µCT imaging was performed prior to three-

point bend testing because it is destructive.  Bones tested in cantilever bend testing are

scanned at 9µm resolution after completion of the mechanical test because it is non-

destructive.

B. Transmission Electron Microscopy

Small cubes (approximately 3-4 mm on each side) were cut from the tibial plateau

of bones from carbonic anhydrase II deficient and C3H mice were fixed in 10% formalin

for 24 hours and post-fixed in half strength Karnovsky's fixative (2.5% glutaraldehyde

and 2% paraformaldehyde in 0.1M cacodylate buffer) for 24 hours in preparation for

transmission electron microscopy.  The tibiae were decalcified using Formical-2000

(Decal Chemical Corporation, Tallman, NY) for 3 hours.  The bones were washed,

postfixed with 2% OsO4, dehydrated and embedded in Spurr’s resin (Spurr 1969).  One-

micron thick sections were cut on a Leica UCT ultramicrotome (Leica Microsystems Inc,

Bannockburn, IL) and were imaged on a CM12 transmission electron microscope (FEI

Company, Hillsboro, OR).  Osteoclasts were identified as multinucleated cells that were

attached to bone.  The bone preparation and transmission electron microscopy imaging

were performed by the Arizona Research Labs division of biotechnology CORE imaging

facility.

C. Bone Mineral Content Analysis

Bone mineral content analysis was performed on explanted tibiae of calbindin-

D28k knockout and C57BL6 mice.  The tibiae were cleaned of soft tissue, dried for 2

days at 100 °C and then weighed.  Following this the tibiae were ashed at 800 °C for 8
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hours.  The ashed bones were weighed and then dissolved in 7.19 mL of 69.5% HNO3 for

trace metal analysis (Sigma Fluka, St. Louis, MO).  The solutions were diluted to 500 mL

with deionized water using volumetric glassware to yield a 1% HNO3 solution.  A one

milliliter aliquot of the solution was analyzed for calcium using a calcium assay kit

according to the manufacturer’s protocol (587-M, Sigma Diagnostics, St. Louis, MO).

Following preparation of the standard solutions in the kit, the pH of the dissolved bone

solution was adjusted to match the pH of the standard solutions prior to determining Ca

concentration.  A five-milliliter aliquot of the dissolved bone solution was used to

determine the amount of phosphorus in the samples using an ICP-MS (ELAN DRC-II,

Perkin Elmer, Shelton, CT).  The standard solutions for the ICP-MS analysis were

prepared using the same concentration of HNO3 that was used to prepare the

experimental samples.  All concentrations were calculated as the mass of the element (Ca

or P) divided by the dry bone mass and multiplied by one hundred to convert into a

percent.  To test the accuracy and precision of the mineral content analysis, seven aliquots

of a standardized bone meal (standard reference material 1486, National Institute of

Standards and Technology, Gaithersburg, MD) with known concentrations of Ca and P

were prepared and tested using the same method described above for whole bones.

D. Scanning Electron Microscopy

Scanning electron microscopy was used to measure the average particle sizes of

the calcium phosphate ceramic and hydroxyapatite particles as well as image bone

growth near implanted gauges.  Prior to imaging the calcium phosphate ceramic and

hydroxyapatite particles, they were sputter coated with platinum using a Hummer VI
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sputter coater (Anatech, CA).  Particles were imaged using a Hitachi S-4800 field

emission scanning electron microscope.  One section cut through the

polymethylmethacrylate embedded bones was evaluated using backscatter electron

microscopy on a Hitachi S-3400N scanning electron microscope.  Scanning electron

microscopy was performed by the Southwest Environmental Health Science Center

CORE facility.

 4.4 Mechanical Testing

A. Cantilever Bend Testing

Cantilever bend testing was used to analyze the mechanical properties of bones

implanted with strain gauges and to measure bone stiffness in calbindin-D28k knockout

mice.  To characterize the precision of this technique the bilateral symmetry of

mechanical properties was tested by comparing the mechanical properties of the left and

right femora of fifteen C57BL/6 mice.  Cantilever bend testing was also performed on

femora explanted from six calbindin-D28k knockout mice and six C57BL/6 mice using

the same procedure.  For these tests, single element uniaxial 120-ohm strain gauges (EA-

06-015DJ-120, Vishay Micro-Measurements Group Inc., Raleigh, NC) were trimmed to

3.5 mm x 1.5 mm.  Strain gauges were trimmed under a stereo microscope using a

number 11 blade.  The gauges were placed on the sticky side of a post-it note so they

would not move during this process.  The scalpel blade was aligned with the “L” shaped

markings on the strain gauge (Figure 4.10 A) that outline the smallest possible dimension

in which the gauge can be trimmed.  The scalpel blade was firmly pressed straight down
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along the boundary and then excess polyimide was removed by very slightly moving the

scalpel in a “cutting” motion.  Any gauges trimmed beyond this boundary were discarded

because they would not give accurate measurements.

The trimmed gauges were attached to the posterior surface of each femur using

cyanoacrylate adhesive (M-Bond 200, Vishay Micro-Measurements Group Inc., Raleigh,

NC).  Briefly, the non-sensing side of the trimmed gauges were held in place with

Scotch® Tape.  The posterior side of the femur and the sensing side of the strain gauge

had a thin layer of catalyst applied using a 30G1/2 syringe needle (Becton Dickinson and

Co., Franklin Lakes, NJ).  Once the catalyst was visibly dry the location where the strain

gauge should be placed was marked on the bone.  A thin layer of cyanoacrylate was

applied to the sensing side of the strain gauge using a syringe needle, and the gauge was

immediately glued to the femur and held in place for 3 minutes.  The Scotch® Tape used

to hold the strain gauge was peeled away at a sharp angle to prevent the strain gauge from

becoming detached.  When thick layers of catalyst or cyanoacrylate adhesive were used

the gauge would not adhere to the bone.  In this case, or if the strain sensor was not

attached in the desired location/position, a scalpel blade was used to remove the strain

gauge and/or excess adhesive and the process was repeated.  The sensing element of the

gauge was approximately 6mm proximal to the femoral condyles.  This location varied

slightly between animals due to differences in femoral size between animals, but care was

taken to minimize this variation (Figure 4.7).  A point 10 ± 0.5 mm proximal to the

femoral condyles was marked on the anterior and posterior surface of each bone.
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The bones were potted in a custom test fixture using a low-melting-point alloy

(Cerrobend®, Scottsdale Tool, AZ) that held the specimen perpendicular to the loading

pin of the materials testing machine (Series 810 Materials Testing System, MTS Systems

Corporation, Minneapolis, MN).  To properly align the bones they were held in place

with a piece of solder wire and an alligator clip using a ring-stand (Figure 4.6).  The ring-

stand also included two pins that were used to mark the position of the femoral head and

greater trochanter to minimize the variability in bone alignment between samples.

Following alignment of the bone, Cerrobend® was added to the pot with a heated glass

pipette.  The bones were potted so that the Cerrobend® embedded 4 mm of the distal

femur.  Filling the pot with Cerrobend® often changed the position of the femur.  If this

occurred the bone was un-potted by placing the pot on a hot plate and removing the

femur when the Cerrobend® melted.
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Figure 4.6: The device used to align and pot bones for cantilever bend testing.  An
alligator clip (*) is used to hold a bone wrapped with a thin wire (inset image) with the
femoral condyles inside of a pot (arrow head).  Two pins (arrows) can be moved to mark
the location of the femoral head and greater trochanter to minimize the variability in bone
alignment between tests.

The femora were loaded to 2.5 N three times with the strain gauged surface of the

bone being placed in compression while load, stroke and strain measurements were

recorded on a Macintosh G4 computer.  The potting fixture was rotated 180° and strain

values were recorded for the three tests while the strain-gauged surface was in tension

(Figure 4.7).  The femora were loaded at a rate of 6.0-6.5 N/s in all tests.
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Following testing, the location of the strain gauges was marked on the femora,

which were then embedded in polymethylmethacrylate.  A cross-section was taken

through the sensing element of the strain gauge, which was judged based on the markings

because the embedding process caused detachment of the strain gauge in most cases.  The

cross sections were analyzed using a modified version of Image 1.52β, a software

package provided by the National Institutes of Health (Research Services Branch,

NIMH).

The elastic moduli of the femora were calculated using the formula:

Equation 1: E = Mc/Iε

where M is the moment in Newton meters, c is the distance from the centroid to the

sensing element of the strain gauge and is in meters, I is the second moment of inertia

about the bending axis and is in m4, and ε is the strain and is dimensionless.  The moment

was calculated by multiplying the measured force by the level arm length, which is the

length from the potted surface of the femur to the middle of the strain gauge.  The

distance from the centroid to the sensing element of the strain gauge and second moment

of inertia were calculated from the cross-sectional image using custom software.  The

strain was directly measured with the glued gauge.
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Figure 4.7: Cantilever bend testing.  The femora of calbindin-D28k knockout mice (left)
and C57BL/6 mice (right) were grossly similar, making it possible to attach strain gauges
to the same locations (A).  Strain gauges were attached in the same location on paired
femora from the same mice in studies of bilateral symmetry (not shown).  The femora are
embedded into a potting fixture using Cerrobend® (B).  The femora are tested with the
strain gauged surface of the bone in compression (C) and in tension (D).

 Cantilever bend testing was also performed to analyze bone bonding to implanted

strain gauges.  The same procedure described above was used with slight modifications.

The strain gauges used in these tests were single element uniaxial 120-Ohm strain gauges

(EA-06-070LC-120-SE, Vishay Micro-Measurements Group Inc., Raleigh, NC).  This

strain gauge was used because the solder tabs are on the same side, which allows µCT

imaging of the sensing element without artifacts caused by wires and solder.  These strain
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gauges were trimmed to 4.5mm in length and 0.9mm in width and were glued to the same

location on the control femur as the gauge on the experimental implanted femur.  This

location varied more compared to studies using only glued gauges because the implanted

gauge can shift location prior to bone bonding.  Instead of potting the femora using

Cerrobend®, the femora were potted using polymethylmethacrylate (The Hygenic

Corporation, OH) to hold the bones.  The bones were held in place using the same

previously described device (Figure 4.6), however instead of filling the pot with

Cerrobend® after the bone was aligned, the pot was filled with polymethylmethacrylate

powder prior to alignment and was fixed into place by adding a small amount of the

liquid monomer using a syringe.  The use of polymethylmethacrylate allowed better

control of bone alignment and lever arm length compared to the Cerrobend® and did not

expose the bones to high temperatures.  During testing the femora were loaded four times

to 2.0 N over a 1 second period with the gauged surface of the bone in tension and then in

compression.  Following testing the second moment of inertia and centroid were found

using µCT imaging.  The advantage to using µCT imaging instead of histological sections

to analyze these parameters is that the average value over the entire sensing element is

found instead of using the average from two to three representative histological sections.

B. Three Point Bend Testing

Three point bend testing was used to analyze the mechanical properties of bones

in calbindin-D28k knockout mice.  Prior to performing this test µCT imaging was

performed to measure the second moment of inertia (m4) about the bending axis.  Testing

was performed by placing the posterior side of the femora on two support beams
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separated by 6.0 mm.  The bones were loaded at the midshaft of the femur, perpendicular

to the long axis of the bone, with the load applied in the anterior to posterior direction

(Figure 4.8).  The loading pin was adjusted so that it just touched the surface of the femur

prior to beginning each test.  The bones were loaded at 0.17 mm/sec (10 mm/min) to

failure while load and ram displacement were recorded.

Figure 4.8: Three point bend testing.  The bone was supported on its posterior surface by
2 support beams and was loaded on its anterior surface at the midshaft.

The elastic modulus (Pa) was calculated using the equation:

Equation 2: E = (F*L3) / (48*d*I)

where F is the applied load in newtons, L is the span of the supports in meters, d is the

ram displacement in meters, and I is the second moment of inertia about the bending axis

in m4.

Breaking force was defined as the load at failure.  Breaking stress (Pa) was

defined as the stress at failure and was calculated using the equation:

Equation 3: σ = F*L*C / 4*I

where F is the force, L is the span of the supports, C is the distance from the centroid to

the bone surface in meters, and I is the second moment of inertia about the bending axis.
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C. Four Point Bend Testing

Four-point bend testing was used to characterize the sensing accuracy of the CPC

coated strain gauges according to a published procedure (Szivek et al 1990).  Five CPC-2

coated strain gauges and five trimmed, uncoated strain gauges were attached to a

rectangular metal test specimen using a cyanoacrylate adhesive.  The test specimen was

loaded at 1 Hz to generate strains of approximately 200, 400, 600, 1000, 2000, and 3500

µε in the uncoated strain gauges, while strain was recorded from all gauges

simultaneously (Figure 4.9).  The test was repeated at 0.1, 0.5, and 5 Hz.  In addition to

comparing the absolute values of the strains recorded from the CPC coated and uncoated

strain gauges at all testing conditions, the % difference between coated and uncoated

gauges was compared as a function of strain magnitude and frequency.

