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Abstract
Bisphosphonates (BPs) are used in the treatment of osteoporosis. However, their effects, especially
long-term effects, on bone and bone healing are not fully known. Clodronate (dichloromethylene
bisphosphonic acid) is a first-generation BP.
The thesis was based on two animal experiments. The first, with 199 rats on long-term clodronate
treatment, was divided into four separate substudies. The effects of long-term administration of
clodronate to rats were investigated after 32 weeks of treatment. The effects on the femoral shaft,
femoral neck and vertebra in normal, non-osteoporotic skeleton were described in two publications.
The evaluations were made by biomechanical, densitometric, histological, hematological and
electron-microscopic investigations. Fracture healing was investigated in rats after 24 weeks of
clodronate treatment. The tibia was fractured, and the effects of treatments were evaluated at 4 and 8
weeks after the fracture. Radiographs and densitometric pQCT in the evaluation of experimental
fracture healing were compared. In the other experiment with 30 mice, a mouse immobilisation
osteoporosis model for further studies was investigated.
Long-term administration of clodronate at therapeutic dosage had no harmful impacts but rather
some beneficial effects on normal, non-osteoporotic bone. However, long-term high-dose clodronate
treatment resulted in a decrement of tibial length but did not have any other significant or adverse
effects. In the evaluation of fracture healing, pQCT proved to be better than radiographs in
differentiating the total mineralised cross-sectional area of callus and the area of compact bone.
Clodronate treatment does not seem to prolong the fracture healing process, even when administered
on a long-term basis before the fracture. Clodronate increased the size of callus, but had only a minor
effect on its biomechanical properties. Three weeks of hind limb immobilization caused local
osteopenia in the tibia when compared to its contralateral leg.
In conclusion, this thesis suggests that long-term administration of clodronate at therapeutic
dosage has no harmful, but rather some beneficial effects on normal, non-osteoporotic bone.
However, a fivefold dose of clodronate causes a slight decrease in the growth of tibial length. Healing
of fractures during or after clodronate treatment is not inhibited.
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1 Introduction
Due to the growing number of elderly people in the near future, osteoporosis is becoming
an increasingly serious problem for both public economy and public health (WHO 1999).
Treatments of osteoporosis by means of different pharmaceutical compounds have
been a focus of research by pharmaceutical industry for a couple of decades. Treatment
periods in osteoporosis will be very long, consisting of years or even decades. This poses
a great challenge to the safety of the treatment.
BPs inhibit bone resorption by inactivating osteoclasts (Fleisch 2000a), and they are
widely used in the treatment of bone disorders associated with increased bone resorption,
such as osteoporosis, Paget’s disease and metastatic bone diseases (Fleisch 1991, Russell
& Rogers 1999). Clodronate (dichloromethylene bisphoshonic acid) is a first-generation
BP, and it shares the common physicochemical properties of BPs (Fleisch 1997).
Short-term treatments with therapeutic doses of BPs have been shown to be safe in
both experimental and clinical contexts, but the skeletal half-life of BPs is long and there
is no much information about the long-term effects of BPs on skeleton.
Although BP treatment decreases the risk for osteoporotic fractures, it is evident that
there will be an increasing number of fractures affecting patients treated with BP in the
future. Fracture healing includes a complex cascade of events similar to endochondrial
bone growth, and it might be sensitive to treatments that potentially affect bone
resorption.
In this work, the long-term effects of clodronate on bone and fracture healing in nonosteoporotic rat skeleton were studied. Comparisons of two tools used in fracture healing
studies, radiography and peripheral computed tomography, were also made. Moreover, an
osteoporosis model for mouse was developed.

2 Review of the literature
2.1 General aspects of bone
Bone serves as mechanical support for body weight and muscular action and as a
protective shield for the vital internal organs. Bone participates in the adjustment of
calcium and phosphate homeostasis, and haematopoiesis takes place in bone marrow.
Bone is a composite material, which consists of organic matrix (mainly collagen) and
inorganic hydroxyapatite (HA). Water accounts for about 20% of the wet weight of
cortical bone, HA makes up approximately 45%, and organic substances account for the
remaining 35% (Eriksen et al. 1994b, Marks & Hermey 1996, An & Bell 1999). Cortical
bone, which surrounds all bones, primarily serves the supportive and protective function
of bone, whereas trabecular (cancellous) bone is mostly responsible for the metabolic
function.
There are four different cell types in bone. Osteoblasts, osteoclasts, and bone-lining
cells are present on bone surfaces, whereas osteocytes permeate the mineralised interior.
Osteoblasts are the fully differentiated cells responsible for the production of bone
matrix. Osteocytes are mature osteoblasts within the bone matrix and responsible for its
maintenance. Bone-lining cells are inactive cells that cover bone surfaces and do not
participate in either bone formation or resorption. Osteoclasts are large, multinucleated
cells that resorb bone (Eriksen et al. 1994b, Marks & Hermey 1996, An & Bell 1999).
The amount of bone in all individuals increases during growth, reaches a peak in the
twenties, starts to decrease in the late thirties, and undergoes accelerated loss in
postmenopausal women for 5-10 years (Melton 1995). Females lose about half of their
peak bone mass by the age of 80, the corresponding reduction in males being 25-30%
(Väänänen 1996). The amount of bone at any age, and hence the risk of osteoporotic
fractures, will depend on the peak bone mass of the individual and the rate of bone loss
by that age (Rodan et al. 1996). The peak bone mass can also be considered the full
genetic potential for bone strength (Heaney et al. 2000). The determinants of peak bone
mass are primarily genetic (Pocock et al. 1987, Selmenda 1991), but a calciumcontaining diet and the amount of exercise during childhood and puberty are also
important factors (Nieves et al. 1995). A low peak bone mass may increase the risk for
fractures both in childhood and later in life (Heaney et al. 2000).

2.1.1 Bone turnover
The quantity, quality and shape of bone continuously change to maintain skeletal integrity
and the calcium homeostasis of the body. The two processes involved in human bone
turnover are modelling and remodelling. Bone modelling takes place mainly during
growth and in conditions of altered mechanical loading and also after bone trauma (Frost
1990a). Bone remodellation refers to the state of bone turnover in adults, which involves
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practically no alteration of bone shape (Frost 1990b). At any given time, approximately
10-15% of bone surface in undergoing remodelling, the remaining surface being
relatively quiescent (Kanis et al. 1995). Bone remodelling occurs in focal and particular
units called basic multicellular units (BMU) (Frost 1990b). At a remodelling site, bone
remodellation is tightly coupled to bone formation (Mohan & Baylink 1996). The
remodelling of each unit takes about 3-4 months. The osteoclastic resorption phase
accounts for the first two or three weeks and the osteoblastic formation phase for the
remaining time (Boyce et al. 1989a, Boyce et al. 1989b).
Bone formation takes place in two stages: matrix synthesis followed by extracellular
mineralisation. Osteoblasts regulate the mineralisation of bone matrix (Marks & Hermey
1996). Osteoblasts produce the first layer of unmineralised bone matrix (osteoid), mainly
consisting of collagen, on bone surface. The osteoid seam reaches approximately 70% its
final mineralisation after about 10 days, while complete mineralisation takes 3 to 6
months (Jee 2001). Deposition of mineral makes the matrix impermeable, and osteocytes
establish numerous connections with other cells before mineralisation (Eriksen et al.
1994b, Marks & Hermey 1996).
In some situations, such as military training, the rate of repair cannot keep up the
normal structure of bone and fractures may occur (Frost 1990b). Space flight is also
known to produce osteopenia and structural changes in bone (Zerath et al. 2000).
The loss of bone mass is associated with an increase in bone turnover (Riggs &
Melton 1986a, Eriksen et al. 1994b). At the tissue level, increased bone turnover can be
detected as an increased activation frequency of new BMUs (Riggs & Melton 1986a)
(Eriksen et al. 1990). In addition to the increased numbers of BMUs in osteoporosis,
there is also an imbalance between bone resorption and formation at each remodelling
unit, the former exceeding the latter (Riggs & Melton 1986a, Eriksen et al. 1990, Eriksen
et al. 1994b).

2.2 Fracture healing
The healing of a fracture is an extremely interesting process in the human body. In
optimal conditions, injured bone can be reconstituted without a scar almost identically to
its original shape. Bone healing has been under extensive investigation for many years.
The process of fracture healing can occur in two ways. Direct or primary bone healing
occurs without callus formation. Indirect or secondary bone healing occurs with a callus
precursor stage (Frost 1989, Greenbaum & Kanat 1993, Einhorn 1998).
Primary healing of fractures involves a direct attempt by the cortex to re-establish
itself after interruption. Bone on one side of the cortex must unite with bone on the other
side of the cortex to re-establish mechanical continuity. This process seems to occur only
when anatomic restoration of the fracture fragments takes place, by rigid internal fixation,
and when the stability of fracture reduction is ensured by a substantial decrease in
interfragmentary strain. Under these conditions, bone-resorbing cells on one side of the
fracture show a tunnelling resorptive response, whereby they re-establish new haversian
systems by providing pathways for the penetration of blood vessels (Crenshaw 1992,
Greenbaum & Kanat 1993, Einhorn 1998).
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Secondary healing of bones involves the classical stages of fracture healing, i.e.
impaction, inflammation, primary soft callus formation, callus mineralisation and callus
remodelling (Crenshaw 1992, Greenbaum & Kanat 1993).
In the impaction stage, when bone absorbs energy beyond its modulus of elasticity, a
fracture occurs along the line of least resistance. The impact injures the local bone
marrow, periosteum, adjacent soft tissue and living bone and disrupts longitudinal blood
vessels. First, the fracture sensitises the surviving local cells, enabling them to respond
better to local and systemic messages and stimuli, and second, it releases local
biochemical and biophysical messengers to make the surviving cells respond. This
biological sensitisation lasts for up to 7 days (Frost 1989, Greenbaum & Kanat 1993,
Einhorn 1998).
In the inflammation stage, haematoma and haemorrhage formation results from the
disruption of periosteal and endosteal blood vessels at the site of injury. The open ends of
these vessels undergo thrombosis. Lysosomal enzymes are then released and acidic pH
follows. Macrophages, leukocytes and other inflammatory cells invade the area
(Greenbaum & Kanat 1993, Einhorn 1998). Clinically, this stage is associated with pain,
swelling and heat (Crenshaw 1992).
In the primary soft callus formation stage, the cells that are stimulated and sensitised
begin to produce new vessels, fibroblasts, intracellular material and supporting cells.
They form granulation tissue in the space between the fracture fragments. After that,
macrophages, giant cells and other wandering cells arise in granulation tissue to invade
and remove it (Einhorn 1998). This stage lasts for about two weeks (Frost 1989) and
clinically corresponds to the time when clinical union is established by fibrous or
cartilaginous tissue (Crenshaw 1992).
At the callus mineralisation stage, the mineralisation of soft callus begins about 1
week later, after the formation of new soft callus. The increased oxygen tension leads to
the production of osteoid. Osteoid consists primarily of opaque calcium hydroxyapatite,
which makes it radiologically visible. The presence of osteoid provides rigidity within the
callus. The amount of callus formation is dependent on the relative stability of the
fracture fragments. The more motion there is at a fracture site, the larger callus is needed
to prevent this motion (Greenbaum & Kanat 1993, Einhorn 1998). When stability and
strength have been gained across the fracture site, the patient may resume limited activity.
The creation and mineralisation of callus may take anything from 4 to 16 weeks and is a
quicker process in children and in spongy bone (Crenshaw 1992).
The callus remodellation stage consists primarily of the replacement of callus with
packets of new bone. Osteoclasts act to remodel the external surface of bone and decrease
the size of the callus. Local vascular supply, oxygenation and pH all revert to normal. The
mineralised cartilage is initially replaced by woven bone to form a primary spongiosa.
This is further replaced by packets of new lamellar bone. The callus between the ends of
compact bone is replaced by secondary osteons composed of lamellar bone. These
osteons align parallel to the compression and tension stress and strain caused by
mechanical use and muscle forces across the fracture or osteotomy (Greenbaum & Kanat
1993). BMU is a particular mediator mechanism that contains various types of cells,
intercellular material and capillaries, all specially organised in space and time and all
communicating with each other. The BMU first produces osteoclasts that remove a packet
of pre-existing hard tissue and then produce osteoblasts that replace it with a packet of
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newly made bone (Frost 1989, Einhorn 1998). Complete replacement of callus with
functionally competent lamellar bone by remodelling BMU takes one to four years (Frost
1989).

