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ABSTRACT

In this thesis influences of some hormones (17β-estradiol and human parathyroid hormone)
and drugs (risedronate and verapamil) on bone were investigated.
The effects of verapamil, a phenylalkylamine calcium channel blocker, on bone mass in
female and male rats on a low calcium diet were evaluated. Six female and six male rats each
were given verapamil at a concentration of 0.75, 0.075 and 0 mg/ml respectively. After 12
weeks, bone effects were evaluated by measuring tibial wet, dry and ash weight, and volume.
Verapamil decreased tibial ash/volume and increased tibial volume in female rats in a dose-
response manner. The effect of verapamil on male rats was the opposite.

The effect of systemic verapamil treatment on the bone response to in vivo mechanical
loading was evaluated. Seventy-two intact, female rats were divided into six groups. Half
were verapamil treated for 12 weeks. After 8 weeks of treatment, the right tibia was
intermittently loaded (40, 30, or 0 N) with a four-point bending device for four weeks. Tibial
cortical bone formation and femoral bone mineral density (BMD) were evaluated. Loading
uniformly increased bone formation in loaded tibiae of verapamil and control rats.

The bone effects of human parathyroid hormone (1-84) (hPTH) followed by maintenance
administration of 17β-estradiol (E2), risedronate (Ris), or a reduced dose hPTH (LowPTH) in
ovariectomized (OVX) rats were evaluated. Eight groups of OVX (n = 219) and one group of
intact female rats (n = 48) were left untreated for 11 weeks. For the following 12 weeks, four
OVX groups received hPTH and four groups received vehicle. Treatments were then changed
to E2, Ris, LowPTH or vehicle for 36 weeks. Bone tissue was collected every twelfth week
and analyzed by densitometry (distal and diaphyseal femur, and vertebral body),
histomorphometry (proximal and diaphyseal tibia), and mechanical tests (vertebral body).
After ovariectomy, osteopenia developed in all sites. hPTH treatment for 12 weeks increased
bone formation resulting in an increase in bone mass at all sites and vertebral strength above
OVX rats’ level. After withdrawal of hPTH bone mass and strength were at the OVX levels
within 12-24 weeks. In groups on maintenance treatment with LowPTH, bone mass at
measured sites and vertebral strength remained above the OVX levels during the 36 week
follow-up. Treatment with E2, in the dose given, resulted in bone mass and vertebral strength
at the OVX levels at the end of the maintenance period, even though bone turnover was
decreased. In groups on Ris maintenance treatment, bone mass remained above the OVX
levels during the follow-up period, due to decreased bone turnover. Bone strength did not
differ from either intact or OVX at the end of the study.

In conclusion, verapamil caused osteopenia in female rats, but had the opposite effect on
male rats on a low calcium diet. Verapamil did not effect the bone cellular response to altered
mechanical stress in mature female rats. By increasing bone formation, hPTH(1-84) increased
cancellous and cortical bone mass and vertebral strength, in osteopenic rats. The study
indicated that treatment with LowPTH was the most effective treatment regimen for
maintaining bone mass and strength for up to 36 weeks. Ris was not as effective as LowPTH,
but fully maintained bone mass and partially maintained bone strength. E2, in the dose given,
did not maintain either bone mass or vertebral strength.
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ABBREVIATIONS

Ash% Percentage ash weight per bone dry weight
Ash/volume Ash weight per bone volume
BMC Bone mineral content
BMD Bone mineral density
BMU Basic multicellular unit
BUA Broadband ultrasonic attenuation
E2 17β-estradiol
hPTH Human parathyroid hormone (1-84)
IGF Insulin-like growth factor
LowPTH Low-dose human parathyroid hormone (1-84)
ModM Modulus of elasticity from mechanical compression tests
ModUS Modulus of elasticity from ultrasound tests
OVX Ovariectomy or ovariectomized
Ris Risedronate
SERM Selective estrogen receptor modulators
TFJ Tibio-fibular junction
TGFβ Transforming growth factor β
GH Growth hormone
TRAP Tartrate-resistant acid phosphatase
UTV Ultrasound transmission velocity
VOS Velocity of sound ( = UTV)

Histomorphometric abbreviations

BFR/BS Bone formation rate per bone surface
B.Pm Bone perimeter (periosteal or endocortical perimeter)
BS Bone surface
BV/TV Bone volume, total volume referent
Ct.Ar Cortical area
dL.Pm Double label perimeter
dLS/BS Double label surface per bone surface
Ec.Pm Endocortical perimeter
FS/BS Formation surface per bone surface
IrL.t Interlabel time period
IrL.Wi Interlabel width
Ma.Ar Marrow area
MAR Mineral apposition rate
MS/BS Bone mineralizing surface per bone surface
Oc.Pm Osteoclast perimeter
Oc.S/BS Osteoclast surface per bone surface
Ps.Pm Periosteal perimeter
sL.Pm Single label perimeter
sLS/BS Single label surface per bone surface
Tb.Ar Trabecular area
Tb.Pm Trabecular perimeter
Tt.Ar Total tissue area
TV Total tissue volume
Wo.A Woven bone area
Wo.Pm Woven bone perimeter
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DEFINITIONS AND FORMULAS

Cytoskeleton Intracellular structure that consist of a network of actin and actin-
associated proteins

Mechanotransduction The signal pathway from applied load to bone cell activation

Modeling Change in bone shape and size

Modulus of elasticity Stiffness*length/area (mechanical test) or apparent density*velo-
city2 (ultrasound test)

Remodeling Replacement of bone tissue without change in bone shape

Osteoid Unmineralized bone matrix

Strain Deformation per unit length. Also used as a unit (µm/m = µε)

Streaming potentials Electrical potentials on the bone surface generated by
deformation and matrix fluid flows

Stress Applied load/area

T-score (measured BMD - young adult mean BMD)/young adult standard
deviation

Ultimate stress Stress at bone failure
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INTRODUCTION