Figure 4.9: Four-point bend testing.  The metal specimen with attached strain sensors is
shown resting on 2 support beams and is loaded at two points between the outer supports.
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4.5 Calcium Phosphate Ceramic Coated Strain Gauges

A. Preparation

Single element uniaxial 120-ohm strain gauges (EA-06-070LC-120-SE, Vishay

Micro-Measurements, NC) were used to test calcium phosphate ceramic coated strain

gauges (Figure 4.10).  The gauges were trimmed to 4.5mm in length and 0.9mm in width,

and the non-sensing side of the strain gauge was waterproofed by coating the gauge with

acrylic (Vishay Micro-Measurements, NC).  The acrylic dries quickly as it is applied.

Application by touching the brush to one side of the gauge, pausing for one second, and

then slowly moving the brush along the surface of the gauge was the most successful

method for applying a complete thin layer of acrylic.  The gauge was inspected after 24

hours and touched up if needed (most gauges needed touchup).  Twenty four hours

following the application of acrylic, a polyurethane coating was applied (Vishay Micro-

Measurements, NC).  The polyurethane coating was also applied with a brush, but was

applied fairly quickly as the solvent dissolved the acrylic.  After 24 hours the gauges were

inspected to ensure that the polyurethane covered the acrylic.  If the coating did not

completely cover the gauge then another polyurethane coating was applied.  The

waterproof coatings were cured at room temperature for 1 week.
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Figure 4.10: Production of calcium phosphate ceramic particle coated strain gauges.  The
uniaxial foil strain gauge on a polyimide substrate (A) used in this study is shown as it
arrives from the manufacturer.  The gauge was trimmed (B) and the non-sensing side of
the gauge was coated with acrylic (C) and then polyurethane (D) to waterproof the
sensor.  A dot was used to mark the side of the gauge where the solder dots are located
(D).  The calcium phosphate ceramic coating was applied to the sensing side of the gauge
using polysulfone as a binder (E).  A side view of the waterproofed and coated gauge (F)
shows the relative thickness of these layers and the polyimide substrate.

The sensing surface of the gauge was lightly sanded with 600 grit carbide paper

and coated with a thin layer of a 15 % (weight/weight) solution of medical grade

polysulfone (Amoco, Huntington Beach, CA) in 1,1,2,2,-tetrachloroethane (Kodak,

Rochester, NY).  The gauge was cured at room temperature for 20 minutes and then for 1

hour at 90 °C.  After cooling to room temperature the polysulfone layer was roughened

with 1200 grit carbide paper and a second thin layer of polysulfone was applied.  This

was immediately followed by sprinkling calcium phosphate ceramic-2 (CeraMed

Corporation, Lakewood, CO) particles or hydroxyapatite nanopowder (Sigma, St. Louis,

MO) onto the gauges (Figure 4.11).  Three minutes after applying the particles a glass

slide and weight was placed on top of them and the gauge was cured for 20 minutes at
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room temperature and 9 hours at 90 ºC.  Gauges were allowed to come to room

temperature and excess calcium phosphate ceramic or hydroxyapatite particles were

removed using a stream of air.  Gauges were sterilized using ethylene oxide.

Figure 4.11: Comparison of the osteoconductive particle coatings applied to the strain
gauges.  A calcium phosphate ceramic-2 (CPC) coated strain gauge on the left and a
hydroxyapaptite (HA) nanopowder coated strain gauge on the right.

B. Surgical Placement

Mice were implanted with one gauge on the right femur (Figure 4.12).  After the

mice were anesthetized with isoflurane, and the right leg was prepped for surgery.  An

incision was made on the lateral aspect of the leg ranging from the trochanter to the knee,

and an intramuscular plane was separated using blunt dissection to expose the femur.

Periosteum was removed from the anterior surface of the femur where the CPC coated

surface of the gauge was secured using three circumferentially tied, resorbable 6-0 Vicryl

sutures.  The muscles were re-opposed and the incision was closed using staples.  All

animals recovered without incident and were load-bearing within 15-30 minutes.  The

staples were removed after 4 days.   The gauges were left in vivo for 2 months while the

mice were allowed food and water ad libitum.  Six days and one day before sacrifice
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mice were labeled with calcein (Sigma, St. Louis, MO) injected subcutaneously at a dose

of 15 mg/kg.

Figure 4.12: Surgical placement of strain gauges. An incision was made from the hip to
the knee (A).  The femur was exposed and three circumferential sutures (B) were tied
around the strain gauge (C) to secure it.  The incision was closed with staples (D).

4.6 Statistical Analysis

A. Studies of Carbonic Anhydrase II Deficient Mice

Statistical analysis was performed using SPSS.  Descriptive statistics

demonstrated kurtosis, a non-normal distribution of the data, in some of the histological

measurements.  For this reason determination of statistical significance for all data was

carried out using a Mann-Whitney U test, a non-parametric statistical test, with p < 0.05

considered significant.
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B. Studies of Calbindin-D28k Knockout Mice

Statistical analysis was performed using SPSS.  Descriptive statistics

demonstrated kurtosis in some of the mechanical testing and histological measurements,

so determination of statistical significance for all data was carried out using a Mann-

Whitney U test with p < 0.05 considered significant.

C. Studies on the Development of In Vivo Strain Gauges

The gauges characterized in four point bending were compared in each test using

ANOVA to determine whether there was a difference between strains measured in

calcium phosphate ceramic coated gauges and uncoated gauges.  In addition, ANOVA

with a Tukey HSD post-hoc test was used to compare the % differences measured

between uncoated and calcium phosphate ceramic coated gauges as a function of strain

magnitude and frequency.  All measurements taken with implanted gauges were

compared to the contralateral femora using a student’s t-test.  Finally, measurements were

compared between calcium phosphate ceramic and hydroxyapatite coated gauges using a

student’s t-test.
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CHAPTER 5: RESULTS

5.1 Bone Phenotype in Carbonic Anhydrase II Deficient Mice

A. Summary of Main Findings in Carbonic Anhydrase II Deficient Mice

• Gross analysis demonstrated that bone mass and length were decreased in carbonic

anhydrase II deficient mice, but the width at the level of the tibial plateau was similar to

wild type mice.

• Histology and µCT imaging demonstrated an increased trabecular bone volume in

carbonic anhydrase II deficient mice.

• Histomorphometry showed a decreased bone formation rate in carbonic anhydrase II

deficient mice at all measured locations.

• Histology demonstrated that osteoclast number was increased in carbonic anhydrase II

deficient mice.

• Transmission electron microscopy showed that some osteoclasts in carbonic anhydrase

II deficient mice have a ruffled border.

• µCT imaging demonstrated that bone mineral density is decreased in carbonic

anhydrase II deficient mice.
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B. Gross Analysis

The weight of the tibiae of carbonic anhydrase II mice was 34% lower than wild

type mice (Table 5.1).  The tibiae were shorter and had a decreased width at the ankle

compared to wild type mice.  The width of the tibial plateau was the same in carbonic

anhydrase II and wild type mice (Table 5.1).

Table 5.1: Gross analysis of tibiae from carbonic anhydrase II deficient mice*
Wild Type CAII Deficient % Change P <

Dry Bone Mass (mg) 43.6 ± 3.7 28.7 ± 0.9 ↓ 34.2 0.005
Width of Tibial Plateau (mm) 2.88 ± 0.20 2.77 ± 0.06 ↓ 3.8 0.1
Width of Ankle (mm) 2.52 ± 0.13 2.04 ± 0.09 ↓ 19.0 0.005
Length of Tibia (mm) 17.83 ± 0.37 16.51 ± 0.16 ↓ 7.4 0.005

*Data is expressed as the mean ± standard deviation

C. Histology and Histomorphometry

The smaller size of the tibiae of the carbonic anhydrase II deficient mice was

demonstrated by the 32.3% lower cross-sectional cortical bone areas and 14.7% smaller

periosteal perimeters of the tibia-fibula junction (Figure 5.1 A-B, Table 5.2).  When

normalized to the tissue volume, the carbonic anhydrase II deficient mice showed a small

(4%), but statistically significant decrease in bone volume (Table 5.2).

At the tibia-fibula junction the periosteal bone formation rate (BFR/BS) was 68%

lower in carbonic anhydrase II deficient mice, and this difference was due to a decrease

in both mineral apposition rate and the amount of labeled surface (Figure 5.1 C-F, Table

5.2).  Endosteal mineral apposition rate and bone formation rate were not reported at the

tibia-fibula junction because only one carbonic anhydrase II deficient mouse had a

calcein double label present on the endosteal surface (Table 5.2).
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Table 5.2: Histology and histomorphometry of cortical bone from carbonic anhydrase II
deficient mice*

Wild Type CAII Deficient % Change p <
Cortical Bone Area (mm2) 0.967 ± 0.043 0.655 ± 0.041 ↓ 32.3% 0.001

BV/TV (%) 82.7 ± 2.3 79.3 ± 2.2 ↓ 4.1% 0.05
MaV/TV (%) 16.2 ± 2.0 20.5 ± 2.3 ↑ 26.5% 0.05
OsV/TV (%) 1.1  ± 0.5 0.3 ± 0.4 ↓ 72.7% 0.05

Perimeter (mm) 5.043 ± 0.156 4.304 ± 0.255 ↓ 14.7% 0.001
Labeled Surface (%) 59.2  ± 11.5 33.9  ± 16.8 ↓ 42.7% 0.01
MAR (µm/day) 1.296 ± 0.455 0.582 ± 0.468 ↓ 55.1% 0.01

Pe
rio

ste
al

BFR/BS (µm3/µm2/day) 0.795 ± 0.373 0.254 ± 0.270 ↓ 68.1% 0.01
Perimeter (mm) 1.750 ± 0.118 1.645 ± 0.235 ↓ 6.0% 0.1
Labeled Surface (%) 30.5  ± 20.2 7.4  ± 5.3 ↓ 75.7% 0.05
MAR (µm/day) 0.811 ± 0.380 ** ** **

En
do

ste
al

BFR/BS (µm3/µm2/day) 0.288 ± 0.223 ** ** **
*Data is expressed as the mean ± standard deviation
** A measurement was not taken because there was not a double label on the endosteal
  surface

However, in the carbonic anhydrase II deficient mouse with an endosteal calcein double

label, the MAR was 0.660 µm/day (18% decrease compared to the average endosteal

MAR of wild type mice, Table 2), and the BFR/BS was 0.109 µm3/ µm2/day (62%

decrease).
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Figure 5.1: Histology and histomorphometry of cortical bone in carbonic anhydrase II
deficient mice.  Cross sections through the tibia-fibula junction of wild type (left) and
carbonic anhydrase II deficient (right) mice.  The carbonic anhydrase II deficient mice
(B) have smaller bones with similar bone volume and an increased marrow cavity volume
compared to wild type mice (A).  Histomorphometry demonstrated a decrease in the
length of calcein labeled surface (C and D).  In addition, the mineral apposition rate was
lower in carbonic anhydrase II deficient mice as indicated by the decreased distance
between the calcein labels (E and F, arrows).  The scale bar = 1mm in A-D and 50 µm in
E-F.

The trabecular bone of the tibial plateau showed nearly a 50% increase in bone

volume compared to wild type mice (Table 5.3).  The trabeculae in both wild type and

carbonic anhydrase II deficient mice appeared normal and were aligned along the long
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axis of the bone; however, the number of trabeculae were increased in carbonic anhydrase

II deficient mice and they were spaced closer together (Figure 5.2).  Similar to what was

seen in the cortical bone, the bone formation rates were decreased by more than 50% in

the trabecular bone (Table 5.3).  While both the amount of labeled surface, and the

mineral apposition rate were decreased approximately 30% in the trabecular bone, this

difference was only statistically significant for the decreased labeled surface (Table 5.3).

Table 5.3: Histology and histomorphometry of trabecular bone from carbonic anhydrase
II deficient mice*

Wild Type CAII Deficient % Change p <
BV/TV (%) 15.3 ± 1.6 22.9 ± 3.5 ↑ 49.7% 0.001
MaV/TV (%) 82.4 ± 2.9 75.1 ± 3.2 ↓ 8.9% 0.001
OsV/TV (%) 2.3  ± 2.0 2.0 ± 0.8 ↓ 13.0% 0.9
Labeled Surface (%) 33.7 ± 5.4 22.0 ± 4.9 ↓ 34.7% 0.005
MAR (µm/day) 1.809 ± 0.564 1.196 ± 0.310 ↓ 33.9% 0.07
BFR/BS (µm3/µm2/day) 0.617 ± 0.230 0.272 ± 0.114 ↓ 55.9% 0.005
BFR/BV (%/day) 2.72 ± 0.99 1.35 ± 0.64 ↓ 50.4% 0.01
Osteoblast Number (#/mm) 14.5 ± 1.0 15.9 ± 0.3 ↑ 9.4% 0.08
Osteoblast Surface (%) 23.0 ± 2.7 19.0 ± 3.6 ↓ 17.2% 0.3
Osteoclast Number (#/mm) 2.7 ± 0.6 4.5 ± 0.7 ↑ 67.1% 0.05
Osteoclast Surface (%) 9.3 ± 3.5 20.7 ± 4.5 ↑ 122.4% 0.05

*Data is expressed as the mean ± standard deviation
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Figure 5.2: Histology of trabecular bone in carbonic anhydrase II deficient mice.  Sagittal
cross sections through the tibial plateau of wild type (left) and carbonic anhydrase II
deficient (right) mice.  Low (A and B) and high (C and D) magnification images
demonstrate the carbonic anhydrase II deficient mice have increased trabecular bone
volume due to an increased number of trabeculae.  The trabecular bone of carbonic
anhydrase II deficient mice appears to be thinner and spaced closer together than the
trabeculae of the wild type mice. The scale bar = 1mm in A-D.