2.2.1 Experimental fracture
Fracture healing has been studied with several animals and with different types of
fracture in different bones, depending on the aims of the studies. The marked variation of
methods used in fracture healing studies shows that it is rather difficult to standardize
experimental fractures (Arnoczky & Wilson 1986b). The major diaphyseal fracture
models are mouse, rat, rabbit, dog, sheep, goat, cat and calf, but the ones most commonly
used are rat, rabbit, dog and sheep. For a review, see (Arnoczky & Wilson 1986b, An et
al. 1999).
Although the bones of some animals (e.g. rat and sheep) differ physiologically from
human bone (i.e. they do not undergo normal haversian remodellation), they have been
widely used in orthopaedic research (Miller et al. 1995, Sietsema 1995, An & Friedman
1999). Results obtained with animals cannot be extrapolated directly to humans, and
studies on higher animals, like dogs and monkeys, are still needed (Arnoczky & Wilson
1986a).
The challenges in experimental fracture models pertain to the stability of fixation and
reproducibility. There have been four major fracture-producing methods for diaphyseal
fracture models, including manual fracture (Penttinen 1972), three-point bending
methods (Greiff 1978), a guillotine-like fracture apparatus (Bonnarens & Einhorn 1984)
and osteotomy (Nyman et al. 1996). Immobilisation or fixation of the fracture site
determines the amount of cartilaginous callus formation and the mode of healing. A
fracture may heal without any fixation, but diaphyseal fractures are usually fixed with
internal fixation, such as intramedullary rods or pins (Tarvainen et al. 1994c), plates and
screws (Nyman et al. 1995) and threads or wires used alone or in combination (Arnoczky
& Wilson 1986b, An et al. 1999). In a detailed presentation about animal models of
fracture healing by An and Friedman (An et al. 1999), the authors preferred the pre-nailed
rat tibial fracture made by a guillotine-like apparatus, which is a method modified from
Bonnarens and Einhorn (Bonnarens & Einhorn 1984), as the most applicable method in
fracture healing studies.

2.2.2 Evaluation of experimental fracture healing
Radiography is a basic method for evaluating fracture healing both in clinical use and in
animal studies: radiographs are able to visualise callus formation after mineralisation
(Aronson & Shen 1994, Kato et al. 1998, Reichel et al. 1998). Radiographs are usually
taken immediately after surgery to examine the location of the fracture and the quality of
fixation. After the sacrifice of animals, high-resolution x-ray images are usually taken,
which can be used for a variety measurements, such as bone density or bone dimensions.
For long bone fractures, the healing parameters, such as periosteal reaction (callus
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formation), quality of union and bone remodelling, can be quantitated on radiographs by
different scoring systems (Bos et al. 1983, Lane & Sandhu 1987, Tarvainen et al. 1994c).
Histology is another basic method for evaluating fracture healing. Longitudinal
sections through the fracture callus and the surrounding area are usually cut and stained.
Common histological parameters, including callus formation, bone union, marrow
changes and cortex remodelling, can be established (Eriksen et al. 1994a, An et al. 1999).
Mechanical testing of healing fractures is a useful tool in evaluating fracture healing.
Bending, tension and torsional tests are mostly used (An et al. 1999, Keller & Liebschner
2000, Lopez & Markel 2000, Furman & Saha 2000), and all of them have their own
particular applications (Ekeland et al. 1981). Bending has proved sensitive in
measurements of the mechanical properties of healing callus in several animal models,
such as mouse (Hiltunen et al. 1993), rat (Mølster et al. 1983), rabbit (Aalto et al. 1987),
dog (Lenehan et al. 1985) and sheep (Augat et al. 1997). The torsional test is more
functional, as it evaluates the mechanical properties of the entire healing bone, indicating
the weakest section (Burstein & Frankel 1971, Ekeland et al. 1981). It is used for rat
(Bonnarens & Einhorn 1984), rabbit (Paavolainen et al. 1979) and dog (An et al. 1999).
Tension has been used mostly for rat (Nyman et al. 1993), and it has proved to be most
useful during the initial phases of fracture healing (Walsh et al. 1997, Ekeland et al.
1981). Basic biomechanical parameters, such as maximum strength, stiffness and energy
absorption, can be calculated from the results of mechanical testing.
Densitometry gives important information about the healing of bone. Densitometry has
proved to correlate with the biomechanical status of healing callus at least in the early
phase of fracture healing (Sano et al. 1999). Densitometry of healing callus has been
performed traditionally by inspecting radiographs; the optical density of a radiograph is
theoretically an indirect measure of bone mineral content (BMD), although it involves
several limitations (Markel & Chao 1993). In spite of these limitations, good precision
and accuracy have been reported for calibrated radiographic absorptiometry (Yang et al.
1994). Dual-energy X-ray absorptiometry (DXA) is the method of choice for defining
BMC more accurately. However, it is also a projectional method, which may have some
of the limitations of radiographic photodensitometry. Computed tomography has been
applied to the volumetric evaluation of callus size (den Boer et al. 1998, Nakamura et al.
1998) and mineral density (Markel et al. 1990, Aronson & Shen 1994, den Boer et al.
1998, Reichel et al. 1998, An et al. 2000). Peripheral quantitative computed tomography
(pQCT), introduced in 1976 (Rüegsegger et al. 1976), is a method for the assessment of
volumetric bone mineral density (BMD), bone mineral content (BMC) and bone crosssectional geometry (Louis et al. 1996, Takada et al. 1996). Even though it was developed
for human studies, pQCT has proven an effective and highly precise tool for evaluating
the densitometric and geometric properties of bone in experimental animal studies, too
(Gasser 1995, Jämsä et al. 1998a, Jämsä et al. 1998b, Ferretti 2000). PQCT has also been
used to evaluate the healing callus of sheep tibia (Augat et al. 1997).
Biological markers of bone healing and bone formation can be detected from serum.
The indicators of bone resorption include elevated levels of tartrate-resistant acid
phosphatase (two subtypes) (Halleen et al. 2000) and pyridinoline in plasma and elevated
levels of fasting calcium and hydroxyproline, deoxypyridinium crosslinks and
hydroxylysine glycosides in urine (Garnero & Delmas 1996, Kleerekoper 1996, Russell
1997, Garnero et al. 2000). Further markers of bone formation are increased levels of
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osteocalcin, procollagen peptides and bone-specific alkaline phosphatase in serum
(Garnero & Delmas 1996, Kleerekoper 1996, Russell 1997, Rogers et al. 2000).
Other methods or special devises have been used for evaluating fracture healing, such
as MRI and quantitative radiographs, depending on the scope of the current study.

2.3 Osteoporosis
Osteoporosis is defined as a skeletal disorder characterized by compromised bone
strength predisposing to an increased risk of fracture. Bone strength reflects the
integration of two main features: bone density and bone quality. Bone density is
expressed as grams of mineral per area or volume, and in any given individual it is
determined by the peak bone mass and the amount of bone loss. Bone quality refers to
bone architecture, turnover, damage accumulation (e.g. microfractures) and
mineralisation (National Institute of Health 2001). Bone loss is brought about by an
imbalance between bone resorption and bone formation, which can be influenced by
many factors (Rodan et al. 1996). Osteoporosis occurs mostly in females, but can also be
seen in males (Lane et al. 2000, Huuskonen et al. 2000, Gennari & Brandi 2001).
According to the WHO definition, osteoporosis is present when BMD is at least 2.5
SD below the young normal mean (National Institute of Health 2001). Although
osteoporotic bone loss is as systemic process occurring in all bones, the most common
fractures associated with this disease occur in the hip, spine and forearm. This is because
osteoporosis is more pronounced in cortical bone (Riggs & Melton 1986b).
Osteoporosis is usually divided into two categories; primary osteoporosis includes
postmenopausal osteoporosis and senile osteoporosis. Secondary osteoporosis results
from the effects of external factors, such as disuse, immobilization, early ovariectomy (in
women), hypogonadism (in men) or glucocorticoid treatment (Riggs & Melton 1983,
Riggs & Melton 1986b, Sinaki 1989, van Staa et al. 2001). Postmenopausal osteoporosis
is characterized by accelerated trabecular bone resorption, while in senile osteoporosis
both cortical and trabecular bone masses are reduced (Riggs & Melton 1983, Riggs &
Melton 1986b, Parfitt 1988).
Bone mass is a relatively good predictor of osteoporotic fractures (Black et al. 1992,
Melton et al. 1993, Cummings 1995) and bone mineral density correlates highly but not
perfectly with bone strength, which relationship is exponential, with relative small
decrements in BMD (10-15%) that approximately double the risk for fractures (Faulkner
2000). However, the measures of bone mass or density alone cannot reliably predict the
fracture risk in patients (McCreadie & Goldstein 2000).

2.3.1 Experimental osteoporosis
There is no recognised animal model of spontaneous osteoporosis because no mammalian
species other than humans develop bone fractures during their normal life span, and there
is no full parallelism between human symptoms and any in vivo animal model (Kimmel
et al. 1999). Therefore, various manipulations have been used in experimental animals to
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induce profound and sustained bone loss. The US Food and Drug Administration
guidelines for using animals in preclinical tests of agents intended to treat osteoporosis
(FDA 1994) recommend that animals either lose bone or have ovariectomy (OVX)-related
osteopenia.
Rat and dog are the animals mainly used in experimental osteoporosis studies, but
mouse, dog, pig, sheep and nonhuman primates have also been used. Mouse has become
a more popular in vivo model for osteoporosis research since more genetic models in
mice and skeletal syndromes will be available in the future (Bonadio et al. 1990, Beamer
et al. 1996, Kuro-o et al. 1997, Kimmel et al. 1999).
Mature or aged rats have been used widely in the study of antiosteoporotic drugs (Kalu
1991). The ovariectomy model is one of the most widely used experimental models of
osteoporosis, since there are no significant differences in bone behaviour between
surgical and natural menopause (Wronski et al. 1989, Frost & Jee 1992). Following
estrogen depletion, ovariectomy induces an increase in bone turnover and an acceleration
of bone loss (Yamazaki & Yamaguchi 1989, Kalu 1991). Immobilisation by plaster
casting or nerve or tendon sectioning leads to severe bone loss in rats (Tarvainen et al.
1994b, Lepola et al. 1993). Several dietary manipulations, such as calcium deficiency and
high-protein and high-phosphate diets, have also been shown to lead to osteoporotic
phenomenona (Tarvainen et al. 1994a, Jiang et al. 1997, Kimmel et al. 1999). Some
drugs, such as corticostereoids and heparin, may cause excessive bone loss, and
inflammation may result in localised or generalised bone loss (Kimmel et al. 1999).
Traditionally, the sites of experimental osteoporosis in bone in research are the tibial and
femoral shaft and the vertebral body (Kalu 1991, Kimmel et al. 1999). In humans, the
femoral neck is a site of interest in view of osteoporotic changes (Riggs & Melton
1986a). Despite the anatomical and physiological differences between animal and man,
the femoral neck is a relevant and sensitive site for studying the degree of osteopenia.
This has been shown in rat models involving ovariectomy (Peng et al. 1994, Sogaard et
al. 1994, Bagi et al. 1996), orchidectomy (Peng et al. 1994, Tuukkanen et al. 1994) and
immobilization (Peng et al. 1994).

2.4 Prevention and treatment of osteoporosis
Osteoporosis is a silent disease, until the first fracture occurs. Even the best
pharmacological agents used to treat osteoporosis are unable to completely prevent
osteoporotic fractures, being effective, according to some estimates, in up to 60% of the
patients at the highest risk of fracture (Cosman et al. 2001). The first stage of intervention
in human osteoporosis should be preventive, which has been shown to be cost-effective
(Kanis et al. 2001) by maximizing the peak bone mass and minimizing the risk factors
(National Institute of Health 2001). The best known independent risk factors in
osteoporosis are age, female gender, early menopause, positive family history of
osteoporosis, low calcium and vitamin D intake and smoking (Ward & Klesges 2001, van
der Voort et al. 2001). Low weight and low BMI, low physical function, impaired
cognition, impaired vision and heavy use of alcohol and coffee have been established as
positive prognostic factors in osteoporosis (Huopio et al. 2000, National Institute of
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Health 2001, van der Voort et al. 2001). In the prevention of osteoporosis, special
reference should be made to dietary calcium, vitamin D (Mezquita-Raya et al. 2001,
Lamberg-Allardt et al. 2001), physical exercise and avoidance of smoking (Law &
Hackshaw 1997, National Institute of Health 2001).
The second stage of intervention consists of pharmacological treatments, and these
should always be used with calcium and vitamin D. Estrogen has been shown to be
essential for bone maturation and mineralisation in both men and women (Smith et al.
1994, Väänänen 1996). Especially postmenopausal osteoporosis is due to a lack of
estrogen, and hormonal replacement therapy (HRT) has therefore been the most widely
used form of therapy for the prevention of postmenopausal osteoporosis since the early
1990s (Eriksen et al. 1996). Estrogen intervention in postmenopausal women reduces
accelerated bone remodelling and subsequent bone loss (Lindsay 1995, Gallagher 1996).
Moreover, HRT may reduce the risk of non-slip falling in postmenopausal women
(Randell et al. 2001).
Calcitonin is a physiological inhibitor of osteoclasts, and it has been shown to reduce
the fracture incidence in osteoporotic patients (Kanis et al. 1992). Unlike other
antiosteoporotic drugs, calcitonin also relieves the pain in bone, which might be due to
neuropeptide-like behaviour (Civitelli 1996).
BPs, which are synthetic inhibitors of bone resorption, are a growing group of
pharmacological agents used to treat osteoporosis (see chapter 1.4.1).
Selective estrogen modulators (SERMs) have been investigated recently. Raloxifene, a
SERM approved by the FDA for the treatment and prevention of osteoporosis, has been
shown to reduce the risks of vertebral fracture in large clinical trials. Tamoxifen, which is
used in the treatment and prevention of breast cancer, can maintain bone mass in
postmenopausal women. However, its effects on fracture are unclear (Delmas et al. 1997,
National Institute of Health 2001).
Fluoride has the potential to increase skeletal mass, but it has been show to affect the
crystalline structure of bone and thus to increase its fragility, and it is mainly used only in
tooth paste (Hedlund & Gallagher 1989, Haguenauer et al. 2000, Li et al. 2001b).
Strontium has been shown to increase bone formation and decrease bone resorption, but
more studies are needed to warrant clinical use (Marie et al. 2001). Insulin-like growth
factor and transforming growth factor are also substances that increases bone formation,
but their possible usefulness in the therapy of osteoporosis is still uncertain (Rosen &
Wuster 1996, Boonen et al. 1997).
PTH is a powerful indicator of resorption, but when properly administered, it increases
bone formation (Väänänen 1996) and may, in the future, have some role in the treatment
of osteoporosis (Mosekilde & Reeve 1996, Bilezikian & Kurland 2001). Xylitol has been
shown to diminish bone resorption in healthy rats and to retard experimental osteoporosis
(Mattila et al. 1995, Svanberg et al. 1997, Mattila et al. 2002). Vitamin C alone and
especially in combination with HRT seems to have beneficial effects on BMD (Morton et
al. 2001). Moreover, there has been discussion to suggest that women on statin
medication have a reduced risk of fractures, but this connection is still uncertain, and
statins are not yet prescribed for bone problems (Edwards et al. 2001).
The nonpharmacologic interventions directed at preventing falls and reducing their effect
on fractures have been promising. These include studies to improve strength and balance
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in the elderly as well as the use of hip protectors to absorb or deflect the impact of a fall
(National Institute of Health 2001).