Osteoporosis is a growing problem in
the western world. The average life span is
continuously increasing and age-related
osteoporosis affects ever increasing
numbers of human beings (47, 116). The
increase in fracture incidence is larger than
the age-related increase (48). It has been
proposed that increasing use of drugs and
decreasing activity are some factors
responsible for the increase. Osteoporosis
is a potential disaster, not only for the
patient at risk for fragility fracture, but also
for society with increasing medical costs
(41, 63), and the consequent need for
reallocation of resources from the
treatment of other disorders. Thus,
osteoporosis prevention and therapy need
to be developed further. Over the years,

 many different treatment regimens have
been tried, such as calcium, estrogens,
vitamin D, calcitonin, fluorides bisphos-
phonates, and exercise programs, all with
limited (albeit increasing) success. Resear-
chers today are searching for solutions, by
studying bone tissue and the systemic and
local hormones, paracrine and autocrine
factors, fluid flows, and electric potentials,
that influence bone and bone cells. This
thesis does not attempt to solve the riddles
of osteoporosis, but hopefully to provide
some useful information regarding the
influence on bone, by some drugs (vera-
pamil, risedronate), hormones (human pa-
rathyroid hormone (1-84), 17β-estradiol),
and mechanical loading.
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REVIEW OF THE LITERATURE

Bone biology

Bone cells
The osteoblast is responsible for the

production of bone matrix and is located on
the bone surface (Figure 3 in the Methods
section). It is a differentiated, cuboidal cell
that secretes collagen type I and
noncollagenous proteins (213). The
produced collagen serves as a template for
the mineralization. The active osteoblast is
known to release alkaline phosphatase (20)
and the noncollagen protein, osteocalcin
(151), which can both be used as serum
markers for bone formation (87, 190).

The osteoclast is a large, multinuclear
cell that resorbs bone (Figure 4 in the
Methods section). It originates from
hematopoietic mononuclear precursor cells
that migrate to the bone surface and fuse
into osteoclasts (152). When the osteoclast
is active, it is located on the bone surface
and its plasma membrane shows two
specific appearances: a ruffled border and a
clear zone (153). Resorption takes place at
the highly infolded ruffled border, which
forms the central part of the cell area. The
ruffled border is surrounded by the clear
zone, which attaches the osteoclast to the
bone surface. When the osteoclast is active,
it releases tartrate-resistant acid phos-
phatase (TRAP) (161). TRAP can serve as
a biochemical marker for osteoclast
activity and can be used for diagnosis of
various bone disorders (50, 234).

Osteocytes are mature osteoblasts
trapped into lacunae within the bone matrix
during mineralization (Figure 3 in the
Methods section). During this process the
osteocytes establish cytoplasmatic
processes through the canaliculi in the
matrix to contact adjacent cells (43). The
processes permit communication by gap
junctions (52) between osteocytes,
osteoblasts, and bone lining cells, between
the internal and external surface of bone,

and between bone cells and the blood
vessels in the matrix (26, 153). The
osteocytes are involved in the bio-
mechanical regulation of bone mass and
structure, probably by sensing bone
deformation, pressure, fluid flows, and
streaming potentials (26, 43, 242).

The bone lining cell is a flat, inactive
cell originated from osteoblasts, resting on
bone surfaces undergoing neither formation
nor resorption. Its function is not fully
understood, but it may participate in the
localization and initiation of the re-
modeling unit (26). It may also be involved
in the bone response to mechanical loading
by serving as a mechanical sensor cell
(242).

The bone matrix consists of
collagenous proteins (mainly type I
collagen), noncollagenous proteins, and
minerals (mainly as hydroxyapatite
crystals). The collagen chains, together
with the noncollagenous proteins, form the
unmineralized matrix (osteoid, Figure 3 in
Methods section) (213). Hydroxyapatite
crystals (formed from calcium and
phosphate) are incorporated into the
osteoid during the mineralization phase
forming the hard bony tissue. The
noncollagenous proteins are embedded into
the matrix during bone formation (some of
them bind to collagen) and are released
during resorption, participating in the
remodeling process. Some of the
noncollagenous proteins and their possible
role in the remodeling process are
osteocalcin (calcium binding and cell
attachment), osteopontin (cell attachment),
fibronectin (cell attachment), proteoglycans
(collagen fibrillogenesis), osteogenin (bone
formation enhancement), bone sialoprotein
(mineralization), and osteonectin
(unknown) (250). Also several growth
factors are found in the matrix (e.g. IGF-I,
IGF-II, TGFβ), of which transforming
growth factor beta (TGFβ) has a central
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role in the differentiation and activation of
osteoblasts and in inhibiting osteoclasts
(250). During bone resorption collagen
degradation products, noncollagenous
proteins, and growth factors are released
and can be used in the diagnosis of various
bone disorders.

Modeling and remodeling of bone
Bone formation and resorption may be

coupled or uncoupled. In general, the
uncoupled process called modeling
dominates during growth and the coupled
process called remodeling is most
prevalent in adulthood (153). Bone
formation exceeds resorption during
modeling resulting in a positive bone
balance, while formation and resorption
balance each other during remodeling.
During later stages in life (age > 50), the
remodeling may result in a negative bone
balance as the rate of resorption exceeds
that of formation to cause age-related
osteoporosis.