The osteoclasts in carbonic anhydrase deficient mice stained more intensely with

TRAP than osteoclasts in wild type mice (Figure 5.3).  The number of osteoclasts was

increased by 67% and osteoclast surface was increased by 122% in carbonic anhydrase II

deficient mice (Figure 5.3, Table 5.3).  Osteoclasts in carbonic anhydrase II deficient

mice appeared to resorb bone as many formed lacunae with scalloped edges. Osteoblast
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number and osteoblast surface were normal in carbonic anhydrase II deficient mice

(Table 5.3).

Figure 5.3: Osteoclast number in carbonic anhydrase II deficient mice.  Sagittal cross
sections through the tibial plateau of wild type (A) and carbonic anhydrase II deficient
(B) mice showing that carbonic anhydrase II deficient mice have increased numbers of
osteoclasts (arrows).  The scale bar = 100 µm.

D. Transmission Electron Microscopy

Osteoclasts in carbonic anhydrase II deficient mice look similar to those in wild

type mice.  The cells of both wild type and carbonic anhydrase II deficient osteoclasts

have abundant mitochondria and ruffled borders (Figure 5.4).
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Figure 5.4: Osteoclast ultrastructure in carbonic anhydrase II deficient mice.
Transmission electron micrograph of osteoclasts of wild type (C) and carbonic anhydrase
II deficient (D) demonstrated multiple nuclei (N) and ruffled borders (*).  The scale bar =
2 µm.

E. µCT Imaging

µCT analysis of cortical bone at the tibia-fibular junction gave similar results to

the histological analysis, demonstrating a 43% decrease in absolute cortical bone volume,

but only a 5% decrease in normalized bone volume (Table 5.4).  In addition, carbonic

anhydrase II deficient mice had thinner cortical bone and a higher surface-to-bone

volume ratio (Table 5.4).
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Table 5.4: µCT imaging of carbonic anhydrase II deficient mice*
Wild Type CAII Deficient % Change p <

Bone Volume (mm3) 0.646 ± 0.053 0.368 ± 0.204 ↓ 43.0 0.005
BV/TV (%) 83.7 ± 1.6 79.2 ± 2.3 ↓ 5.4 0.01
Cortical Th. (mm) 0.319 ± 0.018 0.237 ± 0.014 ↓ 25.7 0.005
BS/BV (1/mm) 6.27 ± 0.35 8.46 ± 0.51 ↑ 34.9 0.005

Co
rti

ca
l B

on
e

BMD (g/cc) 1.49 ± 0.04 1.42 ± 0.04 ↓ 4.7 0.05
BV/TV (%) 16.9 ± 1.8 22.2 ± 4.0 ↑ 31.4 0.005
Tb. N. (1/mm) 3.97 ± 0.34 6.06 ± 0.56 ↑ 52.6 0.001
Tb Th. (mm) 0.043 ± 0.003 0.037 ± 0.004 ↓ 14.0 0.005
Tb. Sp. (mm) 0.211 ± 0.020 0.130 ± 0.018 ↓ 38.4 0.001
BS/BV (1/mm) 47.2 ± 3.6 54.7 ± 5.0 ↑ 15.9 0.005

Tr
ab

ec
ul

ar
 B

on
e

BMD (g/cc) 0.74 ± 0.03 0.66 ± 0.07 ↓ 10.8 0.05
*Data is expressed as the mean ± standard deviation

µCT analysis of trabecular bone in the tibial plateau (Table 5.4) gave similar

results compared to the histological analysis (Tables 5.2 and 5.3), and it was noted that

increase in bone volume was due to an increased number of trabecula that were spaced

closer together (Figure 5.5), as the trabecular thickness was decreased in carbonic

anhydrase II deficient mice (Table 5.4).

The bone mineral content was lower in the cortical and trabecular bone of

carbonic anhydrase II deficient mice (Table 5.4).  While statistically significant in both

locations, there was less than a 5% decrease in the cortical bone density and greater than

a 10% decrease in the trabecular bone density (Table 5.4).
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Figure 5.5: µCT images of tibiae from carbonic anhydrase II deficient mice.  A mid-
sagittal section through the tibia of wild type (left) and carbonic anhydrase II deficient
(right) mice.  The upper set of cross sectional images displays a 3 dimensional image of
the bone, while the bottom section demonstrates an 18 µm thick section at the same level.
The cortical bone of the carbonic anhydrase II deficient mice appears smaller, but similar
in bone volume to the wild type mice, while the trabecular bone volume is significantly
increased in carbonic anhydrase II deficient mice. The scale bar = 1mm.
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5.2 Bone Phenotype in Calbindin-D28k Knockout Mice

A. Summary of Main Findings in Calbindin-D28k Knockout Mice

• Histology and µCT imaging demonstrated an increased cortical and trabecular bone

volume in calbindin-D28k knockout mice at all measured locations.

• Histology and µCT imaging showed that the increased cortical bone volume in

calbindin-D28k knockout mice was due to additional bone at the endosteal surface.

• Histomorphometry showed no differences in the bone formation rates of cortical bone

in calbindin-D28k knockout mice.

• Histomorphometry demonstrated a decreased BFR/BA in the trabecular bone of

calbindin-D28k knockout mice, but no difference in BFR/BS measured at the same

location.

• Mechanical testing demonstrated that calbindin-D28k knockout mice have stiffer bones

that fail at higher loads compared to wild type mice.

• Differences in bone distribution and not the material properties of the bone were

responsible for changes noted in mechanical testing.
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B. Histology and Histomorphometry

One bone from a calbindin-D28k knockout and one bone from a wild type mouse

broke during preparation.  As such 5 bones from each type of mouse were analyzed.  The

histology and histomorphometry for the cortical bone in the femora and tibia (Table 5.5

Figure 5.6) of calbindin-D28k knockout mice demonstrate similar changes at both sites.

Calbindin-D28k knockout mice have significantly increased cortical bone areas (23% and

29.5% higher for the femora and tibiae respectively) and decreased marrow cavity areas

compared to wild type mice.  This is reflected by a greater bone volume (33% and 12.4%

higher for the femora and tibiae respectively) and decreased marrow cavity volume

(27.5% and 32.1% lower for the femora and tibiae respectively) in the long bones of

calbindin-D28k knockout mice.  The enlarged bone volume seen in calbindin-D28k

knockout mice is primarily due to increased bone on the endosteal surface as is

demonstrated by the similar periosteal perimeters and decreased endosteal perimeters

when compared to WT mice (16% and 22.9% lower for the femora and tibiae

respectively).  Despite the changes in bone area and volume the dynamic parameters did

not differ significantly between the calbindin-D28k knockout and wild type mice.
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Table 5.5: Histology and histomorphometry of cortical bone from calbindin-D28k
knockout mice*

Wild Type Calbindin KO % Change P <
Bone Area (mm2) 0.901 ± 0.088 1.109 ± 0.092 ↑ 23.0 0.01
Periosteal Perimeter (mm) 5.237 ± 0.295 5.427 ± 0.190 ↑ 3.6 0.4
Endosteal Perimeter (mm) 4.046 ± 0.450 3.397 ± 0.278 ↓ 16.0 0.05
BV/TV (%) 45.4 ± 4.6 60.4 ± 3.1 ↑ 33.0 0.01
MaV/TV (%) 54.5 ± 4.6 39.5 ± 3.1 ↓ 27.5 0.01
OsV/TV (%) 0.1 ± 0.1 0.1 ± 0.1 0 0.8
Labeled Surface (%) 29.8 ± 7.8 34.9 ± 4.7 ↑ 17.1 0.2
MAR (µm/day) 1.718 ± 0.099 1.522 ± 0.392 ↓ 11.4 0.3
BFR/BS (µm3/µm2/day) 0.515 ± 0.152 0.527 ± 0.147 ↑ 2.3 0.8

Fe
m

or
a

BFR/BA (µm/day) 5.48 ± 1.86 3.90 ± 1.24 ↓ 28.8 0.2
Bone Area (mm2) 0.654 ± 0.097 0.847 ± 0.018 ↑ 29.5 0.01
Periosteal Perimeter (mm) 3.533 ± 0.249 3.797 ± 0.084 ↑ 7.5 0.1
Endosteal Perimeter (mm) 2.165 ± 0.328 1.669 ± 0.070 ↓ 22.9 0.01
BV/TV (%) 72.0 ± 4.8 80.9 ± 1.9 ↑ 12.4 0.05
MaV/TV (%) 27.7 ± 4.8 18.8 ± 1.8 ↓ 32.1 0.05
OsV/TV (%) 0.3  ± 0.3 0.3 ± 0.2 0 0.7
Labeled Surface (%) 38.2 ± 18.2 52.1 ± 13.8 ↑ 36.4 0.2
MAR (µm/day) 0.820 ± 0.166 0.938 ± 0.201 ↑ 14.4 0.7
BFR/BS (µm3/µm2/day) 0.316 ± 0.166 0.494 ± 0.187 ↑ 56.3 0.2

Ti
bi

ae

BFR/BA (µm/day) 2.71 ± 1.32 3.19 ± 1.22 ↑ 17.7 0.7
*Data is expressed as the mean ± standard deviation
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Figure 5.6: Histology and histomorphometry of cortical bone in calbindin-D28k knockout
mice.  Cross sections through the mid-diaphysis of the femur of wild type (left) and
calbindin-D28k knockout (right) mice.  The periosteal femoral perimeters are similar in
wild type (A) and calbindin-D28k knockout (B) mice, but calbindin-D28k knockout mice
have more bone and a smaller endosteal perimeter.  Histomorphometry demonstrated
similar % labeled surface (C and D) and similar mineral apposition rates as indicated by
the similar distance between the calcein labels (E and F, arrows).  The scale bar = 1mm in
A-D and 50 µm in E-F.

The results for the histology of the trabecular bone were similar to those observed

in cortical bone (Table 5.6).  The trabecular bone in the femoral head demonstrated a

32.4% increase in bone volume and a 36.6% decrease in marrow volume (Figure 5.7).

While the MAR and BFR/BS were not significantly different in the trabecular bone of
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calbindin-D28k knockout and wild type mice, the BFR/BA was significantly reduced in

calbindin-D28k knockout mice (Table 5.6).

Table 5.6: Histology and histomorphometry of trabecular bone from calbindin-D28k
knockout mice*

Wild Type Calbindin KO % Change P <
BV/TV (%) 51.5 ± 6.5 68.2 ± 5.3 ↑ 32.4 0.01
MaV/TV (%) 45.9 ± 4.5 29.1 ± 6.1 ↓ 36.6 0.01
OsV/TV (%) 2.7  ± 2.6 2.7 ± 1.4 0 0.7
Labeled Surface (%) 50.5 ± 13.9 44.2 ± 6.0 ↓ 12.5 0.5
MAR (µm/day) 1.518 ± 0.219 1.274 ± 0.322 ↓ 16.1 0.3
BFR/BS (µm3/µm2/day) 0.466 ± 0.141 0.362 ± 0.100 ↓ 22.3 0.5
BFR/BA (µm/day) 10.47 ± 3.00 5.25 ± 2.08 ↓ 49.9 0.05
Osteoblast Number (#/mm) 13.1 ± 3.4 13.2 ± 3.6 0 0.9
Osteoclast Number (#/mm) 1.6 ± 0.7 1.0 ± 0.2 ↓ 37.5 0.2

*Data is expressed as the mean ± standard deviation

Figure 5.7:  Histology of trabecular bone in calbindin-D28k knockout mice.  Cross
sectional images through the femoral head.  The wild type mouse (A) has less trabecular
bone compared to the calbindin-D28k knockout mouse (B).  The scale bar = 1 mm.
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C. µCT Imaging

The cortical bone in the femora and tibiae of calbindin-D28k knockout mice

demonstrated an increased bone volume, thicker cortical bone, and a decreased bone

surface to bone volume ratio compared to wild type mice (Table 5.7, Figure 5.8).