2.4.1 Bisphosphonates
BPs are powerful inhibitors of bone resorption. In humans, BPs are mostly used to treat
conditions involving increased bone resorption, such as osteoporosis, Paget’s disease,
tumoral osteolysis and hyperparathyreoidism (Fleisch 1998, Russell & Rogers 1999).
However, BPs have been shown to have some positive effects in the treatment of diseases,
such as fibrous dysplasia of bone (Liens et al. 1994), osteogenesis imperfecta (Camacho
et al. 2001), children with severe osteoporosis (Brumsen et al. 1997), hereditary
hyperphosphatasia (Singer et al. 1994), diabetic Charcot neuroarthropathy (Selby et al.
1994) and rheumatoid arthritis (Eggelmeijer et al. 1994, Garnero et al. 2001), and
toothpastes containing a BP are marketed in some countries (Fleisch 1997)
BPs have been known to chemists since the middle of the 19th century, when the first
synthesis was made in 1865. BPs were used in industry, mainly as corrosion inhibitors or
complex agents in the textile, fertilizer and oil industries (Fleisch 1998).
BPs are pyrophosphate analogues (Fig.1), which have been found to have biological
effects, such as impaired formation and dissolution of calcium phosphate crystals in vitro,
and to inhibit ectopic calcification in vivo. Because pyrophosphates inactivate rapidly
when given orally or parenterally, BPs, which are metabolically more resistant analogists,
were developed. The biological effects of BP were found in 1968 (Fleisch et al. 1968,
Fleisch 1998).
The BPs have two fundamental biological effects: inhibition of calcification when
administered at high doses and inhibition of bone resorption. The use of BPs in ectopic
calcification is hampered by their propensity to inhibit the calcification of normal bone
(Fleisch 1998).
BPs contains two phosphonate groups attached to a single carbon atom, forming a PC-P structure (Fig 1), which is completely resistant to enzymatic hydrolysis. A change in
the lateral groups of carbon atoms, which causes remarkable alteration in their
physicochemical and biological characteristics, induces variation between individual BPs
(Fleisch 1991, Russell & Rogers 1999). Etidronate and clodronate are first-generation
BPs, while the second generation of BPs characterized by an amino terminal group
includes pamidronate and alendronate. A third generation of BPs (e.g. risedronate,
incadronate) was discovered most recently, and they are characterized by a cyclic chain
(Reginster et al. 2000, Li et al. 2001a). The activity of BPs on bone resorption varies
greatly from compound to compound (Table 1.) (Russell & Rogers 1999, Fleisch 2000a).
Each BP has its own chemical, physiochemical and biological characteristics, which
implies that it is not possible to extrapolate from the results of one compound to others
with respect to its actions (Fleisch 1998).
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Fig. 1. Structural formulae of bisphosphonate (general formula) and clodronate

Table 1. Potency of some bisphosphonates to inhibit bone resorption in the rat.
≈1 x
Etidronate

≈10 x

≈100 x

>100 –
<1000x

1000 –
<10 000 x

>10000 x

Clodronate

Pamidronate

Alendronate

Ibandronate

Minodronate

Tiludronate

Neridronate

EB-1053

Risedronate

Zoledronate

Incadronate
Olpadronate

The action of BPs on bone resorption is not mediated by their physiochemical effect
on crystal dissolution, but mostly, though not entirely, by a cellular mechanism
(Papapoulos 1996, Russell et al. 1999b, Ito et al. 2001, Fleisch 2000a). The action of BPs
can be considered at three levels, which are closely linked to one another: At the tissue
level, their main effect is a decrease of bone turnover, which is secondary to the inhibition
of bone resorption. At the cellular level, four mechanisms appear to be possibly involved:
(1) inhibition of osteoclast recruitment, (2) possible inhibition of osteoclastic adhesion,
(3) shortening of the life span of osteoclasts due to earlier apoptosis and (4) inhibition of
osteoclast activity. The first three will lead to the kind of decrease in the number of
osteoclasts usually seen after treatment. The fourth will lead to inactivate osteoclasts. At
the molecular level, the low concentrations necessary for activity suggest some sort of
“pocket” that induces a cellular transduction mechanism (Watanabe et al. 2000, Russell
& Rogers 1999, Fleisch 2000a). There are at least two groups of BPs with different
modes of action at the molecular level. Clodronate and etidronate seem to be incorporated
into nonhydrolysable analogs of ATP that may inhibit ATP-dependent intracellular
enzymes. The other group (such as pamidronate, alendronate, risedronate and
ibandronate) are not metabolised in this way, but may inhibit enzymes of the mevalonate
pathway (Russell et al. 1999a).
BPs appear to be absorbed, stored and excreted unaltered (Michael et al. 1972, Lin et
al. 1991, Lin 1996). Intestinal absorption of BPs is generally poor. This is due to their
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low lipophilicity and complete ionisation with negative charges in the pH range of the
gastrointestinal tract (Lin et al. 1991, Fleisch 1991, Russell & Rogers 1999), which
inhibit their diffusion through lipophilic membranes. Subcutaneous administration has
been often utilized in pharmacodynamic studies of BPs.
BPs are rapidly cleared from plasma: 20-50% is taken up at active bone surfaces, and
the remaining 50-80% is excreted in urine (Michael et al. 1972, Compston 1997, Lin et
al. 1991, Lin 1996). This is due to their strong binding to hydroxyapatite crystals (Jung et
al. 1973, Lin 1996).
The skeletal half-life of various BPs is between 3 months and 1 year in mice and rats
(Mönkkönen et al. 1987, Mönkkönen 1988, Österman & Lauren 1991). After
sequestration into bone, the terminal half-life of alendronate in humans is estimated to be
longer than 10 years (Gertz et al. 1993), which is much longer than in rats (200 days) or
dogs (1000 days) (Lin et al. 1991) due to the longer remodelling process in humans
compared to these animals (Lin et al. 1991, Lin 1996). The accumulation of BP in bone
only reaches a plateau after a very long time. In humans, this takes years or even decades
of administration (Fleisch 2000a).

2.4.1.1 Clodronate
Clodronate (dichloromethylene bisphoshonic acid) shares the common physicochemical
properties of BPs. It has a strong affinity to incorporate to bone (Plosker & Goa 1994,
Mönkkönen & Ylitalo 1990, Österman & Lauren 1991). Clodronate inhibits effectively
osteoclastic resorption of bone and is clinically used in the treatment of bone disorders
associated with increased bone resorption, such as Paget’s disease, and malignant
hypercalcaemia and osteolytic metastases (Elomaa et al. 1983, Elomaa et al. 1987,
Plosker & Goa 1994, Fleisch 1991, Russell & Rogers 1999).
Clodronate is a registered drug for the treatment of osteoporosis only in Italy, and
there are studies to show that clodronate is able to prevent postmenopausal osteoporosis
(Giannini et al. 1993, Heikkinen et al. 1997) even when administered intermittently
(Filipponi et al. 2000). Its ability to prevent bone loss is comparable to that of HRT
(Filipponi et al. 1995), and it can reduce the fracture risk (Filipponi et al. 1996,
McCloskey et al. 2001).
Clodronate is clinically most widely used in the case of malignant bone diseases, and
it has been shown to decrease morbidity from breast cancer in large clinical trials (Kanis
et al. 1996, Diel et al. 1998, Kristensen et al. 1999) and to be effective in preventing
corticosteroid-induced bone loss (Herrala et al. 1998). Also, it has been shown to increase
BMD in antiestrogen-treated patients with breast cancer (Saarto et al. 1997).
The intestinal absorption of clodronate is about 2.5% (Fleisch 1991), and oral
clodronate should be taken in the morning on an empty stomach at least 0.5 hour before
breakfast (Laitinen et al. 2000). Clodronate has been administered orally (Elomaa et al.
1987), intravenously (Heikkinen et al. 1997) and intramuscularly (Adami et al. 1985), but
the pain at the injection site may limit its extensive use (Rossini et al. 1999).
Several experimental studies have shown that clodronate can effectively suppress
increased bone turnover and inhibit bone loss due to estrogen deficiency (Rico et al.
1994, Kippo et al. 1995, Kippo et al. 1997) and also increase bone mass and strength in
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intact, non-osteoporotic rats (Lepola et al. 1996). Clodronate has been shown to have
some positive effects in experimental rheumatoid arthritis (Österman et al. 1994) and in
the inhibition of experimental atherosclerosis (Ylitalo et al. 1994).

2.4.1.2 Adverse effects of bisphosphonates
Very few side effects have been reported from treatment with clodronate in animals or
humans. However, there are not many studies on the long-term effects of chronic
administration of BPs, and since BP may remain in the body for life, the safety of these
compounds can be only be reliably assessed after years (Fleisch 1997, Adami &
Zamberlan 1996).
The most frequently reported side effect is mild intestinal intolerance, which occurs in
about 10% of patients after oral treatment (Adami & Zamberlan 1996). In intravenous
administration, large doses of BPs with frequent injections have caused renal failure
(Bounameaux et al. 1983, Fleisch 1997), and when amino BPs are given to patients for
the very first time, the patients may experience fever up to 39 C° for 1 to 3 days (Adami
& Zamberlan 1996). Large doses of etidronate impair normal skeletal mineralisation
(Fleisch 1997). Experimental studies with high doses of etidronate have also shown an
increment in spontaneous fractures (Flora et al. 1981). This seems to be due to
microdamage accumulation in bone (Mashiba et al. 2001). However, the doses used in
this study were high, i.e. 10 times more than recommended, and no such effects have
been seen at clinical dosage (Adami & Zamberlan 1996, Fleisch 1997).
With the exception of the mild gastrointestinal disturbance following oral
administration (Plosker & Goa 1994, Fleisch 1997), Clodronate has no significant proven
side effects and is well tolerated (Plosker & Goa 1994). Mild elevation of liver enzymes
has been reported (Laitinen & Taube 1999). Clodronate clearly does not interfere with
bone mineralisation at therapeutic dose levels, because the newly formed bone is well
mineralised even at higher doses (Plosker & Goa 1994, Adami & Zamberlan 1996,
Fleisch 1998).

2.4.1.3 Effect of BPs on fracture healing
The long half-life of BPs in the skeleton and their capacity to inhibit osteoclasts enhance
the possibility that prolonged use in osteoporosis will increase the age of the remaining
bone and the susceptibility to fractures and possibly prolong the period of fracture
healing (Adami & Zamberlan 1996, Papapoulos 1996, Peter et al. 1996a, Peter et al.
1996b, Fleisch 2001).
The effects of BPs on fracture healing have been investigated after administration of
clodronate to rats (Nyman et al. 1993, Hyvönen et al. 1994, Nyman et al. 1996) and
tiludronate and etidronate to dogs (Chastagnier et al. 1993) by starting the treatment at
the time when the experimental fracture is inflicted. Etidronate given to dogs showed
changes in the histology of callus (Chastagnier et al. 1993), but in some other studies, the
treatment did not have any effect on the loading capacity (Nyman et al. 1993, Nyman et
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al. 1996) or the histology of healing callus (Hyvönen et al. 1994, Tarvainen et al. 1994c).
There are also studies where the administration was started 2-9 weeks before the fracture
and continued afterwards. Etidronate given to dogs delayed fracture healing, especially
when administered in high doses (Lenehan et al. 1985), but clodronate given to rats
(Madsen et al. 1998), pamidronate given to sheep (Goodship et al. 1994), incadronate
given to rats (Li et al. 1999) and tiludronate (Chastagnier et al. 1993) and alendronate
given to dogs (Peter et al. 1996a) resulted in no adverse effects on fracture healing.