Bone modeling is characterized by
changes in bone shape and size and occurs
during growth, adaptation to altered
biomechanical stress, and fracture repair.
Remodeling occur in all ages in both
cancellous and cortical bone. This process

is characterized by replacement of bone
tissue in localized areas without changes in
bone architecture. The cells involved in the
remodeling process form the basic
multicellular unit (BMU) (85). The BMU
always acts in the same sequence in both
cancellous and cortical bone: organization
of the BMU, activation of osteoclasts and
osteoblasts, resorption, formation, and
mineralization (Figure 1). In cancellous
bone, as the first step the lining cells
contract to expose the collagen and they
also attract the mononuclear preosteoclasts
(64, 85, 180). Close to the bone surface, the
osteoclasts fuse to multinucleated cells that
start to resorb the bone. Mononuclear cells
continue the resorption at a slower rate
than the osteoclasts and stimulate
preosteoblasts to proliferate (66). In the
next step preosteoblasts are recruited to the
bone surface and differentiate into
osteoblasts. The osteoblasts form osteoid
that subsequently becomes mineralized.
Finally some of the osteoblasts begin to
flatten and turn into bone lining cells. In
cancellous bone the BMU moves along the
bone surface, while the process in cortical
bone occurs through the bone, forming
tunnels (cutting cones) (185). The BMU in
cortical bone does not include bone lining
cells, otherwise BMUs and their activity
patterns in cortical and cancellous bone are
identical. During the cortical process, the
cutting cones are filled with new bone,
forming osteons, or Harversian systems.
What initiates the remodeling process is
unknown, but there is some evidence that
in cortical bone, microscopic cracks could
be important (165). The regulation of the
BMU is not fully understood, but many
factors influence the involved bone cells
and their recruitment, such as systemic
hormones, and paracrine and autocrine
factors (174, 250). Some of these are para-
thyroid hormone (PTH), 1.25-dihydroxy-
vitamin D3 (1,25-(OH)2D3), calcitonin, sex
hormones, noncollagenous proteins, prosta-
glandins, growth factors and interleukins.
Some factors of importance in relation to
this thesis are discussed below.

Figure 1. The basic multicellular unit (BMU).
The bone lining cells on the bone surface contract
and expose the collagen during the activation
phase. Mononuclear preosteoclasts are recruited
to the bone surface and fuse into multinuclear
osteoclasts. Osteoclasts start to resorb bone and
mononuclear cells continue the resorbing during
the resorption phase. Preosteoblasts are recruited
and start to form osteoid that becomes
mineralized during the formation phase. Finally
osteoblasts begin to flatten and turn into bone
lining cells. Adapted from (64).

Activation Resorption Formation
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Quantification of bone structure, bone
formation, and resorption

Histomorphometry is a functional
method to quantify bone structure, bone
formation, and resorption of undecalcified
bone tissue. Bone histomorphometry has
been developed during the last three
decades and has been extensively described
by Recker et al. 1983 (198). The method is
applicable to human biopsies as well as
animal bones and can be used for both
cancellous and cortical measurements of
bone structure. By using flourochromes
(e.g. tetracycline and calcein), that are
incorporated into the bone during
mineralization (159), dynamic quantifi-
cation of bone formation is possible (85).

Direct measurements of areas, perimeters,
distances, and numbers can be made on
undecalcified histological sections, e.g.
total tissue and bone area, cell, bone,
erosion, and osteoid perimeters, single and
double label perimeters, and thickness of
structures. These data can be used to
calculate 3-D parameters such as volume
and surface area fractions. Calculations of
other structural and dynamic data can also
be made. Parameters are with current
histomorphometric equipment often calcu-
lated by analysis software, utilizing stereo-
logic formulas (186). Some common histo-
morphometric end-points, relevant to bone
structure and function are listed in Table 1.

Table 1 Variables commonly analyzed or calculated in bone histomorphometry.

2-D 3-D Structural and functional
calculations

Bone area Bone volume Trabecular number
Marrow area Bone surface Trabecular separation
Cortical area Osteoclast surface Mineralizing surface
Osteoblast number Eroded surface Mineral apposition rate
Osteoclast number Osteoblast surface Bone formation rate
Osteocyte number Osteoid surface Bone resorption rate

Cortical thickness Mineralization lag time
Trabecular thickness Activation period
Single labeled surface
Double labeled surface

Analyses of biochemical markers in
serum, plasma, and urine, that reflect bone
formation and resorption, can also be used
to measure the bone turnover. The most
commonly used markers for bone
formation are total and bone specific
alkaline phosphatase, osteocalcin, and
procollagen I extension peptides, and for
bone resorption TRAP, calcium, hydroxy-
proline, hydroxylysine, collagen pyridini-
um cross-links and crosslinked telopeptides
(51, 72, 73, 132, 146, 234). These methods
are less specific for bone as they also
reflect activity in other tissue, but have
advantages in the clinical evaluation of
osteoporosis. They are relatively easily
accessible in clinical work and less

expensive than histomorphometry. Bone
markers are affected differently in various
clinical situations. For example, in age-
related and postmenopausal osteoporosis,
even a very slight modification of turnover
can cause severe bone loss over a long
period, while most of the bone markers stay
in the normal range (218). Only in high
turnover postmenopausal osteoporosis mar-
kers such as osteocalcin, hydroxyproline,
hydroxylysine, pyridinium cross-links,
crosslinked telopeptides, and TRAP are
elevated. In contrast, other diseases such as
osteomalacia and Paget’s disease cause an
elevation of most formation and resorption
markers. In most of the studies of this
thesis, only the histomorphometry method
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was chosen to evaluate influences on bone
and bone cells, since structural and
dynamic bone data also were of interest and
bone marker analyses do not provide
information about these parameters.

Methods used in studies of structural
and mechanical properties of bone

Dual X-ray absorptiometry (densito-
metry) is currently the most widely used
method to determine bone mineral content
(BMC) and areal bone mineral density
(BMD) in regions of special interest, i.e.
the hip, spine, forearm, and the whole body
(45, 155). An alternative technique is
quantitative computed tomography (QCT)
(28). The advantage with this technique
compared to X-ray densitometry is that it
gives the possibility to measure trabecular
bone and cortical bone separately and that
it measures the true volumetric density
(g/cm3).