Table 5.7: µCT imaging of cortical bone from calbindin-D28k knockout mice*
Wild Type Calbindin KO % Change p <

2D Bone Area (mm2) 0.672 ± 0.078 0.828 ± 0.117 ↑ 23.2 0.05
BV/TV (%) 70.3 ± 4.9 80.4 ± 2.1 ↑ 14.4 0.05
Cortical Th. (mm) 0.244 ± 0.019 0.299 ± 0.010 ↑ 22.5 0.01T i

bi
a

BS/BV (1/mm) 8.22 ± 0.61 6.68 ± 0.23 ↓ 18.7 0.01
2D Bone Area (mm2) 0.925 ± 0.071 1.346 ± 0.098 ↑ 45.5 0.005
BV/TV (%) 46.8 ± 3.5 59.0 ± 2.4 ↑ 26.1 0.005
Cortical Th. (mm) 0.208 ± 0.015 0.303 ± 0.011 ↑ 45.7 0.005Fe

m
ur

BS/BV (1/mm) 9.64 ± 0.64 6.59 ± 0.25 ↓ 31.6 0.005
*Data is expressed as the mean ± standard deviation

Figure 5.8:  µCT images of cortical bone in calbindin-D28k knockout mice.  µCT images
of the tibia from a wild type (top) and calbindin-D28k knockout (bottom) mouse.  Note
the similar periosteal perimeters in both bones and the decreased endosteal perimeter in
calbindin-D28k knockout mouse.  The scale bar = 1mm.
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The trabecular bone also demonstrated a significantly increased bone volume in

calbindin-D28k knockout mice (Figure 5.9).  In the tibial plateau the increased bone

volume in calbindin-D28k knockout mice was due to a 33.2% increase in trabecular

number.  However, in the femoral head the increased bone volume in calbindin-D28k

knockout mice was due to a 41.3% increase in trabecular thickness and a 30.7% decrease

in the space between the trabeculae, as the number of trabeculae was 20.5% lower in

tibial plateau of calbindin-D28k knockout mice (Table 5.8).

Table 5.8: µCT imaging of trabecular bone from calbindin-D28k knockout mice*
Wild Type Calbindin KO % Change p <

BV/TV (%) 24.7 ± 4.9 35.2 ± 3.1 ↑ 42.5 0.05
Tb. N. (1/mm) 6.75 ± 0.85 8.99 ± 0.94 ↑ 33.2 0.05
Tb. Th. (mm) 0.056 ± 0.004 0.062 ± 0.006 ↑ 10.7 0.1Ti

bi
a

Tb. Sp. (mm) 0.150 ± 0.017 0.120 ± 0.017 ↓ 20.0 0.1
BV/TV (%) 70.4 ± 7.0 87.6 ± 1.2 ↑ 24.4 0.01
Tb. N. (1/mm) 19.74 ± 1.36 15.69 ± 0.81 ↓ 20.5 0.01
Tb. Th. (mm) 0.080 ± 0.011 0.113 ± 0.006 ↑ 41.3 0.01Fe

m
ur

Tb. Sp. (mm) 0.039 ± 0.005 0.027 ± 0.002 ↓ 30.8 0.01
*Data is expressed as the mean ± standard deviation

Figure 5.9:  µCT images of trabecular bone in calbindin-D28k knockout mice.  µCT
images of the trabecular bone (dark grey) inside the tibial plateau (light grey) of a wild
type (A) and calbindin-D28k knockout (B) mouse demonstrating the increased bone
volume in CDKO mice.  The scale bar = 1mm.
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D. Cantilever Bend Testing

The stress-strain curves generated while loading the femora were all linear,

showing r2 values in excess of 0.9513 in all tests.  This indicated that the bones of both

wild type and calbindin-D28k knockout mice respond to loading in a linear elastic

fashion.  The strains generated in the femora during cantilever loading were 40.7% and

37% lower in calbindin-D28k knockout bones compared to the bones of wild type mice,

during cantilever loading with the gauged surface of the bone in compression and tension,

respectively (Table 5.9).  This indicates that bones in calbindin-D28k knockout mice are

stiffer than wild type mice.  This difference is likely due to the distribution of the bone, as

the calbindin-D28k knockout mice had a significantly larger second moment of inertia

about the bending axis, but a similar elastic modulus (Table 5.9).

Table 5.9: Cantilever bend testing of femora from calbindin-D28k knockout mice*
Wild Type Calbindin KO % Change p <

Compliance-Compression (µε/kg) 6973 ± 998 4135 ± 1266 ↓ 40.7 0.05

Compliance-Tension (µε/kg) 6672 ± 1388 4201 ± 1014 ↓ 37.0 0.05

IAnterior-Posterior (mm4)** 0.32 ± 0.07 0.39 ± 0.08 ↑ 21.9 0.2

IMedial-Lateral (mm4)** 0.13 ± 0.03 0.20 ± 0.04 ↑ 53.8 0.05

ECompression (GPa) 18.8 ± 5.0 28.8 ± 9.1 ↑ 53.2 0.1

ETension (GPa) 20.0 ± 6.4 28.0 ± 8.9 ↑ 40.0 0.1
*Data is expressed as the mean ± standard deviation
**The second moment of inertia is measured from histological sections

E. Three Point Bend Testing

The bones of the calbindin-D28k knockout mice demonstrated more than a 100%

increase in both stiffness and failure load in three-point bending (Table 5.10).  The
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average second moments of inertia determined using µCT imaging in the bones tested in

three point bending were similar to the moments determined from optical images of cross

sections of the contralateral bones tested in cantilever bending (p = 0.4).  The failure

stress of the bones and the elastic moduli were not significantly different between the

calbindin-D28k knockout and wild type mice in three-point bending (Table 5.10).  The

elastic modulus measured in three-point bending was significantly lower than the elastic

modulus measured in cantilever bending (p < 0.001).

Table 5.10: Three point bend testing of femora from calbindin-D28k knockout mice*
Wild Type Calbindin KO % Change p <

Stiffness (N/mm) 82.4 ± 10.5 165.5 ± 24.2 ↑ 100.8 0.005
Failure Load (N) 15.0 ± 1.7 31.6 ± 2.1 ↑ 110.7 0.005

IAnterior-Posterior (mm4)** 0.33 ± 0.05 0.41 ± 0.09 ↑ 24.2 0.2

IMedial-Lateral (mm4)** 0.14 ± 0.02 0.23 ± 0.04 ↑ 64.3 0.01

Failure Stress (MPa) 80.2 ± 30.8 91.6 ± 23.5 ↑ 14.2 0.5

Elastic Modulus (GPa) 2.6 ± 1.5 4.2 ± 1.6 ↑ 61.5 0.6
*Data is expressed as the mean ± standard deviation
**The second moment of inertia is measured from µCT images

F. Bone Mineral Content Analysis

Despite having a significantly higher % ashed weight, the amount of calcium and

phosphorus were not significantly different between the wild type and calbindin-D28k

knockout mice (Table 5.11).
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Table 5.11: Bone mineral content analysis of calbindin-D28k knockout mice*
Wild Type Calbindin KO % Change P <

Weight (dry, mg) 37.30 ± 3.86 42.26 ± 5.86 ↑ 13.3 0.2
Ashed Weight (%) 59.7 ± 0.6 62.2 ± 0.6 ↑ 4.2 0.01
Calcium (%) 26.2 ± 3.84 30.27 ± 8.02 ↑ 15.5 0.3
Phosphorus (%) 10.33 ± 1.87 11.87 ± 2.47 ↑ 14.9 0.4

*Data is expressed as the mean ± standard deviation

5.3 Development of a Method to Measure In Vivo Bone Strain in Mice

A. Summary of Main Findings in the Development of a Method to Measure In Vivo

Bone Strain in Mice

• Mechanical testing demonstrated that addition of waterproofing and calcium phosphate

ceramic particle coatings decreased strains measured by gauges, but showed no

differences between the calcium phosphate ceramic-2 and hydroxyapatite nanopowder

coated gauges.

• Scanning electron microscopy showed that calcium phosphate ceramic-2 particles are

approximately 200 times larger than hydroxyapatite nanopowder particles.

• Cantilever bend testing performed on paired mouse femora demonstrated that

mechanical properties are the same in the left and right femora, and that this testing

method has a high precision when measuring compliance and elastic modulus.
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• Mechanical testing demonstrated that compliance and elastic modulus were similar

when measured using implanted strain gauges regardless of the type of particle coating

applied to the gauges.

• µCT imaging demonstrated that femora implanted with calcium phosphate ceramic-2

coated strain gauges had a higher bone volume and second moment of inertia compared

to hydroxyapatite coated gauges.

• Histology demonstrated that femora implanted with particle coated strain gauges have a

greater than 700% increase in osteoid volume.

• Histology and µCT imaging demonstrated an increase in bone tissue in femora

implanted with particle coated strain gauges compared to contralateral control femora,

but no difference in bone volume (BV/TV) between control and experimental femora.

• Scanning electron microscopy demonstrated bone growth adjacent to both calcium

phosphate ceramic-2 and hydroxyapatite particles.

B. Four Point Bend Testing

Calcium phosphate ceramic-2, hydroxyapatite nanopowder coated, and uncoated

strain gauges responded to loading in a linear elastic manner throughout the range of

loads and frequencies tested in four-point bending.  The strains measured in calcium
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phosphate ceramic-2 coated gauges were 77 ± 14% of those measured in uncoated gauges

(p < 0.01).  The difference in strains measured with coated and uncoated sensors did not

change as a function strain magnitude (p = 0.1) or frequency (p = 0.9).  No differences

were found between calcium phosphate ceramic-2 or hydroxyapatite nanopowder coated

gauges (p = 0.6).

C. Characterization of Calcium Phosphate Ceramic Particles

The calcium phosphate ceramic-2 and hydroxyapatite nanopowder particles were

both spherical (Figure 5.10).  The calcium phosphate ceramic-2 particles had an average

diameter of 23.84 ± 10.88µm, with diameters ranging from 8.90µm to 51.25µm.  The

hydroxyapatite particles had an average diameter of 0.11 ± 0.04µm, with diameters

ranging from 59nm to 213nm.
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Figure 5.10: Scanning electron microscopy of calcium phosphate ceramic particles.
Calcium phosphate ceramic-2 particles (A and B) are approximately 200 times larger than
the hydroxyapatite nanoparticles (D).  A “clump” of hydroxyapatite particles (C) is about
the same size as an individual calcium phosphate ceramic 2 particle (B).  Note that the
scale bar is different in each image.

D. Cantilever Bend Testing of Paired Femora (Bilateral Symmetry)

Gross examination showed the left and right femora from each mouse were

approximately the same length.  Also, the cortical areas of all the mice ranged from 0.73

mm2 to 1.3 mm2.  On average the right femora had higher cortical areas and moments of

inertia than the left femora, however these differences were not significant (Table 5.12).

The stress-strain curve for all femora was linear, and the curve fits showed r2

values in excess of 0.995. This indicated that the bones responded to loading and

unloading in a linear elastic fashion at the 6 N/s load rate.  The strains measured at 2.45 N
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ranged from 1221 to 2232 µstrain in tension and 1272 to 2202 µstrain in compression.

The differences in compliance between the left and right femora in cantilever bending

were small in both tension and compression (Table 5.12).  The percent differences in the

compliance generated with the gauges in compression were consistently higher than those

in tension, but the overall compliances were still similar.  The compliances measured in

the left and right femora during cantilever bend testing were not statistically different in

either tension or compression, and the compliance measured in the left femur were only

higher than those in the right femur in half of the tests.

The largest differences noted between the left and right femurs were in the second

moments of inertia, particularly about the bending axis, which demonstrated an average

difference of 16.7% (Table 5.12).  The elastic moduli ranged from 14.3 to 31.0 GPa in

tension, and from 11.5 to 30.0 GPa in compression.  Despite the wider range noted in

moduli measured with the gauged surface of the bone in compression, the elastic moduli

measured were generally smaller and more variable in tension than in compression.  The

difference between the elastic modulus of the right and left femurs was small and was not

significant (Table 5.12).

While the mouse femora loaded in cantilever bending demonstrated failure loads

ranging from 5.9 N to 15.6 N, there was little difference noted between the failure of left

and right femora (Table 5.12).  The femora all failed by one of two mechanisms: either

the bone fractured through the distal femoral shaft near the potted condyle, or the loading

pin pierced the femur at the point of contact.  The femora failed at the distal shaft

fourteen times and only two times at the point of contact with the loading pin.  The
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failure loads in both tests where the femora failed at the point of loading fell within the

range of failure loads measured in the tests where the femora failed through the shaft.

This indicates that there was no apparent difference in failure strength resulting from

failure through the two different mechanisms.  The failure strength of the left and right

femora was not statistically different.

Table 5.12: Mechanical properties of paired femora in cantilever bending*
Material Properties Right Left % Difference p <

ComplianceTension (µε/kg) 7219 ± 1435 7252 ± 1414 0.4 0.83
ComplianceCompression (µε/kg) 6983 ± 1193 7086 ± 1232 1.5 0.56
Cortical Area (mm2) 1.01 ± 0.18 0.97 ± 0.13 4.1 0.44
IBending (mm4) 0.28 ± 0.11 0.24 ± 0.07 16.7 0.91
IPerpendicular (mm4) 0.13 ± 0.05 0.12 ± 0.03 8.3 0.52
ETension (GPa) 20.92 ± 5.94 22.40 ± 5.94 6.6 0.30
ECompression (GPa) 22.69 ± 6.54 22.49 ± 5.38 0.9 0.62
Failure Strength (N) 9.77 ± 2.45 9.97 ± 2.99 2.0 0.52

*Data is expressed as the mean ± standard deviation

E. Cantilever Bend Testing of Implanted Strain Gauges

Gross examination showed that implanted strain gauges bonded to femora in

variable locations.  Most of the implanted gauges attached to the anterior-lateral surface

of the femur with the top of the gauge near the proximal part of the gluteal tuberosity, and

with the sensing element of the strain gauge at an oblique angle relative to the long axis

of the femur (Figure 5.11).