3 Aims of the study
The general aims of the study were to find out the long-term effects of clodronate in
bone. The specific aims of this study were:
1. To find out the effects of long-term treatment with clodronate in normal nonosteoporotic rat bone.
2. To develop methods for evaluating fracture healing.
3. To find out the effects of long-term treatment with clodronate on fracture healing in
rat tibia.
4. To develop an immobilised osteoporotic model for further studies.

4 Material and methods
4.1 Animals
Two animal experiments were performed. First, total of 199 female three-month-old
Sprague-Dawley rats with a mean (SD) body weight of 223 (14) g were divided into
studies I-IV, 100 in the study I, 15 in the study II, 141 in the study III and all 199 in the
study IV. Second, a total of 30 outbred male Naval Medical Research Institute (NMRI)
mice, age 10 – 12 weeks with a mean (SD) body weight of 39.1 (2.6) g were used in the
study V. The experimental procedures were reviewed and approved by the Committee on
Animal Experimentation of the University of Oulu (V) and the Ethics Committee of
Animal Experimentation in the local Provincial State Office of Western Finland (I-IV).
All animals were fed ad libitum with special-quality control (SQC) rat and mouse
maintenance diet [RM1(E) SQC, Special Diets Services Limited, Witham, Essex,
England] and they had free access to tap water. The feed contained 0.71% calcium, 0.50%
phosphorus and 0.60 IU/g vitamin D3. Food and water consumption was not determined.
Animals were housed in individual cages at a constant temperature (21±1.5 0C) and
relative humidity (30-65%) using a 12-h light and darkness cycle (lights on at 7.00 a.m.).

4.2 Administration of clodronate
The animals in studies II-IV were randomised into six groups (n= 33 in groups 1-5 and 34
in group 6). The animals in group 1 received physiological saline for 24 weeks before and
4 weeks after the fracture and the animals in group 2 received physiological saline for 24
weeks before and 8 weeks after the fracture. The animals in groups 3 and 4 were
administered 2 mg/kg disodium clodronate (low-clodronate) Bonefos (Leiras Oy, Turku,
Finland) for 24 weeks before and 4 weeks (group 3) or 8 weeks (group 4) after the
fracture. The animals in groups 5 and 6 were administered 10 mg/kg disodium clodronate
(high-clodronate) for 24 weeks before and 4 weeks (group 5) or 8 weeks (group 6) after
the fracture. The lower dose (2mg/kg) was chosen to make the estimated clodronate
portion absorbed in bone/kg/d equal to that in humans at a daily oral clodronate dose of
1600 mg, (for 70 kg human 1600 mg daily, with 2,5% of absorption means about 280
mg/week, which is 2 mg/kg twice a week). The higher dose (10mg/kg) was five times
higher for safety. All doses were given subcutaneously (s.c.) twice a week. The
subcutaneous administration route was selected because the absorption of clodronate after
oral administration is low. Body weight was determined weekly.
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Groups

Weeks from the beginning of the study
Beginning of the study
(age 3 months)

Surgery
24

28

32

1. Control

…………………………………………|...……………X

2. Control

…………………………………………|……………………………….X

3. Clodronate 2 mg/kg

________________________________|____________X

4. Clodronate 2 mg/kg

________________________________|_________________________X

5. Clodronate 10 mg/kg

------------------------------------------------|------------------X

6. Clodronate 10 mg/kg

------------------------------------------------|-------------------------------------X

Fig. 2. Experimental study design showing groups and given treatments in studies I-IV.
Groups 1-6 were used in studies III and IV. Groups 2, 4 and 6 were used in studies I and II.
| Surgery
X Sacrifice
............ Vehicle injection subcutaneous 2 times a week
______ Clodronate 2 mg/kg injection subcutaneous 2 times a week
--------- Clodronate 10 mg/kg injection subcutaneous 2 times a week
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Table 2. Summary of material and methods in studies I-IV.
Study

I

II

III

IV

Materials
Number of rats

100

15

141

199

Administration (weeks)

32

32

28-32

28-32

X

X

X

X

Groups
Saline 28 weeks
Saline 32 weeks
Low-clodr. 28 weeks
Low-clodr. 32 weeks

X

X

High-clodr. 28 weeks
High-clodr. 32 weeks

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Methods
Densitometry (pQCT)
Left femoral neck

X

L4

X

Fractured right tibia
Biomechanical testing
L4

X

Left femoral shaft and neck

X

Fractured right tibia
Ash weight
Left tibia

X

L3

X

Bone histomorphometry
L4

X

L6

X

Fractured right tibia

X

Hematology

X

Biochemistry

X

BSE, EDS, SEM
L2

X

Radiography
Fractured right tibia

X

X

4.3 Administration of fluorochromes
For dynamic histomorphometry, each 199 rat (in studies I-IV) were given subcutaneous
oxytetracycline (25mg/ kg Terramycin®/LA, Pfizer, Amboise, France) at the beginning of
the study, and eight animals per group received subcutaneous calcein (25 mg/ kg Sigma
Chemical Co, St Louis, MO,) at 15 days and xylenolorange (90 mg/ kg Sigma) 8 days
before termination of the experiment.
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4.4 Anaesthesia
In studies I-IV after 24 weeks of clodronate administration, the rats were given s.c.
atropine (Atropin®, Orion, Turku, Finland) in a dose of 0.05 mg/kg. Then they were
anaesthetised with 1.5 ml/kg of s.c. fentanyl-fluanisone (Hypnorm®, Janssen
Pharmaceuticals, Oxford, UK). After 15 min, an intraperitoneal (i.p.) injection of 15
mg/kg of pentobarbital (Mebunat®, Orion, Turku, Finland) was given to each animal.

4.5 Experimental procedure

4.5.1 Experimental fracture (IV)
A 0.7-mm-thick pin made of hardened stainless steel was inserted intramedullary for 199
rats through the proximal right tibia distally to the tibiofibular junction just proximally to
the ankle joint through a small skin incision, which was then closed with two sutures. The
prenailed tibiofibular bone was manually fractured against a metal edge, method modified
from Greiff (1978) at exactly 24 millimetres from the calcaneus from both sides, so that
the periost was also broken. The fracture was located 2-3 millimetres proximal to the
tibiofibular junction, and both the tibia and the fibula were fractured. The final x-rays
showed that the fibulas were intact in three animals (1 in group 1, 1 in group 3 and 1 in
group 4). These were, however, included in the analysis because we think that the intact
fibula did not have a predominant fixation effect on the intramedullary steel pin.
Bubrenorphine (Temgesic®, Reckitt & Colman, Hull, UK) was given as a s.c. dose of
0.45 mg/kg for postoperative analgesia. The pin stabilised the tibia enough to allow full
weight bearing immediately after the operation, i.e. the animal could walk freely.
Thereafter, further administration was continued for 4 weeks in groups 1, 3 and 5 and for
8 weeks in groups 2, 4 and 6.

4.5.2 Immobilisation (V)
The right legs of 20 mice were immobilised for three weeks against the abdomen by an
elastic bandage with the hip joint in flexion and the knee and ankle joints in extension.
The bandage was checked daily and replaced if necessary.

4.6 Collection of samples
In studies I-IV the animals were killed after 28 or 32 weeks of administration of
clodronate under anaesthesia with CO2. After the sacrifice, the tibias, femurs as well as
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the lumbar vertebrae (L1-L6) were carefully dissected out. The bones (except those for
histomorphometry) were wrapped in saline-soaked gauze, stored at -20o in closed tubes,
and thawed at room temperature on the day of analysis. The bones were kept moistened
until the end of the study.
At necropsy, the right and left tibiae and femurs as well as the lumbar vertebrae (L1L6) were carefully dissected out from 8 animals/group prelabeled by fluorochromes. The
intramedullary pin was extracted before the right tibia was immersed in cold (refrigerator
temperature) 40% ethanol.
All the samples taken at necropsy were coded into new numbers before analysis to
guarantee the objectivity of the evaluation.
The fractured right tibias were analysed in studies III and IV. In the study I the left
tibia, left femurs as well as lumbar vertebra L4 and L6 were analysed from groups 2, 4
and 6. In the study II the vertebras L2 were analysed from groups 2, 4 and 6.
In the study V after three weeks of immobilisation, the animals were killed by CO2
suffocation, and the tibiae and femora were dissected out. The bones were stored at -20°C
with soft tissue and thawed at room temperature just before testing. The soft tissues were
removed and the bones were stored moistened in closed plastic tubes until the experiment
was finished.

4.7 Biomechanical testing methods

4.7.1 Tension test
Tension test was used in the studies III and IV. The soft tissue was removed and the bone
ends were embedded in standard nuts (size M5 or M6). Glass ionomer cement (GC Fuji I,
GC Belgium N.V., Belgium) was chosen to avoid an increase in the bone temperature
during the hardening. The tensile test was performed with a universal screw-driven
material testing machine (Model 1958 U-10-1, USSR). The bone ends were positioned
into chucks, which were jointed to minimise misalignment errors. The bone was pulled
axially until failure at a constant speed of 0.1 mm/s, and the force was measured with a
force sensor (Gefran TU K5D, 0-50kg, Gefran Sensori, Italy) and an amplifier (Jämsä &
Jalovaara 1996). The load curve was recorded by a laboratory plotter (Hioki 8801
Memory Hi Corder, Hioki, Japan) and the failure load in tension was defined. The
loading curve was recorded and the failure load on tension was determined. Stiffness was
calculated as the slope of the linear part of the load-displacement curve, and the energy
absorbed was calculated as the area under the curve up to the fracture point.

4.7.2 Compression test
Compression test was used in the studies I, III and IV. In the studies III and IV the callus
from the tibiae in the 8-week healing group were tested using compression. A 3.6 mm
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thick cross-sectional slice, symmetrically against the thickest point of the callus, was cut
from the tibia using a diamond saw (Gillings-Hamco Thin Sectioning Machine, Hamco
Machines, Inc., Rochester, N.Y.). The compression test was performed using a custommade testing machine (Jämsä et al. 1996) with amplifier (Jämsä & Jalovaara 1996) and
force sensor (Gefran TU K5D, 0-50kg, Gefran Sensori, Italy). The callus section was
positioned axially using a tilting support platen. The callus section was pressed axially
using a constant compression speed of 0.155 mm/sec. The load curve was recorded and
the callus failure load in compression was defined. Stiffness and energy absorbed were
determined as for tension.
For mechanical examination of the vertebras (the study I), the spinous, transverse, and
articulate processes of vertebra L4 were removed sharply with the standardised method,
using a diamond saw. From the vertebral body, a 4.5-mm-high cylinder without endplates
was obtained, using a diamond saw with two parallel blades. The bones were kept
moistened during the densitometry and the mechanical examination. The vertebral
cylinder was positioned axially using a tilting support platen to reduce errors due to
misalignment. The bone was pressed axially at a constant compression using a custommade testing machine speed of 0.155 mm/sec. A plotter recorded the load curve, and the
bone failure load in compression was determined.
Femoral neck in studies I and V was tested using axial compression. The proximal half
of the femur was placed axially on a hole in a methylmetacrylate plate and pressed in a
direction parallel to the femoral shaft at a constant compression speed of 0.155 mm/sec.
The load curve was recorded and the femoral neck failure load was defined and stiffness
calculated as the slope of the linear part of the load-deformation curve.

4.7.3 Three-point bending test
The rat femoral shaft in the study I was tested a three-point bending method using a
custom-made testing machine (Jämsä et al. 1996) with amplifier (Jämsä & Jalovaara
1996) and force sensor (Gefran TU K5D, 0-50kg, Gefran Sensori, Italy). The bone was
compressed at the femoral midshaft using a constant compression speed of 0.155 mm/sec.
A supporter with two loading points, 13 mm apart from each other, was placed on the
stage of the testing machine. The load curve was recorded, the bone failure load upon
bending was determined, and stiffness was calculated as the slope of the linear part of the
load-deformation curve.
In the study V the three-point bending strength of the mouse tibial and femoral shaft
was measured with a span length of 6.5 mm. The bone was positioned horizontally with
the anterior surface upwards centred on supports. The pressing force was directed
vertically to the midshaft of the bone. Each bone was compressed with a constant speed
of 0.155 mm/sec until failure. The bending breaking force was defined as the maximal
bending load at failure.
In the study V two mechanical loading configurations were used to measure the
strength of the femoral neck of mouse. Both femora of 10 immobilised animals as well as
the femoral neck were determined as the maximal load at failure. Two mechanical
loading configurations were used to measure the strength of the femoral neck. Both
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femora of 10 immobilised animals as well as the femora of five control animals were
tested axially in a direction parallel to the femoral shaft axis. The femora of other 10
immobilised animals and five control animals were tested in the lateral loading
configuration developed in our laboratory (Jämsä et al. 1998b). The loading force in both
configurations was applied to the femoral head, using a concave loading cup at a constant
speed of 0.155 mm/sec until failure. The strength of the femoral neck was determined as
the maximal load at failure.