A more recent method to determine
bone mass is the quantitative ultrasound
(QUS) technique. With this method the
velocity of sound (VOS) (160) and
broadband ultrasonic attenuation (BUA)
(90, 134) can be measured, usually in the
heel or the patella. These parameters reflect
bone mass and bone connectivity (90). The
correlation between VOS and bone density
is high (r = 0.86) in standardized specimens
under laboratory conditions (1). The
correlation between VOS/BUA and BMD
in humans in vivo is less strong
(VOS/BMD: r = 0.52-0.61, BUA/BMD: r =
0.40-0.53) (225). Like X-ray densitometry,
this method seems to be able to predict
fracture risk (18, 46, 225). Another
application for the ultrasound technique is
measurement of the elastic property
(modulus of elasticity or Young´s modulus)
of cortical and cancellous bone in
standardized specimens (10-12). Mecha-
nical properties, including ultimate stress
and toughness as well as modulus of
elasticity, are traditionally analyzed by
destructive mechanical testing. A major
advantage of ultrasound is that it allows for
non-invasive and repeated measurements of
individual specimens, and modulus of
elasticity measurements in cancellous bone

with ultrasound and mechanical techniques
correlate very well (r2 = 0.935) (10). The
main disadvantage is that ultrasound
measurements do not provide additional
mechanical endpoints other than the elastic
properties. To evaluate stress, strain and
toughness, mechanical tests are still
needed. Depending on testing material and
application, tensile, bending, compression,
and shear tests can be done (239).

Bone adaptation to mechanical strain

Many actions at different levels are
involved in bone adaptation to mechanical
loading. During normal loading of the
skeleton, compressing and bending forces
are active and create a variation in strain ( =
deformation/length) along the bone
surfaces (209). The bone adaptive response
has been shown to be proportional to strain
rates applied to bone in vivo (242). The
mechanism by which bone cells sense and
process mechanical input is not fully
understood. It seems reasonable that
osteocytes and bone lining cells are the
bone cells that serve as sensor cells (43,
131), since they are connected by
cytoplasmatic processes that permit
communication by gap junctions (43, 52).
These cells have been shown to respond to
altered strain through many different kind
of influences, such as local fluid flows,
electrical potentials, shear stress, and
mechanical stretching (53, 115, 204, 212).
Which factor is the most important is still
not known, but probably they interact
during the process. It has been suggested
that ion channels, such as stretch-activated
and voltage-activated ion channels, are
involved in the mechanotransduction (166,
212, 245, 264). The stretch-activated ion
channels have been suggested to be tightly
connected to the intracellular cytoskeleton
(54, 57), which in turn is connected to the
bone matrix by membrane integrins to form
a possible continuous pathway by which
information on matrix deformation may
reach the cell nucleus (246). The signal
system between sensor cells and effector
cells has been suggested to be a paracrine
and autocrine communication, where
prostaglandins and IGF-I play a major part
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(105, 173, 178, 224). PTH, 1,25-(OH)2D3,
estrogen, and prostaglandins may alter the
osteocyte’s response to mechanical stress
through receptors, influencing the intra-
cellular communication system, that have
been shown to be present on the cell
surface (178). Specifically, PTH may alter
the shape of the cytoskeleton by decreasing
the number of stress fibers (57).

Only dynamic loading, in contrast to
static loading, has a stimulating effect on
bone remodeling (135). The increase in
bone formation in vivo is directly related to
the applied strain, which in turn is a
function of the magnitude and frequency of
the applied load (210, 211). During
physiological loading (strains between
approximately 200 and 2,000-3,000 µε)
bone is neither lost nor gained, but
maintained (27). There seems to be a
threshold for load induced bone formation
response (37, 241). With strains above the
upper physiological threshold bone is
gained by increased modeling, while strains
above 4000 µε cause overload damage to
the bone. Loads below the lower
physiological threshold result in loss of
bone and disuse osteopenia. These findings
correspond to the mechanostat theory
presented by Frost, which is based on the
idea that bone has an intrinsic mechanism
for detecting mechanical usage (83). It
operates as a set-point mechanism; bone is
added by increased modeling when local
strains reach above the modeling threshold
[the minimum effective strain (MESm)]
and is lost by increased remodeling when
strains are below the lower remodeling
threshold (MESr) (84, 86). It has been
suggested that different hormones and
biochemical agents could alter this set-
point, making bone respond to a lower level
of produced strain by forming bone (83,
199). Agents that could alter the set-point
are PTH, estrogen, prostaglandin E2, and
growth hormone (86, 237).

Several animal models for skeletal
response to loading have been described.
One of these is the in vivo four-point
bending model of rat tibia described by
Akhter, Raab-Cullen, and Turner (4, 194,
238). This model allows for studies of bone

adaptation to changes in strains and
interaction responses to loading and other
interventions (e.g. drugs, hormones, OVX)
under controlled conditions (96, 196, 233).
Bone formation response can be evaluated
by histomorphometry from sections taken
from the maximal bending region (4). The
tibial strain can be calculated from forces
applied in four-point bending and moment
of inertia about the neutral bending axis
from the sections in the same region (4).
Tibial surface strains are calculated by an
equation derived from beam bending
theory. Strain calculated by this equation is
highly correlated (r2 = 0.87) to in vivo
measured strain during four-point bending
(4).

Hormones and other regulators of
bone

The status of the normal bone tissue is
regulated by many systemic hormones and
local regulators that have direct effects on
bone and bone cells, but also interact with
each other. In this review, only the most
important and most relevant in the context
of this thesis are mentioned.

Calcium homeostasis and bone
metabolism

The most important systemic hormones
that regulate the calcium homeostasis and
bone metabolism are parathyroid hormone,
hydroxylated vitamin D, and calcitonin.

Parathyroid hormone is synthesized in
the parathyroid glands and regulated by the
serum calcium level (177). Hypocalcemia
results in increased synthesis and secretion
of PTH, which in turn increases calcium
absorption in the gatrointestinal tract,
tubular calcium resorption in the kidneys
and bone resorption to restore the serum
calcium level. In bone, PTH binds to a
receptor present in both osteoblasts and
osteoclasts, thereby altering their activity
(2, 220). PTH stimulates proliferation and
activity of osteoclasts, resulting in
enhanced bone resorption (104). In osteo-
blasts, it enhances collagenase synthesis
(100), inhibits type I collagen synthesis
(221), reduces the alkaline phosphatase
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activity (255) and activates the L-type
calcium channels (81).