The stress-strain curve for all femora was linear, indicating the femora responded

to loading in a linear-elastic manner.  Most of the r2 values for the linear best-fit lines

were above 0.9.  However, the lowest r2 value for the linear best-fit line was 0.762 for

calcium phosphate ceramic-2 coated gauges and 0.868 for hydroxyapatite coated gauges.
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The r2 values of the control gauges were comparable to the values for implanted gauges

in each test, with the lowest r2 value of 0.698 for a glued gauge.

Figure 5.11: Potted femora for cantilever bend testing.  The gauge on the experimental
femur (left) is not aligned with the bending axis of the bone.  The gauge glued to the
contralateral control femur (right) is aligned similarly to the experimental gauge.

The bone compliance measured with implanted gauges was 18-26% lower than

the bone compliance measured with control gauges, however this difference was not

statistically significant (Table 5.13).  Bone compliance measured with calcium phosphate

ceramic-2 coated gauges and hydroxyapatite coated gauges were the same in tension and

compression (p > 0.20).  In addition to bone compliance, the elastic moduli calculated for

implanted and control gauges were similar (Table 5.13) and the there was no difference

between the gauges coated with calcium phosphate ceramic-2 or hydroxyapatite (p >

0.55).



107

All the measured second moments of inertia were increased in the implanted

gauges compared to the contralateral control gauges (Table 5.13).  In addition, the second

moments of inertia were larger in femora implanted with calcium phosphate ceramic-2

coated gauges compared to femora implanted with hydroxyapatite coated gauges (Table

5.13).

Table 5.13: Mechanical testing of implanted strain gauges♦
Control Experimental % Diff◊ p <

ComplianceTension (µε/kg) 4815 ± 985 3666 ± 1011 ↓23.9 0.07
ComplianceCompression (µε/kg) 2829 ± 1891 2321 ± 1315 ↓18.0 0.60
Sensor to Centriod (mm) 0.66 ± 0.07 0.71 ± 0.08 ↑7.6 0.25
IBending (mm4) 0.27 ± 0.04* 0.46 ± 0.09* ↑70.4 0.01
IMaximum (mm4) 0.39 ± 0.08 0.59 ± 0.10** ↑51.3 0.05
IMinimum (mm4) 0.13 ± 0.02 0.23 ± 0.03* ↑76.9 0.01
ETension (GPa) 49.2 ± 8.4 46.6 ± 19.0 ↓5.3 0.77C

PC
 C

oa
te

d 
G
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ge

s

ECompression (GPa) 77.0 ± 41.2 57.5 ± 24.8 ↓25.3 0.52
ComplianceTension (µε/kg) 6359 ± 2199 4744 ± 1622 ↓25.4 0.18
ComplianceCompression (µε/kg) 4312 ± 2166 3208 ± 1039 ↓25.6 0.29
Sensor to Centriod (mm) 0.60 ± 0.08 0.66 ± 0.10 ↑10.0 0.27
IBending (mm4) 0.21 ± 0.05* 0.35 ± 0.08* ↑66.7 0.01
IMaximum (mm4) 0.32 ± 0.09 0.45 ± 0.06** ↑40.6 0.01
IMinimum (mm4) 0.10 ± 0.02 0.19 ± 0.03* ↑90.0 0.01
ETension (GPa) 41.5 ± 15.8 42.3 ± 21.8 ↑1.9 0.93H

A
 C

oa
te

d 
G

au
ge

s

ECompression (GPa) 50.6 ± 20.5 44.6 ± 15.5 ↓11.9 0.58
♦ Data is expressed as the mean ± standard deviation
◊ % difference between control and experimental limb
* p ≤ 0.05 for calcium phosphate ceramic 2 vs. hydroxyapatite
** p ≤ 0.01 for calcium phosphate ceramic 2 vs. hydroxyapatite

F. µCT Imaging

The femora implanted with strain gauges were larger than the contralateral control

femora as shown by the increased tissue volume in experimental limbs (Table 5.14).
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Although the bone volume and marrow cavity volume were similar in experimental and

control limbs (Table 5.14) there was a small but statistically different bone volume and

marrow cavity volume in experimental femora implanted with hydroxyapatite and

calcium phosphate ceramic coated gauges (Figure 5.12).

Table 5.14: µCT imaging of implanted strain gauges
Control Experimental % Difference p <

TV (mm3) 3.458 ± 0.221 4.427 ± 0.270 ↑28.0 0.001
BV/TV (%) 50.8 ± 2.6 51.4 ± 1.6* ↑1.0 0.68
MaV/TV (%) 49.2 ± 2.6 48.6 ± 1.6* ↓1.1 0.68
Cortical Th. (mm) 0.331 ± 0.026 0.327 ± 0.028 ↓1.4 0.77

C
PC

 G
au

ge
s

BS/BV (1/mm) 6.10 ± 0.47 6.16 ± 0.55 ↑1.1 0.83
TV (mm3) 3.102 ± 0.409 4.173 ± 0.334 ↑34.5 0.001
BV/TV (%) 48.6 ± 2.6 48.2 ± 2.5* ↓0.9 0.76
MaV/TV (%) 51.4 ± 2.6 51.8 ± 2.5* ↑0.9 0.76
Cortical Th. (mm) 0.357 ± 0.041 0.337 ± 0.064 ↓5.6 0.53

H
A

 G
au

ge
s

BS/BV (1/mm) 5.66 ± 0.61 6.10 ± 1.08 ↑7.8 0.40
* p ≤ 0.05 for calcium phosphate ceramic 2 vs. hydroxyapatite

Figure 5.12: µCT images of femora implanted with strain gauges.  Bone can be seen
grown up to the implanted gauges that were coated with calcium phosphate ceramic-2
particles (A) and hydroxyapatite particles (B).  The bones implanted with calcium
phosphate ceramic coated gauges have a higher bone volume than those coated with
hydroxyapatite.
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G. Histology and Histomorphometry

The femora implanted with strain gauges were larger than the contralateral control

femora as shown by the increased cross sectional bone area in experimental limbs (Table

5.15).  The bone volume and marrow cavity volume were similar in experimental and

control limbs, but the experimental limbs showed a greater than 700% increase in osteoid

volume (Table 5.15).  Although the experimental limbs showed an increase in mineral

apposition rate, the difference was only statistically significant in mice implanted with

calcium phosphate ceramic coated gauges.  There were no differences found in any

histological or histomorphometric parameters between mice implanted with calcium

phosphate ceramic or hydroxyapatite coated gauges (Table 5.15, Figure 5.13)

Table 5.15: Histology and histomorphometry of implanted strain gauges
Control Experimental % Difference

Bone Area (mm2) 0.894 ± 0.078** 1.092 ± 0.106** ↑22.1
BV/TV (%) 47.1 ± 3.8 45.3 ± 4.5 ↓3.8
MaV/TV (%) 52.8 ± 3.9 53.5 ± 4.6 ↑1.4
OsV/TV (%) 0.2 ± 0.1** 1.2 ± 0.3** ↑738.1
Labeled Surface (%) 24.4 ± 4.5 24.9 ± 3.1 ↑2.0
MAR (µm/day) 1.129 ± 0.379* 1.600 ± 0.121* ↑41.8C

PC
 G

au
ge

s

BFR/BS (µm3/µm2/day) 0.002 ± 0.001 0.003 ± 0.001 ↑45.6
Bone Area (mm2) 0.842 ± 0.059** 1.007 ± 0.052** ↑19.6
BV/TV (%) 45.2 ± 1.0 43.0 ± 2.3 ↓4.9
MaV/TV (%) 54.7 ± 1.0 56.2 ± 2.2 ↑2.7
OsV/TV (%) 0.1 ± 0.1* 0.8 ± 0.4* ↑719.9
Labeled Surface (%) 23.7 ± 10.7 32.1 ± 6.7 ↑35.8
MAR (µm/day) 1.167 ± 0.433 1.695 ± 0.531 ↑45.3H

A
 G

au
ge

s

BFR/BS (µm3/µm2/day) 0.002 ± 0.002 0.004 ± 0.001 ↑73.6
* p ≤ 0.05 for experimental vs. contralateral control limb
** p ≤ 0.01 for experimental vs. contralateral control limb
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Figure 5.13: Cross sectional images through implanted strain gauges.  Bone can be seen
adjacent to the calcium phosphate ceramic particles (A).  Bone growth can also be seen in
femora implanted with hydroxyapatite coated gauges (B), however the particles are too
small to see using light microscopy.

H. Scanning Electron Microscopy

Bone growth was noted adjacent to both calcium phosphate ceramic and

hydroxyapatite coated gauges (Figure 5.14).  The hydroxyapatite particles bound to the

surface of the strain gauge appeared to form conglomerates that were approximately the

size of individual calcium phosphate ceramic particles.
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Figure 5.14: Scanning electron micrograph of the interface between bone and implanted
strain gauges.  Bone attachment can be seen as bone was noted adjacent to and
surrounding the calcium phosphate ceramic (A) and hydroxyapatite (B) particles.
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CHAPTER 6: DISCUSSION

6.1 Bone Phenotype in Carbonic Anhydrase II Deficient Mice

A. Morphological Analysis of Bone in Carbonic Anhydrase II Deficient Mice

Although carbonic anhydrase II deficient mice and patients have similar

pathological changes in blood pH and growth curves, carbonic anhydrase II deficient

mice were not previously considered a good model of human disease because the mice

did not display osteopetrosis.  This data presented in this dissertation provides the first

evidence that carbonic anhydrase II deficient mice display phenotypic changes consistent

with osteopetrosis in trabecular bone.

In previous studies, qualitative descriptions of the bones in carbonic anhydrase II

deficient mice had indicated no structural changes aside from the decreased size of the

bones.  Those studies attributed the smaller bones to the smaller size of the mice (Lewis

et al 1988, Jepsen et al 1990).  The overall decreased mass and length of the tibiae of

carbonic anhydrase II deficient mice noted in this study are consistent with these previous

reports.  The quantitative histological and µCT analysis demonstrated a small, but

statistically significant 4-5% decrease in the cortical bone volume of carbonic anhydrase

II deficient mice (Tables 5.2 and 5.4).  This relatively minor decrease in bone volume

may explain why previous studies that have only looked at gross radiographic findings

(Lewis et al 1988) or qualitative histological structure (Jepsen et al 1990) have not noted

any significant changes.

Grossly, relative metaphyseal widening of the tibial plateau was seen because the

measured width of the tibiae at this level was similar in carbonic anhydrase II deficient
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and wild type mice despite the smaller size of the bones in carbonic anhydrase II

deficient mice (Table 5.1).  Both histological and µCT analysis demonstrated that

carbonic anhydrase II deficient mice had increased trabecular bone volume (Tables 5.3

and 5.4), which was a result of increased trabecular number and decreased spacing.  It is

unlikely that the increased trabecular bone volume is due to increased osteoblast activity

because the bone formation rates (BFR/BS and BFR/BV) are decreased in carbonic

anhydrase II deficient mice (Table 5.3).  The high bone volume and low bone formation

rate indicates that trabecular bone resorption is inhibited in carbonic anhydrase II

deficient mice (Parfitt et al 1987).  For this reason, the changes in the trabecular bone

structure in carbonic anhydrase II deficient mice are due to deficient bone resorption,

which is characteristic of osteopetrosis.  The carbonic anhydrase II deficient mice appear

to compensate for reduced osteoclast activity by increasing osteoclast number (Table

5.3).

Additional studies performed in cell culture experiments and in carbonic

anhydrase II deficient mice provide a possible explanation of how the osteoclasts in

carbonic anhydrase II deficient mice are able to maintain some function.  Carbonic

anhydrase II deficient mice have a substantially lower arterial blood pH (7.18-7.25) due

to a mixed metabolic and respiratory acidosis (Lien et al 1998, Brion et al 1997), and low

extracellular pH has a stimulatory effect on osteoclasts (Bushinsky 1995 and 1996,

Bushinsky et al 2000, Meghji et al 2001).  While cell culture experiments have shown

that decreasing the expression of carbonic anhydrase II in osteoclasts using antisense

nucleotides results in an inability of osteoclasts to resorb bone (Laitala et al 1994),
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another experiment showed that in the presence of low extracellular pH inhibiting

carbonic anhydrase II did not inhibit bone resorption in mature osteoclasts (Lehenkari et

al 1998).  This demonstrates that low extracellular pH can compensate for acetazolamide

inhibited carbonic anhydrase II function (Lehenkari et al 1998).  This experiment further

showed that inhibiting carbonic anhydrase II function inhibited osteoclast precursor

proliferation and fusion (Lehenkari et al 1998).  For this reason it was unknown whether

the primary defect in CAII deficiency results from reduced osteoclast number, decreased

osteoclast function, or a combination of both.  This dissertation showed that carbonic

anhydrase II deficient mice had increased numbers of osteoclasts (Table 5.2) and the

normal appearance of some osteoclasts with ruffled border (Figure 5.4) indicating that

inhibited resorption, rather than reduced osteoclast number, is the primary mechanism in

vivo.