4.8 Radiographic examination
In the studies III and IV, the right tibiae with the intramedullary pin in site were placed in
a standard lateral position over Kodak Lanex Single Screen. Radiographs were exposed
on Kodak Min-R film with 40kV/ 32 mAs. The visibility of the fracture line was
observed and scored as totally visible, partly visible, or absent. The angulation degree of
the healing callus was observed and scored: significant angulation (more than 5 degrees)
or no angulation.

4.9 Densitometry
In the study I cylinder L4 and the femoral neck were scanned with a peripheral
quantitative computer tomography (pQCT). The vertebral cylinders were scanned axially,
with the anterior surface projected downward. A voxel size of 0.148 × 0.148 × 1.25 mm3
was used. One cross-sectional slice was scanned at the middle of the specimen, as defined
from the scout view of the pQCT system. An attenuation threshold value of 0.93 cm-1 was
used to measure the mean cortical bone mineral density (CtBMD) and the cross-sectional
bone area (CSA). The mean trabecular mineral density (TrBMD) was measured using the
peel mode 20 with the trabecular area set to 25%.
In the study IV after the removal of the intramedullary pin, the bones were scanned
with a peripheral quantitative computer tomography (pQCT) system, Stratec XCT 960A,
using the software version 5.20 (Norland Stratec Medizintechinik GmbH, Birkenfeld,
Germany). The bones were inserted with the anterior surface upward and the callus in the
middle into a plastic tube for the measurement. A voxel size of 0.148 × 0.148 × 1.25 mm
was used. Three consecutive cross-sections with a slice distance of 1 mm were scanned
with the central slice at mid-callus, as defined from the scout view of the pQCT system.
The average of these three measurements was used in the calculation. An attenuation
threshold value of 0.93 cm-1 was used to measure the mean bone mineral density (BMD)
and the cross-sectional bone area (CSA).
In the study I, the femoral neck was scanned with the femoral neck in the axial
direction. The scan line was adjusted to mid-neck by using the scout view of the pQCT
software. An attenuation threshold value of 0.93 cm-1 was used to measure the mean
cortical bone mineral density (CtBMD) and the cross-sectional bone area (CSA). Bone
mineral content (BMC) was determined as well.
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In the study V the bones were scanned with a peripheral quantitative computed
tomographic (pQCT) system Stratec XCT 960A (Norland Stratec Medizintechnik GmbH,
Birkenfeld, Germany, software version 5.20) using a voxel size of 0.092 x 0.092 x 1.25
mm3. An attenuation threshold value of 0.930 cm-1 for cortical bone was chosen based on
previous studies (Jämsä et al. 1998a, Jämsä et al. 1998b). The tibial diaphysis was
scanned at midshaft. The scan line was adjusted using the scout view of the pQCT
system. Another scan of the tibia was obtained at the proximal metaphysis, 3 mm from
the proximal end of the bone. The femoral neck was scanned, with the femoral neck in an
axial direction, and duplicate measurements were recorded for each sample. The scan line
was adjusted to midneck by using the scout view of the pQCT software.
The cross-sectional cortical area (CSA), the total and cortical bone mineral content
(BMC and CtBMC), and the total and cortical mean volumetric bone mineral density
(BMD and CtBMD) were used for analyses. The cross-sectional moment of inertia
(CSMI) was calculated at the tibial diaphysis, but not in the femoral neck due to the low
reproducibility and resolution at that site (Jämsä et al. 1998b).
The accuracy of the pQCT method was evaluated by scanning through one whole
mouse tibia and one femur with 1.7 mm steps. After scanning, the bones were cut into
corresponding slices using a 0.45-mm thick circular diamond saw (Gillings-Hamco,
Rochester, N.Y.), thus giving slices and slice thickness (1.25 mm) similar to those used in
the pQCT scans. The slices were imaged with Sony 930-P3 CCD colour camera (Sony,
Japan) using a MicroNikkon 55 mm objective (Nikon, Japan) and extension tubes (36 +
20 mm, Vivitar, Japan), and analysed by a digital image analysis system MCID M4 with
software version 3.0, rev. 11 (Imaging Research Inc., Canada). The pQCT-defined CSA
was then compared with the morphometrically-defined cross-sectional areas of these
slices. The slices were then burned overnight at 600 °C and the ash weight was used for
comparison with the BMC. Using bivariate linear correlation analysis, this accuracy test
of pQCT gave an intermediate correlation between the CSA and digitised morphometry (r
= 0.85, p < 0.001), and a high correlation between the BMC and ash weight (r = 0.96, p <
0.001).

4.10 Histomorphometry
The lumbar vertebrae L4 and L6 in the study I and the tibiae in the study IV were
transferred into 70% ethanol and cut using the Exakt cutting-grinding system (Exakt
Apparatebau, Norderstedt, Germany). The cylinder was processed for histological and
histomorphometric evaluation (Schenk et al. 1984).
In the study I the undecalcified sections (5-8 µm) were cut longitudinally from the
vertebra L4 and transversally from the vertebra L6. The sections were stained by von
Gossa/ toluidine blue (Schenk et al. 1984). In addition, one transversally cut unstained
section from vertebra L6 was used for fluorescence-based dynamic histomorphometry.
In the study IV thin (5-8 µm) full-length sections were cut longitudinally from the
midsagittal plane of the tibial shaft and stained with the Masson-Goldner and toluidine
blue methods (Schenk et al. 1984). In addition, 8-10 µm thick sections were cut and left
unstained for fluorescence microscopy.
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In the studies I and IV static histomorphometry were carried out using a digital image
analysis system (MCID/M4 with software version 3.0 rev. 1.1, Imaging Research Inc.,
Canada), a Sony colour camera (DXC-930P Sony Co., Japan) and a Nikon Optiphot 2
microscope (Nikon, Japan) with a 1x objective (Nikon Plan 1/0.4 (160/-) at a pixel
resolution of 0.014 x 0.015 mm.
In the study I standard static histomorphometrical parameters were calculated (Parfitt
et al. 1987, Hahn et al. 1992).
In the dynamic histomorphometry the unstained transversal body of vertebra L6
prelabeled with oxytetracycline, calcein and xylenol orange was used for dynamic
histomorphometry. The distance between the tetracycline and calcein labels of cortical
bone and the distance between the calcein and xylenol orange labels of cancellous bone
were measured using a confocal microscope (LSM 510 version 2.5, Germany) equipped
with an Axiovert 100M inverted microscope and a 10x objective (Zeiss C-Apo /0.45W) at
a pixel resolution of 1024x1024 pixels (1.27 µm x 1.27 µm/pixel) and with
fitc/rhodamine filters (Bp500-530 nm and LP 560 nm, Dicroic mirror 488/543 nm). The
measurement was carried out on 5-7 animals/group.
In the study IV in static histomorphometry from toluidine blue-stained sections, the
following variables were evaluated and measured: 1) area of callus, excluding the
intramedullary space, 2) area of cartilaginous tissue in callus, 3) area of fibrotic tissue in
callus. The proportional areas of cartilaginous and fibrotic tissue in total callus were
calculated. The anterior and posterior sides of the callus were measured separately.
The following variables were measured from Masson-Goldner-stained sections: 1)
area of callus, excluding the intramedullary space, 2) area of mineralised callus. The
proportional area of mineralised callus out of total callus was calculated. The anterior and
posterior sides of the callus were measured separately. The histologic status of tibial
callus was examined and scored as a visible mineralised bridge over the fracture line or
an absence of bridge.
In dynamic histomorphometry from unstained tibial sections prelabeled with
oxytetracycline, calcein and xylenol orange, the periosteal mineral apposition rate (MAR)
was determined by the distance between the calcein label and periosteal surface of
cortical bone along the anterior side of the healthy regions of tibial cortical bone around
the callus with a 10x objective [Nikon Plan 10/0.25 (160/-)] at a pixel resolution of 1.441
x 1.453 µm and using tetracycline (Nikon EX330-380nm, DM 455 nm, BA 460nm) or a
rhodamine filter (Nikon EX 510-560 nm, DM 580 nm, BA 590 nm). The measurement
could be carried out on anterior cortical bone from 6-8 animals/group.

4.11 SEM (II)
In the study II the organic material was removed carefully from 5 vertebras L2 in each
three groups and bones were dehydrated through a graded ethanol series and embedded in
polymethyl methacrylate and cut with diamond saw for thickness of 100µm. Blocks were
then ground and polished and coated with carbon. All of the analytical methods were
performed in a blinded manner.
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Scanning electron microscopy (SEM) analysis was performed with Jeol JSM-6400
microscope (Jeol, USA). To distinguish between less mineralised (black areas) and highmineralised bone (white areas), the SEM images were obtained using backscattered
electron image (BSE). In this method, the BSE signal converts into a digital black/white
image where the intensity (greylevel) of any pixel in the image is proportional to the
mean atomic number of the corresponding location on the target material (Bloebaum et
al. 1990, Bloebaum et al. 1997).
Acceleration voltage was 20 kV and working distance were 8mm. BSE pictures were
collected as 2664 × 2000 pixel resolution with 256 greylevels. To ensure the stability of
instruments BSE images were calibrated using aluminium standard. Two BSE images at
200 x magnification were collected from one bone from the cortical bone in vertebral
body.
The BSE images were analysed using a digital image analysis system (MCID/M4 with
software version 3.0 rev. 1.1, Imaging Research Inc., Canada). The threshold between the
grey and white areas was chosen in each image to distinguish optimally between the
histological differences, with the grey area representing mainly newly formed bone and
the white area representing mature bone (Eriksen et al. 1994a). The proportions of grey
and white area were quantified. The absolute value of image optical density (IOD) was
calculated from randomly selected 10 spots of grey area and 10 spots of white area in
both images of each bone. The mean width of interstitial trabecular osteons (OsWi) was
calculated from 10 osteons in both images of each bone.

4.11.1 Energy dispersive spectrometry (II)
The distribution of Ca, P, Mg and total in each sample was quantified using SEM
connected to Energy dispersive spectrometry (EDS) (INCA 3.03, Oxford Instruments,
UK). SEM operating conditions were 25 kV acceleration voltage, working distance
15mm. Analysis was performed from 10 points in dark area (low density) and from 10
points in light areas (high density) from each sample.

4.12 Ash weight
The ash weight of the left tibia and vertebra L3 in the study I was determined after ashing
at 600°C overnight.

4.13 Chemical analysis
In the study I the animals were fasted overnight. Terminal blood samples were taken by
cardiac puncture under anaesthesia with CO2 (CO2:O2 = 1:1) into Vacuette® tubes (gel
and clot activator tubes, Greiner labortechnic, Austria). Serum was separated by
centrifugation within two hours of sampling and divided into four test tubes: 2 x 0.2 ml,
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which were stored at -70 ºC, and the rest of the serum was divided into two tubes, which
were stored at -20 ºC.
The following analyses were carried out from the blood samples at the end of the
study. Hematocrit (B-HCR), hemoglobin concentration (B-Hb), total erythrocyte count
(B-Eryt), mean cell volume (E-MCV), mean cell hemoglobin (E-MCH), mean cell
hemoglobin concentration (E-MCHC), total leukocyte count (B-Leuc), and platelets (BPlate) were measured using a Coulter T-540 analyser (Coulter Electronics Ltd., Luton,
England). The clinical chemistry variables analysed from serum were alkaline
phosphatase (S-ALP), aspartate aminotransferase (S-AST), alanine aminotransferase (SALT), total protein (S-Prot), albumin (S-Alb), bilirubin (S-Bil), and cholesterol (S-Chol),
which were assessed using standard spectrophotometric methods. In addition, osteocalcin
(S-OC) was measured by radioimmunoassay (Biomedical Technologies, Inc, MA, USA).