Vitamin D is supplied by the diet (D2)
or synthesized by the action of UV light on
the skin (D3). It is then hydroxylated in the
liver to 25-(OH)-vitamin D3 and again
hydroxylated in the kidneys to 1,25-(OH)2-
vitamin D3 and 24,25-(OH)2-vitamin D3

(102). The synthesis in the kidney is
stimulated by low intracellular phosphate
or serum calcium levels. 1,25-(OH)2D3

increases absorption of calcium and
phosphate in the gastrointestinal tract,
stimulates tubular resorption in the kidneys,
and stimulates bone resorption to maintain
blood levels of calcium and phosphate. It
binds to the vitamin D receptor on the
osteoblast and stimulates bone formation
(189) but it can also stimulate bone
resorption (197), probably by releasing a
factor from osteoblasts to activate osteo-
clasts, since no vitamin D receptors have
been found on osteoclasts (156).

Calcitonin is produced in the
parafollicular C cells of the thyroid gland.
In hypercalcemia, it is secreted to lower the
calcium levels in blood (177) by increasing
the excretion of calcium and phosphate in
the kidneys and inhibiting bone resorption
(265). In bone, calcitonin inhibits the
osteoclast motility and causes a cell
retraction, thereby inhibiting bone resorp-
tion (5).

Sex hormones are also important
systemic regulators of normal bone. They
maintain normal bone balance (bone
turnover), establish peak bone mass, and
are important for the epiphyseal closure.
They are the major regulators of bone
metabolism in males and females,
respectively (44). Estrogens act though an
estrogen receptor in osteoblasts (65).
Varying effects of estrogen on osteoblastic
cell proliferation and synthesis of bone
matrix proteins in vitro have been reported
(67, 92, 123), as well as effects on bone
formation in vivo (38, 257). However, there
is agreement that estrogen decreases the
resorptive activity in bone in vitro and in
vivo, probably by osteoblast-derived
paracrine factors that influence osteoclasts
(172, 181). Androgens also act through

specific receptors (31, 176) and these are
present in osteoblasts from both males and
females (39) as well as in osteoclasts (164).
Androgens stimulate the proliferation and
differentiation of osteoblasts in vitro (121)
by increasing the intracellular calcium
concentration (143). In contrast to estro-
gens, androgens act mainly by stimulating
bone formation. Androgens may have dif-
ferent effects on the male and female
skeleton, since androgen treatment of
ovariectomized female rats suppress cor-
tical bone formation while androgens
stimulate cortical bone formation in orchid-
ectomized male rats (243).

Other hormones and factors with bone
regulating effects

Numerous other hormones and
systemic and local factors have important
actions on bone. Although these are not
part of this thesis project, some examples
are thyroid hormones, glucocorticoids,
growth hormone, growth factors, prosta-
glandins and interleukines.

The effects of thyroid hormones are
not fully known, but they appear to be
involved in a complex system of other
factors that together influence bone and
bone cells. However, triiodothyronine, (T3)
increases proliferation and differentiation
of osteoblasts in vitro (122) and increases
collagen degradation (97). Its effect on
osteoclasts is probably not direct, but
mediated by other cells present in bone
with increased resorption (7). The action of
glucocorticoids on bone is very complex,
since they modulate function of other
hormones and paracrine factors (148). In
physiological concentrations, they increase
the differentiation of osteoblasts and bone
formation, whereas in high concentrations
they decrease bone formation and increase
resorption. Growth hormone (GH) has its
major effects on the growth plate in the
growing skeleton, but also influences the
remodeling process in the adult skeleton.
GH is tightly coupled to insulin-like growth
factors (IGF-I and IGF-II) (207). Most of
the bone effects of GH are mediated by
systemic IGF-I. In vitro, GH, IGF-I and
IGF-II increase proliferation of osteoblasts
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and the IGF’s stimulate the type I collagen
synthesis (105, 207). In in vivo studies it
has been shown that GH increases
remodeling in humans (25), but no
conclusive positive effects on bone mass in
others than GH-deficient patients have been
shown. IGF-I increases cancellous bone
volume, by increased bone formation in
ovariectomized rats (173). Prostaglandin E
stimulates bone formation and resorption in
vitro (175). Prostaglandin E2 is also
involved in the bone response to
mechanical stress (224) and has been
shown to enhance the response to mecha-
nical loading in rats (233). Interleukin-1
and -6 and leukotrienes basically stimulate
bone resorption and TGFβ stimulates
formation in vivo (175).

Bone pharmacology
Verapamil, a calcium channel blocker,

has been in clinical use for over 30 years in
the treatment of cardiac arrhythmias,
angina pectoris, and essential hypertension.
It belongs to the group of phenylalkylamine
calcium antagonists, acting on the L-type
calcium (Ca2+) channels that are voltage-
dependent (76). Calcium antagonist recep-
tors linked to voltage-regulated Ca2+ chan-
nels are present in osteoblasts (35, 94) and
in osteoclasts (163). Verapamil inhibits os-
teoblastic cell growth and collagen syn-
thesis (125). In in vitro studies, verapamil
also seems to alter the bone cell response to
different hormones. Verapamil has been
shown to inhibit the calcium influx into
osteoblasts stimulated by PTH and vitamin
D3 metabolites (93, 142), and blocks the
PTH stimulated secretion of osteocalcin
and the collagen synthesis (93). It also
inhibits Ca2+ influx in osteoblasts induced
by 17β-estradiol in female rat osteoblasts
(144) and by androgens in male rat
osteoblasts (143), and decreases Ca2+ influx
in mechanically stimulated rat osteoblasts
(245). Also bone resorption stimulated by
PTH and 1α-hydroxy-vitamin D3 are
inhibited by verapamil (103, 136, 137). It
has also been reported that verapamil in
high concentrations has a direct effect on
osteoclasts and causes a paradoxical

elevation of intracellular Ca2+, thereby
inhibiting bone resorption in vitro (266).