Additional cell culture studies have shown that chronic acidosis upregulates the

H+-ATPase in osteoclast cell culture (Nordstrom et al 1997), which enhances the

osteoclasts ability to concentrate protons in the resorption lacunae.  While this effect has

not been demonstrated in vivo, it is possible that the carbonic anhydrase II deficient

osteoclasts may also maintain function by upregulation of the H+-ATPase in the presence

of chronic acidosis.

One unexpected finding in this study, which may be consistent with acidosis, was

that both the cortical and trabecular bone in carbonic anhydrase II deficient mice have a

lower bone mineral density than wild type mice (Table 5.4).  This result agrees with

previously published planar x-ray evidence of an aged carbonic anhydrase II deficient
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mouse (Lewis et al 1988, Figure 2.6), but the decreased radiopacity noted in the planar x-

ray could have been due to size differences in the bone.  Bone mineral density measured

with µCT is directly related to the image intensity, as each cross sectional image is the

same thickness.  Lower bone mineral density is consistent with acidosis, and not

osteopetrosis as both in vivo (Lemann et al 1966, Phelps et al 1986) and in vitro studies

(Bushinsky et al 2000) have demonstrated that acid loads stimulate physiochemical

dissolution of mineralized bone matrix.  Mineral dissolution occurs prior to organic

matrix degradation. The lower bone mineral density found in carbonic anhydrase II

deficient mice may facilitate osteoclast activity by promoting bone resorption or

inhibiting complete matrix mineralization, mitigating the severity of osteopetrosis.

The carbonic anhydrase II deficient mice demonstrated lower bone formation at

all the measured locations (Tables 5.2 and 5.3).  Decreased bone formation could be a

result of osteoclast dysfunction, as osteoblast development and function is directly

coupled to osteoclasts, or systemic factors since osteoblasts are also sensitive to hormonal

changes and alterations in extracellular pH.  The acidosis in carbonic anhydrase II

deficient mice would also be expected to decrease bone formation rate, as osteoblast

function is inhibited in chronic acidosis (Frick et al 1998 and 1999).  This is particularly

true in metabolic acidosis (Bushinsky 1995).  The decreased bone formation rate may be

a feature of carbonic anhydrase II deficient mice that is not present in patients, as

measurements of bone formation in carbonic anhydrase II deficient patients have

generally shown normal to increased activity (Whyte 1993).  The mechanism for this

discrepancy is unclear, since carbonic anhydrase II deficient mice, like most patients with
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carbonic anhydrase II deficiency, have mutations resulting in loss of carbonic anhydrase

II function (Hu et al 1997, Shah et al 2004) and the arterial blood pH is similar between

carbonic anhydrase II deficient mice and patients (Ohlsson et al 1980 and 1986).

B. Comparison to Additional Mouse Models with Defects in Osteoclast Acidification

In normal osteoclasts the resorption lacunae is acidified by protons generated in

the cell cytoplasm from the action of carbonic anhydrase II, an enzyme that catalyzes the

equilibration of carbon dioxide and carbonic acid.  The protons are transported to the

resorption lacunae by an osteoclast specific H+-ATPase that is coupled to a chloride

channel that maintains charge neutrality.  Autosomal recessive osteopetrosis arises from

known mutations in TClRG1 (part of the osteoclast specific H+-ATPase), ClCN7 (the

gene encoding the chloride channel) and in carbonic anhydrase II (Tolar et al 2004).

The severe autosomal recessive forms of osteopetrosis in patients arising from

defects in the osteoclast H+-ATPase or the chloride channel have mouse models with

defects in analogous genes.  Both Atp6i knockout mice and oc/oc mice, which have a

naturally occurring deletion in the Atp6i gene, develop an osteopetrotic phenotype with a

decreased life span due to a defective osteoclast H+-ATPase (Li et al 1999, Marks et al

1985, Scimeca et al 2000).  Additionally, ClCN7 knockout mice develop osteopetrosis

and die within 6-7 weeks (Kornak et al 2001). The severity of osteopetrosis in these

animals may lead to decreased life span because of reduced hematopoiesis.  Atp6i

knockout mice and oc/oc have abnormal marrow cavities (Figure 6.1, Li et al 1999,

Marks et al 1985).  In ClCN7 knockout mice, no marrow space is evident on gross and

microscopic examination, which leads to splenomegaly and anemia (Figure 6.1, Kornak
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et al 2001).  In contrast, mice with an autosomal recessive mutation leading to carbonic

anhydrase II deficiency, although small in size, have a similar life spans and normal

appearing bone marrow cavities compared to wild type mice (Figures 5.1, 5.2, and 5.5).

Another difference between the carbonic anhydrase II deficient mice and other

mouse models with defects in the osteoclast acidification pathway is the normal

appearance of cortical and trabecular bone (Figures 5.1, 5.2, and 5.5).  Carbonic

anhydrase II deficient mice have proportionally smaller cortical bones with a normal

appearance while the cortical bone is thin and morphologically disrupted in Atp6i and

ClCN7 knockout mice (Figure 6.1, Li et al 1999, Kornak et al 2001).  The trabecular

bone volume has not been measured in Atp6i knockout mice (it is visibly increased), and

has been shown to increase by 700% in 42 day old ClCN7 (Li et al 1999, Kornak et al

2001), but was only increased by 50% in carbonic anhydrase II deficient mice.
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Figure 6.1: Mouse models of osteopetrosis due to defects in osteoclast acidification.
Images on the left (A, C and E) are the wild type mice and images on the right are Atp6i
knockout (B), oc/oc (D) and ClCN7 knockout (F) mice.  Atp6i knockout mice (B) have
thin cortical bone and bone marrow filled with cartilage and bone (Li et al 1999).  Oc/oc
mice (D) have a similar phenotype compared to Atp6i knockout mice, which includes a
lack of marrow cavity space due to the presence of bone and unresorbed cartilage tissue
(Marks et al 1985).  The growth plates of oc/oc mice also contain numerous vacuoles
(Marks et al 1985). ClCN7 knockout mice (F) also have thin cortical bone and marrow
space filled with mineralized tissue (Kornak et al 2001).
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The differences in bone structure between these mouse models may result from

differences in the function of osteoblasts and osteoclasts.  One study used calcein labeling

to measure osteoblast function in ClCN7 deficient mice, and did not show any difference

in bone apposition between the osteopetrotic and normal mice (Kornak et al 2001).

However, in this study calcein labeling showed decreased bone formation in carbonic

anhydrase II deficient mice indicating inhibited osteoblast function.

Qualitative studies of osteoclast function and phenotype have been performed in

both ClCN7 and Atp6i deficient mice.  Although no quantitative values for osteoclast

number have been reported, ClCN7 knockout mice have numerous small osteoclasts that

attach to bone but do not form well-developed ruffled borders or show resorption lacunae

(Marks et al 1985, Kornak et al 2001).  Quantitative and morphological differences have

not been shown in the osteoclasts of Atp6i deficient animals, but similar to ClCN7 mice,

the osteoclasts attach to bone, and do not show any signs of resorption (Li et al 1999).

The presence of osteoclasts in carbonic anhydrase II deficient mice confirms that these

mice do not show defects in osteoclast differentiation, similar to other mice with defects

in osteoclast acidification.  Similar to ClCN7 and Atp6i knockout mice, the osteoclasts in

carbonic anhydrase II deficient mice are increased in number, but unlike ClCN7 and

Atp6i knockout mice, they show evidence of activity as some osteoclasts formed

resorption lacunae that contained scalloped edges.

In addition to skeletal manifestations of these defects, renal function has also been

studied in Atp6i knockout mice.  Similar to what is seen clinically, the Atp6i knockout
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mice do not demonstrate impaired renal function and have normal blood and urine pH (Li

et al 1999).

C. Limitations

The carbonic anhydrase II deficient mice used in this study have been

backcrossed to C3H mice for more than 5 generations, while the original carbonic

anhydrase II strain was on a C57BL/6J CAR-2 background.  The C3H mouse strain has a

higher bone mineral density (Beamer et al 1996) and bone turnover (Sheng et al 1999)

compared to the C57BL6 strain, and C3H mice are less sensitive to limb loading

(Kodama et al 2000).  Although the C3H substrain backcrossed with the carbonic

anhydrase II deficient mice differed from the high density substrain (Beamer et al 1996,

Sheng et al 1999, Kodama et al 2000), there is a possibility that backcrossing the

carbonic anhydrase II deficient mouse to a different strain may have unmasked the

osteopetrosis phenotype.  However, the carbonic anhydrase II deficient mice appeared

qualitatively similar to those previously described (Lewis et al 1988, Jepsen et al 1990),

and the phenotypic differences measured in this study were most apparent in quantitative

histology, histomorphometry, and µCT analysis of trabecular bone, which had never been

performed.

Another potential limitation to this study is that only 90 day old mice were

evaluated.  Mice become skeletally mature near 120 days (Sheng et al 1999), so the mice

used in this study were still growing.  In patients with a carbonic anhydrase deficiency,

skeletal disease is the worst during adolescence and improves with age (Whyte 1993).

For this reason it is possible that the observed bone phenotype in carbonic anhydrase II
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deficient mice is most severe in skeletally immature mice, and begins to improve as the

mice age.  However, since differences in the severity of bone disease exist between

patients and mice with a carbonic anhydrase II deficiency it is unknown whether changes

in the bone phenotype follow the same pattern in mice and patients as they age.

D. Summary

In conclusion, the carbonic anhydrase II deficient mouse demonstrates some

skeletal characteristics consistent with mild osteopetrosis.  Although mice are less

severely affected by skeletal abnormalities than most patients with a carbonic anhydrase

II deficiency, carbonic anhydrase II deficient mice demonstrate metaphyseal widening of

the tibial plateau and increased trabecular bone volume indicating the potential use of

carbonic anhydrase II deficient mice to study osteopetrosis.

Understanding why the mice are generally less affected than patients and why

trabecular bone seems to be preferentially affected in carbonic anhydrase II deficient

mice will provide insight into the development of osteopetrosis caused by defects in

osteoclast acidification and may implicate therapeutic targets for patients with carbonic

anhydrase II deficiency.  Overall, the carbonic anhydrase II deficient mouse provides a

valuable animal model for understanding the relationship between blood pH and both

osteoblast and osteoclast function in osteopetrosis.
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6.2 Bone Phenotype in Calbindin-D28k Knockout Mice

A. Morphological Analysis of Bone in Calbindin-D28k Knockout Mice

The significantly altered histological and biomechanical properties of bones in

calbindin-D28k knockout mice provide the first direct evidence that calbindin-D28k

knockout mice have a quantitative difference in bone distribution and stiffness compared

to wild type mice.  Previous studies (Airaksinen et al 1997, Turnbull et al 2004, Zheng et

al 2004) have indicated that the bones in calbindin-D28k knockout mice are grossly

similar to wild type mice and there are no abnormalities in serum calcium or parathyroid

hormone in calbindin-D28k knockout mice.  The results of this study are in agreement

with those studies showing that the bones of calbindin-D28k knockout and wild type

mice are grossly the same dimensions and weight.  However, quantification of the bone

structure using both histology and µCT measurements demonstrated an increased amount

of bone in calbindin-D28k knockout mice (Tables 5.5, 5.6, 5.7 and 5.8).  In cortical bone,

the additional bone is located on the endosteal surface as indicated by the decreased

endosteal perimeter (Table 5.5).  The similar periosteal perimeters of calbindin-D28k

knockout and wild type mice explain why the bones appear grossly similar.

The change that results in an increased cortical bone volume also causes increased

trabecular bone as noted in both the femoral head and tibial plateau (Tables 5.6 and 5.8),

and indicates the systemic nature of the histological increase in bone volume.  Despite the

apparent systemic increase in bone volume there appears to be a difference in the way in

which the increased trabecular bone volume is distributed in different sites.  In the

femoral head of calbindin-D28k knockout mice, an increase in the thickness of the
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trabeculae and decreased spacing between them resulted in higher bone volume despite a

reduction in the number of trabeculae (Table 5.8).  In the tibial plateau of calbindin-D28k

knockout mice the increased bone volume is primarily due to an increased number of

trabeculae and the trabecular thickness was not significantly different (Table 5.8).  This

difference in trabecular structure may be due to the different strain environments in the

different sites.

Histomorphometry did not demonstrate a difference in the cortical bone formation

rates.  However, the bone formation rate calculated using the bone area referent

(BFR/BA) was significantly reduced in the trabecular bone of the femur (Table 5.6).  This

decreased bone formation was not due to a difference in the mineral apposition rate or the

amount of labeled surface.  Since the bone area referent of the bone formation rate

(BFR/BA) was decreased and the surface referent (BFR/BS) was not decreased, the

decreased bone formation rate was likely due to the significantly increased trabecular

bone volume in the calbindin-D28k knockout mice.  The decreased BFR/BA seen in the

trabecular bone is in agreement with a previous study that showed reduced serum

osteocalcin levels in calbindin-D28k knockout mice (Lee et al 2002).