4.14 Statistical analysis
In the all studies, the normality of distribution were first tested. In the studies I and II all
analyses were done with one-way ANOVA followed by Scheffe post hoc test. If the
distribution was not normal, the nonparametric Kruskal-Wallis, followed by Mann
Whitney U-test, was applied.
The study IV was based on a two-factor design. The three levels of the factor
'treatment' were vehicle, clodronate 2.0 mg/kg and clodronate 10.0 mg/kg. The two levels
of the factor 'time' were 4 weeks and 8 weeks after fracture.
All data except the variables of x-ray analysis and bone biomechanical testing were
analysed using two-way analysis of variance with the factors ‘treatment’ and 'time', to
identify significant differences between the treatments and the time*treatment
interactions. If a significant difference was found between the treatments, but there was
no significant time*treatment interaction, pairwise comparisons were performed using
combined means of the time levels and, in the case of interaction, separately for both
times. If the distribution was not normal, the nonparametric Kruskal-Wallis test was used.
The fracture lines in x-ray analysis and histological evaluation were presented as
frequency tables and analysed using Fisher´s exact test. The maximum loads, stiffness
and energy absorbed were analysed with one-way analysis of variance with the factor
'treatment'.
In the study V Student’s paired t-test was used to compare the parameters of the
immobilised leg and the contralateral leg of the same animal. Independent t-test was used
to compare the parameters between the immobilised animals and the control animals. In
the study V Bivariate linear Pearson’s correlation coefficients were calculated between
parameters.
In the studies I-III and V the numerical values are given as means and standard
deviation (SD). In the study IV the numerical values are given as mean ± standard error
of mean (SEM), because of different tradition of expressing deviation in pharmaceutical
industry. In all studies a p value lower than 0.05 was considered statistically significant.
The statistical analyses were carried out in studies I-IV using the SPSS system (SPSS Inc.
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version 9.0.1, 1999) and in the study V with SAS system (SAS Institute Inc., Cary, NC,
version 6.12, 1997).

5 Results
5.1 Effects of long-term administration of clodronate on growing rat
bone (I)
The animals tolerated the drug administration well. There were no significant differences
in final body weights between the treatments. The tibias of the animals were slightly
(1.5%) shorter in the high-clodronate group than in the control group. There were no
significant differences in the ash weights of the L3 vertebras or the tibias between the
different groups.
There were no significant differences in any mechanical parameters between the
clodronate-treated animals and the controls. The vertebral compression failure load was
higher in the high-clodronate group when compared to the low-clodronate group, but not
when compared to the controls. Femoral shaft or femoral neck strength was not affected
by clodronate.
CtBMD in the L4 vertebral body was significantly greater in both clodronate groups
compared to the controls. There were no significant differences between the treatments in
any other densitometrical parameters.
In longitudinal sections of the body vertebra L4, the mean trabecular number was
statistically significantly higher (p<0.05) in the low-clodronate group when compared to
the controls but not in comparison to the high-clodronate group. None of the other static
histomorphometrical parameters showed any significant differences between the
treatments. There were no significant differences between the treatments in either the
periosteal or endosteal MAR of vertebra L6.
Clodronate appeared to have no significant effect on any of the hematological
parameter at the therapeutical dose. The number of platelets was decreased (p<0.001) and
the mean cellular hemoglobin value increased (p<0.05) after the high-clodronate
treatment.
The aspartate aminotransferase and alanine aminotransferase activities were increased
(p<0.01) after both clodronate doses. The total proteins of serum were increased (p<0.05)
after the high-clodronate treatment. Osteocalcin was decreased after both clodronate
treatments (p<0.05). There were no differences in albumin, bilirubin, cholesterol or
alkaline phosphatase activity.
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Table 3. Summary of statistically significant results in studies I, II and IV.
I

Study
Clodronate

2mg/kg

II
10mg/kg

2mg/kg

IV
10mg/kg

2mg/kg

10mg/kg

Biomechanics
Stiffness
Tibial fracture 4wk

•

Densitometry
BMD
L4

•

•

•

•

CSA
Tibial callus
Histomorph.
Tb.N

•

Tibial growth

•

Hematology
Plate

•

•

AST

•

•

ALT

•

•

OC

•

•

% mature bone (BSE)
L2

•

5.2 Microstructural properties of bone after long-term clodronate
treatment in rat vertebra (II)
The BSE images showed that the degree of mineralisation in the different areas of
trabecular bone of the vertebral body varied in both control and study groups, but this
variation seemed to be different in control and study groups. The bones in the clodronatetreated animals appeared to contain more white areas (high density) representing mature
bone than those in the controls, as it could be seen in the typical images of each group
(Fig 3,4 and 5). Most of the grey areas (low density) representing newly formed bone
were located around the vascular canals and lacunae, while the white areas (high density)
occurred in the central parts of the trabeculae in all groups.
BSE analysis showed that there was more high-density bone (white area) in the lowdose clodronate group than in the controls (p=0.047), but the difference between the highdose clodronate group and the control group was not significant (p=0.175)
The density, measured as optical density levels (IOD) of the white area (high density),
was higher in the low-dose clodronate group than in the control group, the difference
being almost significant (p=0.076). The difference between the control group and the
high-dose clodronate group was not significant (p=0.251). The grey area (low density)
showed no significant differences between the clodronate-treated groups and the control
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group (control vs. low-dose p=0.465 control vs. high-dose p=0.465). The mean width of
trabeculae osteons in interstitial bone did not differ between any of the groups.
The EDS analysis showed that neither the concentrations of Ca, P, and Mg nor the
total mineral content were affected by the clodronate treatment in either low-density bone
(grey area) or high-density bone (white area) when compared to the controls. When the
summed-up white and summed grey areas of all the study and control groups were
compared, the Ca and total mineral concentrations of the white areas were significantly
higher than those of the grey areas (p= 0.002 for Ca and p=0.017 for total mineral).

Fig. 3. SEM image (using backscattered electron) of a vertebral body showing trabecular
osteons in interstitial bone, control group. Scale bar 100µm. Highly mineralised (white) and
less mineralised areas (grey) can be distinguished based on the difference in grey levels.

45

Fig. 4. SEM image (using backscattered electron) of a vertebral body showing trabecular
osteons in interstitial bone, treated with low-dose clodronate (2mg/kg). Scale bar 100µm.
Highly mineralised (white) and less mineralised areas (grey) can be distinguished based on
the difference in grey levels.

Fig. 5. SEM image (using backscattered electron) of a vertebral body showing trabecular
osteons in interstitial bone, treated with high-dose clodronate (10mg/kg). Scale bar 100µm.
Highly mineralised (white) and less mineralised areas (grey) can be distinguished based on
the difference in grey levels.
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5.3 Comparison of radiographic and pQCT analyses
of healing rat tibial fractures (III)
The projectional area of the callus defined from the radiographs correlated with the crosssectional area defined by pQCT (Fig 6). This correlation was higher for the crosssectional area of compact bone (CoCSA) than for the total CSA, the relationship being
thus dependent on the attenuation threshold. The projectional callus area also correlated
strongly with BMC and CoBMC, which relationship was not dependent on the
attenuation threshold (Table 4). The correlation was weak between the radiographically
defined callus size and BMD, but no correlation was found between callus size and
CoBMD. The linear correlation between CSA and BMD as defined by pQCT was
negative (r = - 0.24, p < 0.01), but no correlation was found between CoCSA and
CoBMD (r = 0.05, not significant). The optical density of the callus (MOD) defined from
the radiographs had only a weak correlation with the pQCT parameters (Table 4).
The manually measured maximum (DMAX) and minimum (DMIN) diameters of the callus
had positive correlations with the pQCT-defined cross-sectional area and the bone
mineral content, the relationships being stronger for the total bone parameters. DMAX and
DMIN had significant negative relationships with bone density (Table 4).
The statistical values of radiographic analysis and pQCT in explaining the tensile and
compression failure load of the callus are shown in Table 5. Radiographic density failed
to explain mechanical strength. Callus size, mineral content, and mineral density were
associated with the load to failure in compression. Both radiographs and pQCT were poor
in explaining the tensile failure load.
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CSA
CoCSA

CSA (mm2) defined by pQCT

30

20

10

0
0

10

20

Callus size (mm2) defined from radiographs

Fig. 6. The relationship between the projectional size of the callus as defined from the
radiographs and the cross-sectional area as defined by pQCT. The projectional size of the
callus measured from the radiographs is represented as the sum area of three consecutive
slices from mid-callus. The pQCT-defined cross-sectional area is shown as an average of three
consecutive slices from mid-callus, using attenuation thresholds of 0.5 cm-1 for total bone
(CSA, closed circles) and 0.93 cm-1 for compact bone (CoCSA, filled circles). The linear
correlation coefficients were r = 0.68 (p < 0.0001) and r = 0.85 (p < 0.0001), respectively. N =
141.

Table 4. The bivariate linear correlation coefficients between the projectional area
(AREA) and mean optical density (MOD) of callus, as measured from lateral
radiographs, the maximum (DMAX) and minimum (DMIN) diameters of the callus, as
measured manually with a vernier caliper, and different pQCT parameters defined from
cross-sectional scans.
R
AREA

CSA

CoCSA

BMC

CoBMC

BMD

0.68 ***

0.85 ***

0.86 ***

0.84 ***

0.34 ***

0.10

N.S.

0.31 ***

0.28 ***

0.32 ***

0.21 *

0.11

N.S.

N.S.

CoBMD

MOD

0.17

DMAX

0.87 ***

0.56 ***

0.68 ***

0.46 ***

- 0.32 ***

- 0.46 ***

DMIN

0.82 ***

0.59 ***

0.68 ***

0.48 ***

- 0.23 **

- 0.42 ***

*** p < 0.001, ** p < 0.01, * p < 0.05,

N.S.

Not significant. (N = 141)
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Table 5. The bivariate linear Pearson’s correlation coefficients between the failure load
in tension (4-week healing) and compression (8-week healing), and the radiographic and
pQCT parameters. The parameters are defined in the text.
R

Tension
(N = 67)

AREA

0.19

N.S.

MOD

0.01

N.S.

CSA

- 0.02

N.S.

Compression
(N = 72)
0.41 ***
0.06

N.S.

0.19

N.S.

CoCSA

0.05

N.S.

BMC

0.05

N.S.

0.45 ***

CoBMC

0.11

N.S.

0.57 ***

BMD

0.20

N.S.

CoBMD

0.30 *

*** p < 0.001, * p < 0.05,

N.S.

0.40 ***

0.57 ***
0.42 ***

Not significant.

5.4 Long-term administration of clodronate in fracture healing (IV)
The animals tolerated the surgery well and resumed their normal activity in a few days.
However, 10 animals were lost during the study. Three animals were lost because of a
technical failure in the course of surgery and six animals died during the anaesthesia. One
animal in the vehicle group was died of a tumor, which was diagnosed by a pathologist as
a benign fibroadenoma of the breast.
All fractures healed with no angulations. There were no significant differences in the
radiological healing of fractures between the treatments as indicated by the visibility of
the fracture line at either 4 weeks or 8 weeks after fracture.
There were no significant differences in the bone mineral density of the tibial callus
between the treatments at 4 or at 8 weeks when measured by pQCT. The cross-sectional
area of the tibial callus was greater after clodronate treatment (p<0.001) than after vehicle
treatment. However, there were no significant differences in cross-sectional bone area
between the two clodronate treatments (Table 3). There were no significant differences
between the treatments in the manually measured callus area.
When tested by axial tension (4 week) or axial compression (8 weeks), there was no
significant difference in the failure load or the energy absorbed in the tibial callus
between the treatments. Tensile stiffness increased at the dose of 2mg /kg (p=0.025)
compared to vehicle (Table 3).
A mineralised bridge over the fracture line was found in 6/8 of the vehicle-treated
animals at 4 weeks and in 5/8 at 8 weeks. The values were 3/6 and 2/8 after 2 mg/kg
clodronate treatment and 5/8 and 6/8 after 10 mg/kg treatment, respectively. There were
no significant differences between the treatments at 4 weeks or at 8 weeks.
The area of tibial callus measured separately from the anterior and posterior sides did
not differ between the treatments, regardless of whether it was analysed from MassonGoldner or toluidine blue-stained sections.
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The percentage of mineralised tissue did not differ between the treatments at either the
anterior or the posterior sides of tibial callus at 4 weeks or 8 weeks after fracture.
Nor was there any significant difference in the percentage area of fibrotic tissue and
the percentage area of cartilage between the treatments at 4 or 8 weeks.
The periosteal mineral apposition rate (MAR) analysed along the anterior healthy
cortical bone around the callus did not differ between the treatments at 4 or 8 weeks after
the fracture.