Verapamil influences the calcium
homeostasis and bone regulated hormones
in rats and humans. It decreases the
intestinal calcium absorption in vitro (188,
256) and increases plasma PTH levels in
rats (23, 79). In humans, an increase of
serum alkaline phosphatase, a mild rise of
serum PTH and no change in serum Ca2+

have been reported after two months of
treatment (222, 223), but after six months
of treatment no changes in serum bone
metabolism variables were observed (22,
112).

Bisphosphonates have their main effect
on osteoclasts. A possible action of
bisphosphonates is that they bind to apatite
crystals and are then released during bone
resorption altering the osteoclasts by
decreasing differentiation (109), decreasing
adhesion to the bone matrix (215),
promoting apoptosis (110), and decreasing
activity (217) resulting in a decrease of
bone resorption (78, 215). Also a change in
osteoclast morphology (cytoskeleton and
ruffled border) has been observed (214,
215). The in vivo effects of bisphos-
phonates are similar to the in vitro effects,
as bone resorption is decreased in normal
bone as well as in conditions with increased
resorption (15, 217, 258). Bisphosphonates
also decrease bone formation. The effect on
osteoblasts is probably not direct, but is
caused by the coupling-effect of osteoclasts
and osteoblasts, resulting in a decrease of
bone turnover in rats (77, 88, 258) as well
as in humans (99, 226).

Osteoporosis

The term osteoporosis is used in a
general sense to cover conditions with low
bone mass. According to criteria
established by the World Health
Organization (118), BMD below -2.5 SD of
young adult women (T-score < -2.5) is
called osteoporosis and a T-score between
-2.5 and -1 osteopenia. Osteoporosis
combined with at least one fragility fracture
is defined as severe or established os-
teoporosis. T-score is defined as the
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measured BMD minus young adult mean
BMD divided by the young adult standard
deviation.

Osteoporosis is divided into two types,
the primary and secondary types.
Secondary osteoporosis is related to other
diseases, such as hypogonadism, endocrine
disorders, renal failure, rheumatic diseases,
gastrointestinal disorders, osteomalacia,
rickets, and Paget’s disease. Primary
osteoporosis is the most common type and
it includes patients with low bone mass due
to age and postmenopausal conditions (14,
116, 157). Primary osteoporosis is
associated with low cancellous bone mass
(206) as well as poor trabecular architecture
(127, 130). Also cortical bone mass (116) is
decreased and an expansion of the
medullary cavity occurs at the expense of
the cortex (124).

It has been shown that the fracture risk
is well correlated to BMD (46). Fractures
associated with osteoporosis occur
predominately in regions with large
amounts of cancellous bone, such as the
hip, spine, distal forearm, and proximal
humerus. The lifetime risk for any fracture
of the hip, vertebrae, or distal forearm is
approximately 40%, in white women and
13% in white men after the age of 50 (157).
Risk factors for osteoporosis-related
fractures are age (179) previous fragility
fracture (182, 208), low body mass,
estrogen deficiency, hypogonadism,
hyperthyroidism, malabsorption, cortico-
steriod therapy, immobility, current
smoking, and tendency to falls (48, 49).
Previous smoking, early menopause, and
previous disease are of less value for
prediction of osteoporosis (48).

Current trends in osteoporosis
management

Different medical therapies have been
used for the treatment of osteoporosis.
Calcium and vitamin D are essential for a
normal calcium balance. They have been
used for a long time, and are now
recommended as a basal supplementation
for postmenopausal and age-related
osteoporosis. It has been shown that

calcium supplementation alone and in a
combination therapy with vitamin D
treatment may reduce hip fracture risk in
elderly women (32, 200).

The estrogens were introduced during
the 70’s in the prevention of
postmenopausal osteoporosis. Several
studies have shown that they maintain bone
mass and reduce fracture risk in
postmenopausal and estrogen depleted
women (70, 111, 248).

Calcitonin was introduced a decade
later for treatment of osteoporosis. It
increases BMD in the spine and prevents
vertebral fractures (29, 202), but seems not
to affect the hip (29).

During the 90’s, bisphosphonate
treatment was introduced. The action of
bisphosphonates, as of estrogen and
calcitonin, is mainly antiresorptive by
blocking the action of osteoclasts (75, 110,
215). The resorption is inhibited in
osteoporotic bone leading to a decrease in
bone turnover (226). Various
bisphosphonates are now in clinical use,
such as alendronate, risedronate, and
etidronate. All three drugs have been
shown to increase BMD in the spine, hip,
and/or radius in postmenopausal women
(29, 36, 98, 99, 141, 203). Etidronate has
been shown to reduce vertebral fracture risk
(29, 99), and alendronate and risedronate to
reduce vertebral and nonvertebral fracture
risk (21, 98, 120, 203).

Lately selective estrogen receptor
modulators (SERM) have been used for
treatment of osteoporosis. SERMs are
estrogen agonists and act on the estrogen
receptor and mainly reduce bone resorption
in a way similar to the action mechanism of
estrogen (71). Raloxifene and tamoxifen
have been shown to increase BMD and
reduce fracture risk in postmenopausal and
elderly women (24, 69, 114).