There is no standard method to measure bone resorption rates using

histomorphometry, however it can be inferred from other histological parameters such as

bone formation rate and marrow cavity area (Parfitt et al 1987, Bain et al 1993).  The

decreased marrow cavity volume in the cortical bone of calbindin-D28k knockout mice

supports the idea that bone resorption may be impaired. Since the cortical bone formation

rate was not affected in calbindin-D28k knockout mice, the increased bone volume may
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be related to impaired bone resorption.  Reduced bone resorption may be due to

decreased numbers of osteoclasts in calbindin-D28k knockout mice.  Although not

statistically significant, a reduced number of osteoclasts were observed in the trabecular

bone of calbindin-D28k knockout mice (Table 5.6).

B. Functional Analysis of Bone in Calbindin-D28k Knockout Mice

The measurements taken during cantilever, and three-point bend testing

demonstrated that calbindin-D28k knockout mice have stiffer bones than wild type mice

(Tables 5.9 and 5.10).  This results in functionally improved bones, as the failure load

was more than doubled in calbindin-D28k knockout mice (Table 5.10).  Both cantilever

bend tests and three-point bending demonstrated significant changes in the extrinsic

properties of the bones, such as compliance, stiffness, and failure load.  These changes

are due to the increased amount of bone and the distribution of the bone, as the second

moment of inertia about the bending axis is increased in calbindin-D28k knockout mice

(Tables 5.9 and 5.10).  Furthermore, there were no significant changes noted in the

intrinsic properties of the bones, such as elastic modulus and failure stress, in either

cantilever or three-point bending (Tables 5.9 and 5.10).

Although similar differences between the knockout and wild type mice were

noted in the two types of biomechanical tests, the value measured for the elastic modulus

was significantly higher in cantilever bending.  The application of a strain gauge to the

mouse femur may have caused a stiffening effect that resulted in an overestimation of the

elastic modulus in the cantilever bend tests.  In addition, the preparation time required to

correctly position and attach a strain gauge to the bone may have resulted in some
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dehydration, which also raises the elastic modulus of bone (Turner et al 1993).  This

effect was minimized by keeping the bones wrapped in saline soaked gauze whenever

possible, however gluing the strain gauge to the bone requires drying the surface and the

process allowed some time for the bones to dehydrate.  While the application of a strain

gauge to the bone and potential dehydration have a stiffening effect and result in the

overestimation of the elastic modulus, the use of three-point bending in mouse bones

results in an overestimation of strain, and an underestimation of elastic modulus (Turner

et al 1993).  Previous studies comparing the elastic modulus of rat bones in three-point

bending using ram displacement measurements or a glued strain gauge found that the

elastic modulus calculated using ram displacement was 7.6 GPa, while the elastic

modulus found using the glued strain gauge was 29.4 GPa (Turner et al 1993).  This is

similar to the differences noted in this study between the elastic moduli calculated in

cantilever bending using a glued strain gauge, and three point bending using ram

displacement measurements.  The true values for the measured biomechanical parameters

likely lie between the values measured in cantilever bending and three-point bending.

However, since both techniques demonstrated similar changes the differences noted in the

mechanical properties between the calbindin-D28k knockout and wild type mice are

valid.

This change in stiffness resulting from changes in bone distribution instead of

differences in intrinsic material properties is also supported by the similarity of the

amounts of calcium and phosphorus noted in the bones of calbindin-D28k knockout and

wild type mice in this study.  Although this study did not find a significant change in the
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calcium content of bones in calbindin-D28k knockout mice, a previous study

demonstrated a decreased amount of calcium in the bones of calbindin-D28k knockout

mice (Zheng et al 2004).  This discrepancy is accounted for by the methods of analysis.

In this dissertation the amount of calcium per weight was characterized in the bones of

calbindin-D28k knockout mice, while the study demonstrating less calcium in the bones

of calbindin-D28k knockout mice measured the amount of calcium per unit volume

(Zheng et al 2004).  Since the volume of the bones is significantly higher in calbindin-

D28k knockout mice the amount of calcium per volume will be lower.  For this reason

determination of the calcium content by weight provides an indication that the calcium

content in the bone material of calbindin-D28k knockout mice is unaffected.

C. Limitations

The mice used to study calbindin-D28k were 90 days old.  Since these mice are

not skeletally mature until four months (Sheng et al 1999) they were still growing and

their bones have not reached stead state.  This leaves open the possibility that further

changes in the histological and biomechanical properties of the bones can occur prior to

the mice reaching skeletal maturity.  Although this possibility exists, the point of this

study was to quantify the histological and biomechanical properties of the bones of

calbindin-D28k knockout mice because prior analysis of the bones in calbindin-D28k

knockout mice was qualitative.  This time point was chosen because the mice in this

study were one month older than mice used in a previous study demonstrating reduced

serum osteocalcin (Lee et al 2002), and the mice were studied at a later time point so that

differences in osteoblast function would potentially become apparent at a tissue level
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leading to changes in bone structure and mechanical properties.  Thus it is possible that

changes in osteoblast function would not be evident at a tissue level prior to three months

of age.

D. Summary

Calbindin-D28k plays an important role in regulating bone volume and stiffness.

Recent studies have demonstrated that calbindin-D28k acts as both a calcium buffer and a

calcium sensor (Berggård et al 2002a and 2002b) that can regulate the activity of myo-

inositol-monophosphatase.  In calbindin-D28k knockout mice it was noted that purkinje

neurons, where calbindin-D28k is normally expressed, had higher amounts of free

cytoplasmic calcium following neuronal excitation (Airaksinen et al 1997).  Further

evidence in vivo (Berdal et al 1996) and in vitro (Faucheux et al 1998) have indicated that

calbindin-D28k is expressed by cells producing mineralized matrix, and since calbindin-

D28k is expressed in osteoblasts, a situation similar to purkinje neurons may exist where

the amount of calcium within osteoblasts following a stimulus may be higher in the

osteoblasts of calbindin-D28k knockout mice.  This leaves open the possibilities that the

increase in bone volume and stiffness may be due to changes in intracellular signaling

within osteoblasts at the level of the bone.  Further studies are needed to elucidate the

mechanism by which stiffness, failure load and bone volume increase in these knockout

mice.  The fact that limiting the function of calbindin-D28k results in only minor changes

in the phenotype of the mouse (Airaksinen et al 1997) and that levels of blood calcium

and parathyroid hormone are not significantly altered (Zheng et al 2004), yet the volume



128

and failure load of bone are significantly improved, makes this protein a good target for

future research examining treatments for osteoporosis.

6.3 Development of a Method to Measure In Vivo Bone Strain in Mice

A. Characterization of Bilateral Symmetry in Cantilever Bending

Bend testing is a common type of mechanical test used to measure the functional

properties of bones in mice.  While three and four point bend testing are the most

common methods used to measure bone strength and stiffness in the long bones of mice

(Turner et al 1993), neither of these tests mimic in vivo loading.  Cantilever bend testing

induces more physiologic strains.  This testing method involves fixing one end of the

bone and loading the opposite end of the bone.  In addition to being more representative

of the in vivo loading environment, an additional advantage of cantilever bend testing is

that it is non-destructive, while three and four point bend testing are typically performed

to failure.  The advantage of non-destructive testing is that the second moment of inertia

can be more accurately measured following testing.  In addition this testing procedure

will minimize measurement errors due to bone dehydration.  Although this test is

typically performed without damaging the bone, in this portion of the experiment the

bones were loaded to failure.  This was done to determine whether bones failed at a

consistent load in this type of testing.  It was also noted that failure did not occur through

the sensing portion of the strain gauge in any of these tests.  Since failure occurred

without damaging the portion of the bone where the strain gauge was attached,
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histological analysis could be used to accurately measure the second moment of inertia

after the mechanical testing was complete.

In cantilever bending the precise and reproducible placement of strain gauges

between the left and right femora is essential to obtain accurate results.  Multiple studies

have noted that small strain gauge mounting errors can result in large changes in strain

between contralateral femora (Keller et al 1986, Szivek et al 1992).   For this reason the

position of the gauges was marked on both right and left femora prior to gluing the

gauges.  It was also noted that gauge placement was more consistent and reliable when

the gauges were attached prior to potting the bones in the loading fixtures.  Additionally,

the positions at which the loading device contacted the femora were marked after gauge

placement so that the strike point was aligned with the sensing elements on each gauge

and any torsional component to the loading was minimized.

A previous study that used mechanical testing to characterize the femora of

C57BL/6 mice demonstrated smaller cross sectional cortical bone areas and smaller

moments of inertia, but higher failure loads compared to those measured in this study

(Jepsen et al 2001).  The differences in cortical bone area and moment of inertia observed

between these studies were small and were likely due to differences in the age of the

mice.  The larger discrepancy noted in the failure loads could be due to differences in the

testing method, as four point bending was used to characterize the femora of C57BL/6

mice (Jepsen et al 2001). Although the strain of mouse used in that experiment was

different, one group reported similar failure loads to those measured in this experiment

when loading bones to failure in cantilever bending (Rantakokko et al 1999).
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The elastic moduli of mouse femora in cantilever bending were found to be higher

than the elastic moduli reported in previous biomechanical studies of mouse femora using

three point bending (Di Masso et al 1997, Jamsa et al 1998).  This difference is likely a

result of testing methodology.  Since the bone modulus in small animals is expected to be

similar and the elastic moduli determined for rat femora in cantilever bend testing

(Battraw et al 1996) has been noted to be similar to the moduli measured in this

experiment (Table 5.12), 3 point bending and cantilever loading are likely creating

different strain patterns in the bone. This argument is supported by published evidence

which shows that the elastic moduli reported for rat femora measured using three point

bending were significantly lower than moduli measured in cantilever bending (Battraw et

al 1996, Ferretti et al 1993), and is further supported by studies in calbindin-D28k

knockout mice, which measured higher elastic moduli in cantilever bending compared to

three point bending (Tables 5.9 and 5.10).

Aside from a difference in methodology, another potential reason for differences

in elastic modulus between published values and those measured in this experiment could

have been inaccuracies in measuring the distance from the center of gravity of the bone to

the sensing element of the gauge.  During the embedding process the methylmethacrylate

monomer dissolved and weakened the bond between the strain gauge and the bone.  For

this reason the strain gauges on some sections of the embedded bones were partially

detached from the bone surface, leading to a potential source of error in the measurement

of centroid to sensor distance.  In these cases the distance to the gauge was estimated,

potentially resulting in larger distances than were present during bend testing, and a slight
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increase in the calculated elastic modulus.  The estimated differences were approximately

one tenth of a millimeter larger than the actual distances, leading to an overestimation of

15-20% in the calculated elastic moduli.  µCT imaging, which became available in the

lab after this series of experiments, eliminates this source of error as the measurement is

made from images collected prior to embedding the bone in polymethylmethacrylate.

Analysis of the percent differences in the strain values, elastic moduli and failure

strength of the bilateral femora (Table 5.12) in the current study indicate that there is

symmetry of these mechanical properties in mouse femora during cantilever bending.

This experiment demonstrates that cantilever bend testing is an acceptable method of

mechanical testing in mouse femora.  Although differences were found between

mechanical parameters measured in cantilever testing and parameters measured in three

point bending, the precision of the measurements made in cantilever bending was high.

This is in agreement with observations by Turner et al 1993 that noted various methods of

mechanical testing in mouse bones yield significantly different values for the measured

parameters, but the precision within each type of test was high.

B. Development of Calcium Phosphate Ceramic Coated Strain Gauges

Although a method to coat strain gauges with calcium phosphate ceramic particles

has been previously developed and used in larger animal models, this dissertation is the

first study showing that it is possible to use this methodology in a mouse model.  This is a

major advance since mice are one of the most widely used mammalian animal models to

study bone physiology and pathology.  The use of osteoconductive particle coated strain

gauges is the only method available to directly measure the biomechanical properties of
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bone in vivo.  Development of this technology will allow serial in vivo measurements to

be performed in mice, expanding the types of studies that can be performed in this animal

model.  Furthermore, development of this technology for mice will complement human

studies by reducing the size of the sensors, which is necessary to use this technology in

larger patient populations for clinical research and to monitor orthopaedic treatments.  In

addition to adapting this technology for use in a mouse model, a new osteoconductive

hydroxyapatite coating was tested.  The hydroxyapatite coating demonstrated similar

results compared to a previously tested calcium phosphate ceramic particle coating.  This

is also a major advance, as this is the first time that all commercially available supplies

have been used to attach strain gauges to bone in vivo.  This advance will allow other

research groups to use this technology.

In this study calcium phosphate ceramic-2 was selected as the strain gauge

coating because it facilitated bone attachment in a canine model (Szivek et al 1996) and

the particles were small enough to adequately cover the surface of the small gauges used

in this study.  Larger calcium phosphate ceramic particles (previously designated calcium

phosphate ceramic-7) have been found to provide better mechanical attachment in

canines compared to the calcium phosphate ceramic-2 (Szivek et al 1996) used in this

study.  However, the length of the calcium phosphate ceramic-7 particles is over 500 µm

(Szivek et al 1996) and the large size prevented good attachment between the calcium

phosphate ceramic and strain gauge, resulting in poor coverage of the strain gauge

surface.  Attachment of even the small particles was a challenge because the strain gauges

used in this study were more than 25% shorter and 80% thinner than the smallest calcium
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phosphate ceramic coated gauges used to date in a rat model (Rabkin et al 2001).  For this

reason the only previously tested calcium phosphate ceramic particle that could be used

in this study was calcium phosphate ceramic-2.  This particle was compared to a

hydroxyapatite nanopowder that has recently become commercially available through

Sigma-Aldrich.  One goal of this experiment was to determine whether the commercially

available product could be used in place of calcium phosphate ceramic-2, which would

make this technique available to any lab.