5.5 Bone Loss in Immobilized Hind Limb of Mouse (V)
The bandage immobilization model appeared to be easy to use and the bandage tape was
well tolerated. Body weight decreased during immobilization (p < 0.001), being 39.1 ±
2.6 g at the beginning and 33.8 ± 2.9 g at the end of the study.
Cross-sectional area, bone mineral content, and bone density were significantly
reduced at all the three scan sites in both legs of the immobilized animals compared to the
controls. However, with the exception of BMD at the tibial diaphysis, only the femoral
neck showed a statistically significant difference between the legs of the immobilized
animals. The most significant difference between the immobilized and contralateral leg
was found in the CtBMC. The significance of the differences between immobilized and
control animals disappeared at the diaphysis when adjusted to a common body weight,
but remained at the metaphysis and at the femoral neck (Table 6).
A significant reduction in bone strength was found in all the testing configurations
when comparing the immobilized leg with the controls. The immobilized leg was weaker
than the contralateral leg, the difference being statistically significant in the tibial shaft
and the femoral neck. The femoral neck strength was more clearly reduced in lateral
loading (33.3% lower than the controls, p < 0.001, and 33.3% lower than the contralateral
femora, p < 0.01) than in axial loading (28.6%, p < 0.01, and 22.4%, p < 0.05,
respectively). The bone strength in the leg contralateral to the immobilized leg was also
decreased compared to the controls, but the reduction was only statistically significant in
the bending strength of the femoral shaft. The significance of the differences between
immobilized and control animals disappeared at the diaphysis when adjusted to a
common body weight, but remained at the femoral neck (Table 7).
The bivariate linear relationships between the pQCT parameters and the mechanical
strength were not statistically significant within any study group.
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Table 6. Results of a densitometric analysis of the tibial diaphysis, tibial metaphysis, and
femoral neck of the immobilized (IMM) and contralateral (C-L) legs of immobilized
animals and the same parameters of the bones of age-matched control animals (CTRL).
The pQCT parameters are defined in the text. The values are given as mean ± SD.
Parameters

IMM animals
(N=20)
IMM leg

CTRL animals
(N=10)
C-L leg

Tibial diaphysis
2

CSA (mm )

0.97 ± 0.11 (*)

0.97 ± 0.11 (*)

1.07 ± 0.13

0.15 ± 0.04

0.15 ± 0.04

0.16 ± 0.04

BMC (mg/mm)

1.31 ± 0.14 (**)

1.31 ± 0.14 (**)

1.44 ± 0.16

CtBMC (mg/mm)

1.00 ± 0.12 (**)

1.02 ± 0.13 (**)

1.16 ± 0.17

744 ± 49 *** #

765 ± 28 ***

817 ± 45

1030 ± 49 **

1042 ± 36 *

1075 ± 47

4

CSMI (mm )

3

TotBMD (mg/cm )
3

CtBMD (mg/cm )
Tibial metaphysis
2

CSA (mm )

1.26 ± 0.14 ***

1.25 ± 0.14 ***

1.68 ± 0.27

BMC (mg/mm)

1.41 ± 0.14 ***

1.43 ± 0.12 ***

1.81 ± 0.20

0.74 ± 0.12 ***

0.76 ± 0.13 **(*)

1.10 ± 0.18

510 ± 50 ***

512 ± 51 ***

580 ± 36

732 ± 58 *

764 ± 50 *

804 ± 56

CSA (mm )

0.59 ± 0.11 *** ##

0.69 ± 0.09 *(**)

0.86 ± 0.17

BMC (mg/mm)

1.01 ± 0.16 **(*) #

1.13 ± 0.14 (**)

1.31 ± 0.21

0.53±0.11 *** ###

0.65 ± 0.10 ***

0.87 ± 0.18

605 ± 39 *** #

637 ± 35 ***

714 ± 48

902 ± 30 **(*) ##

935 ± 38 ***

1012 ± 50

CtBMC (mg/mm)
3

TotBMD (mg/cm )
3

CtBMD (mg/cm )
Femoral neck

a

2

CtBMC (mg/mm)
3

TotBMD (mg/cm )
3

CtBMD (mg/cm )
a

N=18 for the IMM legs

* p < 0.05, ** p < 0.01, *** p < 0.001 compared to the controls. (*) indicates that the significance disappeared
after adjustment to a common body weight.
# p < 0.05, ## p < 0.01, ### p < 0.001 in a comparison of the immobilized leg with the contralateral leg of the
same animal
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Table 7. Three-point bending strength of the tibial and femoral shafts and femoral neck
strength in two loading configurations for the immobilized (IMM) and contralateral (C-L)
legs of immobilized animals, and the same parameters of the bones of age-matched
control animals (CTRL). The values are given in Newtons (N) as mean ± SD.
IMM animals
(N=20)
IMM leg
Tibial shaft
Femoral shaft

a

CTRL animals
(N=10)
C-L leg

21.4 ± 2.6 (***) ##

24.2 ± 3.3

26.4 ± 5.0

22.3 ± 2.8 (**)

23.4 ± 3.1 (*)

25.7 ± 4.4

Femoral neck
Axial loading

b

Lateral loading
a

b

13.5 ± 3.3 ** #

17.4 ± 1.8

18.9 ± 3.5

13.6 ± 2.2 **(*) ##

20.4 ± 3.5

20.4 ± 4.1

b

N=18, N=9 for the IMM legs

* p < 0.05, ** p < 0.01, *** p < 0.001 compared to the controls. (*) indicates that the significance disappeared
after adjustment to a common body weight.
# p < 0.05, ## p < 0.01, ### p < 0.001 in a comparison of the immobilized leg with the contralateral leg of the
same animal

6 Discussion
6.1 General aspects
There were two animal experiments, one with 199 rats and another with 30 mice. We
decided to carry out and publish the rat experiment in 4 different parts (I-IV). The rat
experiments were so complex and there were so much data available that it would have
been difficult to include them in one or two publications. Also, it was easier to present the
different aspects in separate publications.

6.2 Long-term effects of clodronate on bone (I)
Clodronate is typically used in situations where bone resorption is increased, such as
tumor-induced osteolysis and osteoporosis (Fleisch 1998). Preclinical studies of BPs are
also often carried out on animals with experimental osteoporosis (Balena et al. 1993,
Kippo et al. 1995, Kippo et al. 1997, Binkley et al. 1998). Here, we studied the long-term
effects of clodronate in growing non-osteoporotic rats.
Our results suggest that long-term administration of clodronate at therapeutic dosage
has some beneficial effects and no adverse effects on normal growing skeleton, which is
in accordance with the previous studies with clodronate (Lepola et al. 1996), tiludronate
(Geusens et al. 1992), pamidronate (Grynpas et al. 1994) and alendronate (Guy et al.
1993), but not with etidronate (Flora et al. 1981). There was a slight decrease in tibial
length at the both clodronate doses, but decrease in high-dose of clodronate was
statistically significant, indicating a mild adverse effect on normal growth, but this
change was not accompanied by changes in the mineral apposition rate or the mechanical
properties. In the vertebra, cortical BMD was increased at the both clodronate groups.
Previously, long-term treatment with clodronate at high doses resulted in a decrease in the
bone growth rate, which was not reflected in the mechanical quality of bone (Lepola et
al. 1996). The rat femoral length was not affected by long-term alendronate treatment
(Guy et al. 1993), and radial length in baboons was not affected by long-term tiludronate
treatment (Geusens et al. 1992). Therefore, this decrease in bone length seems to relate to
solely to the high dose of clodronate.
Femoral neck has been proved to be a good indicator of different interventions
affecting bone metabolism in rats and in mice (Peng et al. 1994, Tuukkanen et al. 1994).
In the present experiment, we found no influence of clodronate treatments on the femoral
neck biomechanical properties. This was also supported by the previous findings obtained
with clodronate (Lepola et al. 1996).
Densitometry indicated a 3% increase in cortical BMD in vertebras after clodronate
treatment. This change caused only a slight, statistically non-significant increment in
vertebral compression strength compared to the controls. This is in quite good accordance
with a previous study, where a long-term treatment with clodronate increased the
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compression strength of L4, but had no effect on the other biomechanical parameters,
however, no data on bone densitometry were available in that study (Lepola et al. 1996).
Trabecular number (Tb.N) was increased at the therapeutical dose in vertebra, which
effect was previously seen at a high dose of clodronate in tibia but not in vertebra (Lepola
et al. 1996). This increment of Tb.N was here accompanied by a tendency towards
incremental trabecular BMD, which was not, however, statistically significant.
At the therapeutical dosage, we found here only a slight increase in the liver enzymes
and a decrease in osteocalcin. Similar findings have been reported in a human study
previously (Laitinen & Taube 1999). The treatment of clodronate had no significant
hematological effect, either, although the high dose of clodronate decreased the number
of platelets.

6.3 Effect of clodronate on microstructural level (II)
We investigated here the long-term effects of clodronate on the microstructure and
mineral composition of the rat vertebral body. SEM with BSE and EDS provides a
reliable method for this kind of study (Boyde et al. 1986, Boyde & Jones 1996). Only a
limited number of studies using these methods have been done to investigate the effects
of BPs on bone (Rohanizadeh et al. 2000). A SEM study of mineralised surfaces has been
shown to reveal the state of local bone metabolism (Marks et al. 1996). The differences in
the mineral content and density of bone tissues can be illustrated by means of the grey
levels in calibrated BSE images, the lower grey level, i.e. the white area, corresponding to
higher mineralisation and the higher grey level, i.e. the grey area corresponding to lower
mineralisation (Boyde & Jones 1996). The present study was performed according to the
guidelines of the study of Rohanizadeh et al. (Rohanizadeh et al. 2000).
The BSE method has been used to explore the local topography of bone (Boyde &
Jones 1996). When applied to the histomorphometric picture of trabecular bone, the grey
area seems to represent newly formed bone and the white area mature bone (Eriksen et al.
1994b). BSE analysis revealed some variation in bone density between the different areas
of bone; the less dense areas representing newly formed bone were located around the
lacunae and the more dense areas between the osteons in the center of the trabeculae. We
found less newly formed bone and more mature bone in the low-dose clodronate group.
The result is in good accordance with the mechanism of action of BPs with reduced bone
turnover (Fleisch 2000a) and also comparable to the study of Rohanizadeh, which was,
however, performed with an experimental osteoporosis model (Rohanizadeh et al. 2000).
The clodronate treatment given here increased the density of both newly formed and
mature bone. This difference was evident, but did not reach statistical significance
because of the small number of samples in the study groups. In the previous BP study,
bone density was not determined quantitatively (Rohanizadeh et al. 2000). Therefore, no
comparisons can be made. However, our result is in line with the expected effect of BP on
bone (Fleisch 2000a).
Here, neither the concentrations Ca, Mg, and P nor the total mineral content were
affected by clodronate treatment. However, the EDS method was able to distinguish the
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difference in the Ca and total mineral contents between newly formed bone and mature
bone.
Our results suggest that long-term, low-dose clodronate treatment increases the area
and has a trend to increased the density of mature bone of vertebral body in nonosteoporotic rats. Analysis of BSE images proved to be a good method in bone research
and well able to distinguish between premature and mature bone.

6.4 Clodronate and growing bone
It was seen in the studies I and II (table 3) that clodronate in therapeutic doses increased
the density of vertebra L4 and the number of trabeculae, and there was more mature bone
in L2. Fivefold doses of clodronate only resulted in an increase in the density of vertebra
L4, but caused no increment in the proportion in mature bone or in the number of
trabeculae. Some previous experimental studies with clodronate have also shown that the
therapeutic dose of clodronate is more effective than high-dose clodronate in some
parameters (Kippo et al. 1998, Lepola et al. 1996). The reason for this is unclear and it is
not discussed much, but it might be some kind of toxic effect of the high doses of BP on
bone.

6.5 Comparison of radiograph and pQCT analysis on fracture
healing (III)
Plain radiography is a traditional method to evaluate fracture healing. It is easy to
perform in experimental studies, allows the evaluation of the fracture gap and callus
formation, and enables the visualization of the intramedullary pin. Here we studied, how
the radiographic method corresponds with quantitative CT intended for density
measurements. The study was performed with animals from a study on the effect of
clodronate on fracture healing. The treatment was not considered to have any effect on
the results of the present study, where the comparisons were performed between different
methods on the same bone, and not between different treatment groups.
The projectional area of callus as defined from the radiographs was well correlated
with the cross-sectional callus area defined by pQCT. This relationship was higher for
compact bone than for total bone, suggesting that the radiographs here emphasized
compact bone. Some error may be present in the determination of CSA by pQCT due to
the limited spatial resolution (Augat et al. 1998), which, however, may be insignificant
for the present relationships. The projectional callus area was also strongly correlated
with the bone mineral content. This is explained by the calculation of BMC, which is not
normalized by size, but is dependent on it. This relationship was, however, not dependent
on the attenuation threshold.
Calibrated radiographic absorptiometry has been shown to be highly precise and
accurate in defining BMC and BMD in the phalanges when compared to DXA (Yang et
al. 1994). The explanation for the high correlation between radiographic BMC and DXA