Flouride treatment has also been used
in osteoporosis because of its ability to
increase cancellous bone mass (74, 140).
However, its reputation was damaged by
reports that showed increased skeletal
fragility (205), and it is not currently used
in clinical practice.
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Non-pharmacological interventions are
as important as drug treatment in
osteoporosis. Fall tendency is a factor that
has been identified as important, and fall
prevention has received increasing attention
in recent years. Falls may be prevented by
eliminating factors of potential danger (e.g.
carpets, doorsteps), reducing medication
(e.g. sedatives, hypnotics, hypertensive
medication, poly-medication), and ensuring
vision (e.g. glasses, sufficient light). Use of
hip protectors has also been shown to
reduce fall-related fracture risk (119).
Physical activity protects against fractures
(184, 252) during adolescence and in young
adults by increasing peak bone mass (249),
and in postmenopausal women and elderly
probably more by increasing muscle
strength and thus protecting against falls
(113, 191, 192). The dietary intake of
calcium, vitamin D, and energy also has to
be adequate. Finally, fracture prevention
includes elimination, if possible, of factors
that could lower bone mass or increase the
tendency for falls (101). The ideal
treatment for osteoporosis would be an
agent, which could increase bone formation

without an accompanying increase of bone
resorption and also restore the connectivity
of the osteoporotic cancellous bone,
thereby increasing bone mass and strength.
PTH is not that ideal treatment, but it has
been shown to have a powerful anabolic
effect on cancellous and cortical bone mass
and bone strength in both intact (59, 169)
and estrogen-depleted rats (34, 126, 138,
168, 216, 229, 251, 260, 261). Human
studies have shown that PTH increases
vertebral BMD and probably decreases the
vertebral fracture rate (108, 145, 201).
Increased endogenous PTH, as in primary
hyperparathyroidism, has a catabolic bone
effect (254). However, exogenous PTH has
been shown to have a strong anabolic
effect, but only when given in low doses
intermittently (106). The explanation could
be that intermittent and low doses of PTH
stimulate proliferation of osteoblasts,
resulting in increased bone mass (232).
PTH also affects osteoclasts in vitro, by
acting on a specific PTH receptor (2). The
stimulating effect of intermittent PTH on
bone formation exceeds that on resorption
resulting in a positive bone balance (147,
162, 193, 261).
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AIMS OF THE PRESENT STUDIES

The aims of the studies were the following:

Paper I
To determine whether long term treatment with verapamil induces osteopenia in male and/or
female rats on a low calcium diet.

Paper II
To evaluate the effects of verapamil treatment in mature female rats on cortical bone and on
bone formation stimulated by mechanical loading.

Paper III
To evaluate the effects of human parathyroid hormone (1-84) followed by maintenance
administration of 17β-estradiol, risedronate, or a reduced dose of PTH on cancellous bone
mass, bone formation, and resorption in ovariectomized rats.

Paper IV
To evaluate the effects of human parathyroid hormone (1-84) followed by maintenance
administration of 17β-estradiol, risedronate, or a reduced dose of PTH on vertebral body
bone mineral density and strength in ovariectomized rats.

Paper V
To evaluate the effects of human parathyroid hormone (1-84) followed by maintenance
administration of 17β-estradiol, risedronate, or a reduced dose of PTH on cortical bone mass
and bone formation in ovariectomized rats.
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MATERIALS AND METHODS

Animals
In all the studies, Sprague-Dawley rats

were used. A summary of the numbers of
rats and groups, treatments, and inter-
ventions used in the studies are presented in
Table 2. The animals were kept under
standard laboratory conditions, according
to Karolinska Institute and Creighton
University Animal Resource Facility
Guidelines and the NIH Guide for the Care

and Use of Laboratory Animals. In Paper I
three to four animals were kept in a cage. In
Papers II, III, IV, and V they were housed
individually in cages. The rats had free
access to water and food in Papers I and II.
Rats in Papers III, IV, and V had free
access to water and were food restricted to
weight-match ovariectomized (OVX) rats
with intact control rats and prevent weight
gain associated with ovariectomy (244).

Table 2. Study designs in Papers I-V.
Paper Number Sex Age Weight Study Inter- Diet Treatment

Rats Groups
(mo) (g)

length
(wks)

vention

I 36 6 Female
Male

5
3

307 ± 24
456 ± 8

12 None 0.1% Ca
0.50% P

Verapamil

II 72 6 Female 5-6 373 ± 40 12 Tibial
loading

1.0% Ca
0.61% P

Verapamil

III-V 267 9 Female 3.5 250 ± 13 59 OVX 1.0% Ca
0.61% P

hPTH
17β-estrogen
Risedronate
Low-dose hPTH

Study designs
In Paper I, eighteen female and

eighteen male Sprague-Dawley rats were
randomly divided into six groups (N = 6).
One female and one male group received
verapamil added to the deionized drinking
water at a concentration of 0.75 mg/ml.
One female and one male group received
0.075 mg/ml. The remaining female and
male groups served as controls. All rats
were killed after 12 weeks of verapamil
treatment. The higher dose was adjusted to
give plasma concentrations equal to those
recommended for humans (227) and the
lower dose was adjusted to deliver the same
dose per kg body weight in rats as is given
to humans.

In Paper II, Seventy-two Sprague-
Dawley retired breeder female rats were
weight-randomized into six groups (N =
12) and verapamil treated for twelve weeks.
Three groups received verapamil (0.75

mg/ml) in their deionized drinking water.
The remaining three groups received only
deionized drinking water. During the final
four weeks of treatment, the right lower
limb was intermittently externally loaded in
a four-point bending device (see below).
The three loading groups were either
nonloaded (0 N), loaded at 30 N, or loaded
at 40 N. Each loading group consisted of
one verapamil and one control group. The
loaded rats were anesthetized with ether
during loading.