Characterization of the calcium phosphate ceramic-2 and hydroxyapatite

nanopowder particles demonstrated that both were spherical, but the hydroxyapatite

particles were approximately 200 times smaller than the calcium phosphate ceramic

particles.  Previous characterization of calcium phosphate ceramic particles demonstrated

that calcium phosphate ceramic-2 is a crystalline, spherical particle with a diameter of 16

± 8 µm (Szivek et al 1996).  This value is smaller than the diameter of 23.8 ± 10.9 µm

measured in this study, and may be a result of the methodology used to measure particle

size.  Both this and the previous study (Szivek et al 1996) used scanning electron

microscopy to image the calcium phosphate ceramic particles, however the previous

study did not sputter coat the particles prior to imaging.  In the process of sputter coating

a thin layer of platinum is added to the surface of the sample, which will increase the

diameter of the particles.  In the previous study the calcium phosphate ceramic particles

were imaged with backscatter electron microscopy which does not necessitate sputter

coating.  For this reason the smaller diameter reported in the previous study was likely

more accurate than the measurement reported in this dissertation.
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Although measurement of the average particle diameter was more accurate when

scanning electron microscopy was performed using a backscatter detector, this was not

possible with the hydroxyapatite nanopowder because the small particle size caused

significant artifacts due to the high magnification needed to resolve individual particles.

Indeed, imaging the hydroxyapatite particles was difficult even after sputter coating, and

the images needed to be collected using a fast scanning rate (equivalent to a short

exposure time in normal photography), which produces a lower-quality image.  Despite

the fast scanning rate some artifact was still visible as “particle movement” in every high

magnification image of the hydroxyapatite nanopowder (Figure 5.10D).  The sputter

coating process was performed at the same time and with same settings for the calcium

phosphate ceramic-2 and hydroxyapatite particles in this study, so the thickness of the

platinum coating should be the same on both particles.  Since the hydroxyapatite

nanoparticles were 200 times smaller than the calcium phosphate ceramic particles, the

measurement error resulting from the coating process is likely greater in the

hydroxyapatite particles.  In addition to the measurement error caused by sputter coating,

the “movement” artifact would also be expected to increase the measured diameter of the

hydroxyapatite particles.  As a result of both types of errors the difference in particles size

is probably larger than the 200% reported in this dissertation.

Despite the large difference in particle size, four point bend testing showed no

difference in strain transfer when gauges were coated with either calcium phosphate

ceramic-2 or hydroxyapatite particles.  Compared to strain gauges that were used without

any coatings the gauges with waterproofing and particle coatings detected lower strains.
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If the same effect occurs in gauges that are implanted in vivo, the expected result is that

the elastic moduli measured with coated gauges will be higher than moduli measured

with uncoated gauges.  The consistency of measurements taken with particle coated strain

gauges demonstrates that they will provide precise measurements over a wide range of

physiologic strains seen in the long bones of mice (de Souza et al 2005a and 2005b) and

by using a correction for strain differences can be utilized to accurately measure bone

strain.

C. Testing Bone Bonding to Calcium Phosphate Ceramic Coated Strain Gauges In

Vivo

This study demonstrates that calcium phosphate ceramic-2 and hydroxyapatite

nanopowder coated strain gauges induce bone formation and bond to mouse femora in

vivo.  A similar approach has successfully been used to attach strain gauges to bone in

large animal models and patients providing a way of collecting long term in vivo strain

measurements (Szivek et al 1990, 1996, and 1997).  The advantage to adapting this

method for use in mice is that it provides the possibility of combining transgenic mice

with direct long term strain measurement, allowing studies to quantify the relationship

between genetics, loading and the biomechanical properties of bone.  Furthermore, the

ability to use all commercially available materials will allow any lab to use this method

instead of limiting its use to labs with access to the patented calcium phosphate ceramic

particles that were originally donated to our lab.

The compliance measured using particle coated gauges (Table 5.13) was lower

and more variable than the compliance measured in cantilever bending using glued
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gauges (Table 5.12).  One reason for lower compliance (increased stiffness) may have

been the stiffening effect noted in four point bending that results from the waterproofing

and particle coating process.  However, this effect was minimal as lower compliance was

noted between control glued gauges in this study (Table 5.13) and the measurements

collected when gauges were glued to both femora (Table 5.12).  Another factor that

significantly contributed to the differences in compliance between these experiments was

gauge alignment.  Due to bone growth and the position at which the gauges attached, the

implanted gauges were not perfectly aligned along the principle bending axis during

cantilever bending (Figure 5.11).  Deviations in alignment from the principle bending

axis would be expected to lower measured strains.  As the glued control gauge was

aligned as closely as possible to the implanted gauge the compliance measured with the

control gauge would be expected to be lower than the compliance measured in the

experiment testing bilateral symmetry where alignment of both gauges could be

controlled and was as close as possible to the principle bending axis.

The variability of strains measured with implanted gauges was also higher than

those measured when testing bilateral symmetry.  This was noted because the standard

deviations were approximately the same in both experiments, but the compliance was

higher when testing bilateral symmetry.  The larger variability could also be accounted

for by the different positions of gauge attachment, as the strains in a test specimen are

higher near the potted end in cantilever bending (Cordaro et al 2001b).  Four-point

bending may have minimized the non-uniform strain distribution that occurs during

cantilever bending, however, cantilever bending was chosen to analyze mechanical
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attachment of the gauge because previous studies have characterized gauge to bone

bonding using cantilever bending (Szivek et al 1990 and 1996, Battraw et al 1999,

Cordaro et al 2001b), bilateral symmetry has been demonstrated between left and right

mouse femora in cantilever bending (Table 5.12), and the size of the gauge relative to the

femora made it difficult to load the specimens in four-point bending without directly

loading the surface of the strain gauge.  Despite the variability introduced by cantilever

bend testing, differences in strains measured using particle coated implanted sensors and

glued strain gauges were similar in all mice regardless of the anatomic location of gauge

attachment or the alignment of the gauge relative to the principle bending axis.

The difference in measured elastic modulus of the implanted and glued control

gauges provides an indication of the relative attachment of implanted sensors because all

the values needed to calculate the modulus are directly measured.  The values of the

elastic moduli were between two and three times higher than expected in this series of

experiments (Table 5.13).  This difference is likely a result of gauge alignment, as the

calculated stress was accurate, but strain was measured at an oblique angle relative to the

principle bending axis.  Although the absolute values of the calculated elastic moduli

were higher than those calculated with properly aligned glued gauges (Tables 5.9 and

5.12), the difference between the elastic moduli calculated with implanted and glued

control gauges was less than 6% in tension and less than 26% in compression.  The large

difference between the values calculated in tension and compression was a result of

changes in bone shape.  The bending axis was aligned so that the control and

experimental gauges were as close as possible when the gauge was in tension, which
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meant that there was more variability when the bones were rotated during mechanical

testing and the sensors were loaded compression.

Although particle coated gauges provide good mechanical attachment to bone, the

µCT and histological analysis in this study demonstrates that sensor placement in mice

changes parameters that will affect strain measurement.  Gauge placement resulted in an

increased distance from the centroid to the sensing element of the strain gauge and an

increased second moment of inertia.  Although the increased distance from the centroid to

the sensor was likely due to both new bone formation as well as an increased thickness of

the sensor due to particle coatings, this difference was only 10% between implanted and

glued sensors and was not statistically significant.  The increased moment of inertia likely

occurred as a result of extensive new bone formation as was noted by the 28-35%

increased tissue volume measured with µCT (Table 5.14) and the 20-22% increased

cortical bone area measured with histology (Table 5.15).  Although extensive bone

growth was noted in mice implanted with both types of coated gauges, the only

statistically significant difference noted between the two particles in this study was the

larger increase in second moment of inertia in mice implanted with calcium phosphate

ceramic-2 coated gauges compared to mice implanted with hydroxyapatite coated gauges.

The changes noted in second moments of inertia indicate that the mouse model is more

sensitive to changes in bone structure following implant placement compared to larger

animals.  In the canine and rat models gauge placement has a much smaller effect on the

measured strains because extensive bone growth around the sensors does not significantly

alter the distance from the centroid to the strain gauge or the second moment of inertia.
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In general the histology and µCT results demonstrated similar differences

between the implanted femora and the contralateral controls.  Despite extensive bone

growth, the normalized bone volume was not different between the implanted and control

femora when measured with µCT (Table 5.14) or quantitative histology (Table 5.15).

Although all the measured histomorphometric parameters were increased in femora

implanted with strain gauges, only the mineral apposition rate for mice implanted with

calcium phosphate ceramic-2 coated strain gauges was statistically significant (Table

5.15).  However, it is likely that an increased amount of bone is being formed in

implanted femora as indicated by the 700% increase in osteoid volume.  The reason that

no differences were found in bone formation rate may have been the increased surface

area that resulted from strain gauge placement.

Scanning electron microscopy demonstrated bone formation up to calcium

phosphate ceramic-2 and hydroxyapatite coated strain gauges.  After two months both

coatings were still present, indicating they are resorbed slowly if at all, and that either

coating can be used in experiments extending beyond two months post-op.

D. Limitations

Limitations to in vivo strain gauge measurement in a mouse model are primarily

related to the large size of the current sensor configuration relative to the bone, which

increases the second moment of inertia.  Development of smaller sensors would be

expected to reduce this effect.  Sensor attachment at various anatomic locations and

orientations increased the variability of the strains measured in this study; however the

response of implanted gauges relative to glued controls was consistent, highlighting the
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utility of these sensors to perform longitudinal studies in mice.  Currently available high

resolution imaging methods can characterize gauge bonding to bone and can be used in

vivo to measure and correct for various gauge alignments.  More consistent alignment

strategies and/or the use of miniaturized rosette strain gauges are needed to eliminate this

variability by allowing measurement of the principle strain at any location.  Finally, this

method needs to be used with wired gauges to collect in vivo measurements.  This is

expected to increase the difficulty of these experiments as the wire/gauge interface is

under high stresses which can damage waterproof coatings and lead to sensor failure.

E. Summary

Overall, this study demonstrated that using calcium phosphate ceramic or

hydroxyapatite coated strain gauges to collect long term in vivo strain measurement is

possible in a mouse model.  The use of hydroxyapatite nanoparticles to coat the strain

sensors is particularly valuable as this is the first time that all commercially available

materials have been used to achieve long term bone bonding to strain gauges.  As various

laboratories begin using this technology, advances in producing smaller sensors and

wireless telemetry systems to collect strain measurements are expected to increase the

utility of strain gauges in orthopaedic studies performed in mice and patients.
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6.4 Dissertation Summary and Conclusions

The overall goal of this dissertation was to determine whether carbonic anhydrase

II and calbindin-D28k had a physiologic role in regulating the structural properties of

mouse bone, despite earlier qualitative studies indicating mice without these proteins

have normal bone.  In addition to testing this hypothesis another aim of this dissertation

was to test a method that can quantify bone function in vivo in a mouse model.

Features consistent with osteopetrosis, such as metaphyseal widening and

increased trabecular bone volume were noted in quantitative studies of bone structure in

carbonic anhydrase II deficient mice.  This model was also used to demonstrate that

osteoclast function, and not osteoclast differentiation was the primary defect resulting in

altered bone structure.  The structural differences measured in this dissertation

demonstrate that carbonic anhydrase II deficient mice can be used to study the

osteopetrosis resulting in patients with the same deficiency.

In calbindin-D28k knockout mice structural analysis revealed an increase in bone

volume.  The additional bone was located at endosteal and not periosteal surfaces.  This

resulted in bones that had a similar gross appearance to those in wild type mice.  The

additional bone volume resulted in improved bone function, as noted by increased bone

stiffness and higher failure loads.  The increased failure loads measured in calbindin-

D28k knockout mice highlight the potential use of drugs that target this protein to treat

diseases resulting in bone weakness and fragility.

Finally, mechanical testing demonstrated that calcium phosphate ceramic and

hydroxyapatite particle coated strain gauges can be used to quantify the mechanical
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properties of bone in vivo in a mouse model.  The structural bone changes resulting from

placement of particle coated strain gauges demonstrated that this technique can be used in

longitudinal studies, but may be limited in other experimental designs in mouse models.

The use of commercially available hydroxyapatite to coat the strain sensors will allow

other groups to use this technique to measure bone strain in mice, and may potentially be

used in larger animal models and patients.

The experiments performed in this dissertation demonstrate that qualitative

techniques should only be used to analyze large differences in bone when studying

transgenic and knockout mouse models.  Subtle changes may only become apparent

when quantitative analyses are performed, which have demonstrated important structural

and functional differences in two mouse models that had been previously overlooked.

The development of a technique that can be used in any lab to quantify bone structure

may lead to more quantitative studies of bone function in mouse models.
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