55
may be that both methods are projectional, while pQCT used in this study is volumetric.
In addition, that study (Yang et al. 1994) was performed with phalangeal bone, while we
measured healing callus.
In previous studies on healing callus, Kälebo & Strid (1989) have shown that
radiographic videodensitometry may be highly precise and accurate when defining callus
mass. The photodensitometric optical value measured from radiographs has been shown
to increase during healing (Kirker-Head et al. 1995, Kato et al. 1998). Here, however, the
optical density of the callus as defined from the radiographs had only a weak correlation
with the pQCT parameters, radiographic density being more closely associated with
mineral content than with mineral density.
Radiographic density failed to explain the compressive or tensile failure load of callus.
Instead, pQCT-measured callus area, bone mineral content, and bone mineral density
were associated with compressive failure load. CoBMD was the only parameter able to
explain the failure load in tension. Previously, a significant positive relationship has been
found between BMD and torsion strength (Markel et al. 1990, den Boer et al. 1998,
Reichel et al. 1998). A strong non-linear correlation between BMD and the Brinell
hardness value of fracture callus, as determined by an indentation test, has also been
reported (Aro et al. 1989). In the present study, the relationship between BMD and
compressive or tensile failure load was weaker. This may be due to the difference in the
loading configuration. The lack of densitometric analysis to explain tension strength may
also be explained by the short 4-week follow-up time, after which mineralisation is still in
progress and a significant portion of the mechanical strength is still due to cartilage and
fibrous tissue.
Den Boer et al. (1998) reported a significant negative relationship between callus
density and callus volume in three-dimensional CT scans (r = - 0.51, p = 0.01). We found
similar negative correlations between callus density and the manually measured callus
diameters (r = - 0.46 and r = - 0.42). The pQCT analysis resulted in a negative correlation
between CSA and BMD (r = - 0.24). The relationship was lower here than in the study of
Augat et al. (Augat et al. 1997), where the correlation between CSA and BMD was r = 0.55. This difference may be explained by the fact that Augat et al. (Augat et al. 1997)
used a single slice with the smallest BMD as a presentation of bone mineral properties at
the osteotomy site, while we used an average of three slices. The radiographic
determination of callus size showed a weak positive relationship with BMD (r = 0.34) or
CoBMD (r = 0.10). Thus, the relationship between callus size and BMD is dependent on,
whether volumetric size, projectional area, cross-sectional area, or outer diameter is used
for the definition of callus size.
The use of pQCT is limited to analyses with no fixation pins or plates in site due to the
artefacts induced by metal implants. The presence of an intramedullary nail has no
adverse effect on DXA measurements if it is excluded from the region of interest that is to
be analysed (Cattermole et al. 1996), which is an advantage for DXA in comparison to
pQCT. However, when the amount of callus is limited, DXA does not offer significant
advantages over plain radiography in determining the progress of fracture healing
(Cattermole et al. 1996).
We conclude that the mean optical density of callus analysed from lateral radiographs
correlated only weakly with the density defined by pQCT, and seems to have no value for
the determination of callus strength in experimental studies on healing rat tibia. However,
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plain radiographs can be used to evaluate callus size, which is also related to the mineral
content of callus. A weak negative relationship was found between the cross-sectional
area of callus and BMD. Callus size, mineral content, and mineral density were all found
to have significant positive relationships with the compressive failure load of callus, while
both radiographs and pQCT were poor in explaining the failure load in tension.

6.6 Effect of long-term administration of clodronate on fracture
healing (IV)
Sixth months clodronate treatment did not have a significant effect on the final body
weight in the animals in the current study. However, it seemed to have a slight adverse
influence on bone growth, which is in accordance with an earlier study showing a
decreased bone growth rate in growing rats after long-term clodronate treatment.(Lepola
et al. 1996).
Previous studies on the effects of clodronate on fracture healing showed that the
administration of clodronate 10 mg/kg administration subcutaneously daily to rats for 12
weeks after the fracture did not affect the bending strength of the healing callus, but
clodronate reduced remodelling of the callus (Hyvönen et al. 1994). Nyman et al (1996)
showed that clodronate treatment administration subcutaneously 10 mg/kg daily for 6
weeks did not inhibit endochondral bone formation in callus or in the epiphyseal plate in
rats. Weekly subcutaneous administration of clodronate (50 mg/kg subcutaneously 1 day
before and weekly after the fracture for 8 weeks for rats) did not slow down the formation
of cartilaginous callus or the restoration of loading capacity, but retarded the remodelling
of formed callus, and the calluses in clodronate-treated animals contained significantly
more calcium and were heavier than rats in the control group (Nyman et al. 1993). In
another study of rats, clodronate 3, 10, and 30 mg/kg administered subcutaneously daily
for 22 weeks did not alter the histologic features of the callus nor delay healing of the
fracture (Tarvainen et al. 1994c). When administered short-term before fracture,
clodronate (10 mg/kg s.c. daily for 28 days before and 28 days after the fracture for rats)
did not affect fracture healing (Chastagnier et al. 1993). These previous studies are well
supported by the current study, although the of administration period in the current study
was several times longer than previous times.
There are some studies on the effects of other BPs on fracture healing where
administration was started before the fracture and continued afterwards. Lenehan et al.
(1985) found that etidronate (for 8 weeks before and 12 weeks after the fracture) delayed
fracture healing at high doses. In bones treated with incadronate (for 2 weeks before and
16 weeks after the fracture), fractures healed equally well as those in the control groups,
although the calluses were greater in the treatment groups (Li et al. 1999). Tiludronate
(for 6 weeks after the fracture) did not slow down the bone repair process (Chastagnier et
al. 1993). Goodship et al. (1994) found that in pamidronate-treated bones (for 4 weeks
before and 12 weeks after the fracture), the calluses were greater, callus remodelling was
reduced, but the mineral content and torsional strength were greater. Alendronate (for 9
weeks before and 16 weeks after the fracture) showed no adverse effects on fracture
healing, although the calluses were greater in the treated bones (Peter et al. 1996a). Each
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BP has it own chemical, physicochemical, and biological characteristics, which implies
that it is not possible to extrapolate from the results of one compound to others with
respect to its action (Fleisch 2000b). However, studies on other BPs show similar trends
as seen in the current study. Calluses are greater, but healing is not impaired. The reason
why callus are bigger may be due to the slower remodellation of the callus. Thus, only a
high dose of etidronate seems to delay fracture healing.
If this study had been done on rats with experimental osteoporosis, would the results
have been similar? Because clodronate prevents effectively experimental osteopenia
(Rico et al. 1994, Tarvainen et al. 1994) similar results could have been obtained in a
group of animals with osteopenia. However, the effects of clodronate on fracture healing
in osteopenic bone are not fully known. There is only a single experimental publication
about fracture healing with denervated induced osteopenia in rats (Tarvainen et al. 1994).
The results were similar in studies on non-osteopenic animals. Clodronate did not affect
the biomechanical parameters of healing bone, although there was more callus. Further
studies are needed to clarify the effect of BPs on fracture healing in experimental
osteopenia.
This was a unique experiment, where the fracture healing process was investigated in
growing rats given long-term clodronate treatment before experimental fracturing, and no
similar studies were done earlier with clodronate or any other BP. The tibial fractures in
clodronate-treated rats healed equally well as those in vehicle-treated rats, when
clodronate was administered at two dose levels for 24 weeks before and 4 weeks or 8
weeks after the onset of the experimental fracture. The percentage areas of mineralised,
fibrotic, or cartilaginous tissues in the tibial callus did not differ between the groups when
measured from longitudinal sections by histomorphometry. The cross-sectional area of
the callus, measured by peripheral quantitative CT, was greater in the fractures of
clodronate-treated rats, but the mechanical failure of the callus proved to be similar in
comparison to the vehicle-treated rats.
The results suggest that healing of fractures during or after long-term clodronate
treatment does not seem to be affected by clodronate.

6.7 Mouse immobilisation (V)
In mouse, ovariectomy (Yamamoto et al. 1998) and limb immobilization by neurectomy
(Sakai et al. 1996) have been used to induce osteopenia. However, denervation is not easy
to do in mice and it may also produce effects related to the denervation and not only to
the disuse. We therefore tried to find a convenient, but precise way to induce
immobilization osteopenia. In the rat model, plaster cast (Tuukkanen et al. 1991, Lepola
et al. 1993) and elastic bandage fixation (Jee et al. 1991) has been used for unilateral hind
limb immobilization. The bandage immobilization model used here appeared to be easy
to use, and the bandage tape was well tolerated. Only a few bandages were renewed
during the immobilization period. We consider the bandage the method of choice for
immobilization in mice.
We did not investigate different durations of immobilization, but used a period of three
weeks based on information given by Sakai et al. (1996) about trabecular bone loss after
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neurectomy in mice. This is also comparable to our own rat immobilization studies
(Tuukkanen et al. 1991). We applied the model in adult (10-12 weeks) mice. Klein et al.
(1998) found that the peak whole-body BMD defined by dual-energy X-ray
absorptiometry was reached at approximately this age in female mice, which justifies our
model.
The pQCT method provides high reproducibility but is limited in accuracy when
applied to very small specimens. The axial resolution of pQCT is equal to the slice
thickness (1.25 mm), which is thick in relation to the high cross-sectional resolution.
When small bones are measured with high resolution, the partial volume effect is
anticipated with decreased accuracy. This is particularly true with the femoral neck. Here,
we studied the accuracy of the pQCT method by comparing the geometrical data with
computerized histomorphometry, and the mineral content with ash weight. The accuracy
study showed that the evaluation of bone mineral content with the pQCT is highly
relevant, even with small specimens, but the accuracy in the geometrical analysis of
cortical bone is not so good.
Beamer et al. (1996) found cortical bone parameters defined by pQCT sensitive in
discriminating between mouse strains. We found that both the total bone and cortical
parameters of the tibial diaphysis and metaphysis were able to differentiate between the
study groups. However, cortex was a dominant discriminator in the femoral neck. This is
in good agreement with the former findings that bone loss in aging bone of mouse does
not occur solely in the trabeculae, but is accompanied by an enlargement of the marrow
cavity of the femoral neck as well as by a decrease in cortical thickness (Weiss et al.
1991). It has also been suggested that the cancellous bone of the femoral neck may be
less important for strength in rats than in humans (Bagi et al. 1997).
When studying TGF-beta1 knockout mice for postnatal bone development, Geiser et
al. (1998) analysed the BMC and BMD by pQCT in these mice. An analysis of the
proximal tibial metaphysis showed a significant decrease in the BMC of TGF-beta 1 (-/-)
mice compared to TGF-beta 1 (+/+) or TGF-beta 1 (+/-) mice, but no significant
difference was observed in BMD between the groups. This is in agreement with our
findings, as we also failed to find a significant difference in BMD in the tibial metaphysis
between the immobilized and contralateral legs. However, we found a significant
difference in both BMC and BMD in the femoral neck, cortical BMC being the most
significant. This indicates that the femoral neck is a sensitive site for the analysis of bone
mineral loss in mice. We also calculated the differences after adjustment to a common
body weight, which showed that the significance of the differences between the
immobilized and control animals disappeared at the diaphysis, but not at the metaphysis
and at the femoral neck. This provides further evidence for the sensitivity of the femoral
neck as an indicator of bone loss.
We have previously reported that both CSA and CtBMD correlate significantly with
the mechanical parameters (Jämsä et al. 1998a, Jämsä et al. 1998b). Here, mechanical
strength was found to indicate the difference between the immobilized and contralateral
legs more specifically than the pQCT parameters, whereas the relationships between
pQCT and mechanical testing were weak, with no statistical significance within any study
group. This may be due to the relatively small group sizes (N = 9-20) and to the
limitations in reproducibility and accuracy.
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We have shown that one third of the change in the femoral neck strength in the two
loading configurations used here was not explained by the strength in the other
configuration (Jämsä et al. 1998b). We here found that the sensitivity of indicating the
disuse-induced bone loss was different in these two loading configurations. The new
lateral loading configuration we designed was the most sensitive method to indicate bone
weakening during immobilization, being more sensitive than the standard axial loading of
the femoral neck and also more sensitive than the bending strength of either the tibial or
the femoral shaft.
The purpose of this study was to evaluate the densitometric and mechanical changes in
murine bones during immobilization. Therefore, an outbred strain was used, and the
different genotypes were not considered. It has been shown that genes may modify the
mechanical properties of bone (Bonadio et al. 1990, Simske et al. 1994, Mikic et al.
1995, Beamer et al. 1996, Kimmel 1996, Di Masso et al. 1997, Kuro-o et al. 1997). In
the future, experiments applying different murine genotypes may yield new information
of factors contributing to disuse osteopenia.
We conclude that three weeks of hindlimb immobilization weakened the tibia
significantly compared to its contralateral leg. The reduction was more significant in the
mechanical bending strength than in the pQCT evaluation. When comparing to control
animals, also the non-immobilized leg of the immobilized animal was under relative
disuse.

7 Conclusions
1. Long-term administration of clodronate had no harmful impacts, but rather some
beneficial effects on bone in non-osteoporotic rats at therapeutic dosage. However, a
fivefold dose of clodronate caused a slight decrease in the growth of tibial length. At
the microstructural level, the expected increment of bone density was not seen, but
nor were any harmful effects, either.
2. The pQCT proved to be a useful tool in fracture healing studies. It was able to
differentiate between the total mineralised cross-sectional area of callus and the area
of compact bone better than radiographs.
3. The results suggest that the healing of fractures during or after long-term clodronate
treatment does not seem to be inhibited. However, the cross-sectional area of callus
was greater in the fractures of clodronate-treated rats, but this did not affect
mechanical strength.
4. Three weeks of hind limb immobilisation weakened the tibia of mouse significantly
compared to its contralateral leg. Immobilisation osteoporosis might be a useful
model for further studies.
In conclusion, these experimental results of the long-term effects of clodronate on normal
and healing rat bone suggest that clodronate is a safe drug even in long-term
administration to small animals.
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