In Papers III-V, Two hundred sixty
seven virgin, intact (n = 48) and ovari-
ectomized (n = 219) female Sprague-
Dawley rats were randomized by weight
into nine groups, one intact control group
(intact) and eight ovariectomized groups
(OVX) (Table 3). The rats were then left
untreated for 11 weeks to allow for the
development of changes in bone properties
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in the OVX groups. During Weeks 0-12,
four OVX groups were injected subcuta-
neously with human parathyroid hormone
(1-84) (hPTH) (75 µg/kg/day, three times
per week) and four groups received vehicle
(1 ml/kg/day, three times per week). For
the remaining 36 weeks, treatments were
changed to vehicle (V) (three times per
week), 17β-estradiol (E2) (10 µg/kg/day,
two times per week), risedronate (Ris) (3
µg/kg/day, three times per week), or a low

dose of hPTH(1-84) (LowPTH) (25
µg/kg/day, three times per week). All
injections were given subcutaneously. The
intact control group remained untreated
throughout the duration of the experiment
whereas the OVX+V group received
vehicle only. Bone tissue was collected
from appropriate groups at Weeks –11
(baseline), 0 (OVX effect), 12 (hPTH
effect), 24, 36, and 48 (maintenance effect).

Table 3. Experimental design. Groups and number of rats at necropsy.
Group Surgery Pre-treat-

ment
Maintenance
Treatment

Week
-11

Week
0

Week
12

Week
24

Week
36

Week
48

Intact No No No 8 7 8 8 8 8
OVX+V OVX Vehicle Vehicle 8 8 8 8 8
OVX+PTH+V OVX hPTH Vehicle 8 8 8 7
OVX+PTH+E2 OVX hPTH 17β-estradiol 8 8 8
OVX+PTH+Ris OVX hPTH Risedronate 8 8 9
OVX+PTH+LowPTH OVX hPTH Low-dose PTH 8 8 8
OVX+V+E2 OVX Vehicle 17β-estradiol 8 8 8
OVX+V+Ris OVX Vehicle Risedronate 8 8 8
OVX+V+LowPTH OVX Vehicle Low-dose PTH 7 8 7

Histomorphometry
(Papers II, III, and V)

To ensure the possibility to evaluate
dynamic bone formation data, the rats were
injected with the fluorochrome calcein 10
and 3 days before autopsy. The right tibia
was excised, cleaned of soft tissue, fixed in
10% phosphate-buffered formalin for 24 h,
and then transferred to 70% ethanol. The
anterior tibial eminence was shaved with a
razor to expose bone marrow. The tibia was
then cut in three parts: a proximal part
including the metaphysis (10-15 mm), a
central part including the tibio-fibular
junction (TFJ), and a distal part. Specimens
were then placed in Villanueva stain for
three days (253), dehydrated in graded
ethanols and acetone, and embedded in
modified methyl methacrylate as shown in
Table 4 (16). The final methyl methacrylate
solution (Pre-Poly) consisted of both the
monomer and the polymer forms mixed
with a softener (dibutyl phthalate) and a
polymerizer (benzoyl peroxide). The
ultimate polymerization of the solution was
induced by heat (approximately 45°C) in a

waterbath for 6-8 days. Air pressure was
reduced during steps 1-12 to ensure a good
penetration of the solutions and to prevent
formation of bubbles during embedding
(198).

Cancellous bone
Frontal sections (5 µm thick) were cut

from the central third of the proximal tibia
with a Richert-Jung Supercut 2050
Microtome (Cambridge Instruments; Chi-
cago, IL). Paired sections from each bone
were mounted on slides. One slide was
stained by the Goldner method (91) and
used for determining structural and static
endpoints. Another slide was left unstained
for assessing fluorochrome labeling and
dynamic measurements of bone formation.
Coverslips were affixed to all with Per-
mount. Each pair of slides was given a
random number to obscure its identity from
the observer. The histomorphometric data
were collected from the cancellous region
in the metaphysis of the proximal tibia. The
regions included only secondary spongiosa
and excluded all primary spongiosa and
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Table 4. Standard solution changes for dehydration and embedding of
animal bone.

Step Day and time Solution

1 1-3 Villanueva block staining
2 4, 8AM 80% ethanol
3 4, 4PM 80% ethanol
4 5, 8AM 95% ethanol
5 5, 4PM 95% ethanol
6 6, 8AM 100% ethanol
7 6, 4PM 100% ethanol
8 7, 8AM 100% acetone
9 7, 4PM 100% acetone
10 8, 8AM 50% methyl methacrylate and 50% acetone
11 8, 4PM 1% benzoyl peroxide and methyl methacrylate
12 9, 8AM “Pre-Poly” methyl methacrylate solution
13 10, 8AM Waterbath for 6-8 days

cortical bone (Figure 2). The raw data were
collected with a light/epifluorescent micro-
scope and a camera lucida with a graphics
pad interfaced to a computer running the
BIOQUANT II image analysis software
(R&M Biometrics, Nashville, TN). The
standard nomenclature for bone histo-
morphometry was applied (187). The follo-
wing measurements were made: at the
magnification of X20, the total
measurement area [total tissue area
(Tt.Ar)], at X100, trabecular bone area
(Tb.Ar) and perimeter (Tb.Pm), at X160,
double and single-labeled perimeter

(dL.Pm and sL.Pm), and at X400, interlabel
widths (IrL.Wi) of double labels, and
osteoclast perimeter (Oc.Pm) (Figure 3, 4,
and 5).  The following static and structural
calculations were made: cancellous bone
volume (BV/TV = Tb.Ar/Tt.Ar), cancellous
bone surface (BS = Tb.Pm), and osteoclast
surface [Oc.S/BS = (Oc.Pm/Tb.Pm)* 100].
The following dynamic calculations were
made: single labeled surface [sLS/BS =
(sL.Pm/Tb.Pm)*100], double labeled
surface [dLS/BS = (dL.Pm/Tb.Pm)*100],
mineralizing surface [MS/BS = (dLS +
0.5sLS)/BS], mineral apposition rate (MAR
= Ir.L.Wi/IrL.t*π/4), and surface based
bone formation rate/year (BFR/BS =
MS/BS*MAR*365) (82).

Cortical bone
The tibial diaphyses were cross-

sectioned with a section thickness of 70
(Paper II) or 75 µm (Paper V) with a saw
microtome (Model 1600, Leica, Nussloch,
Germany) and mounted on a glass slide.
One (Paper V) or two sections (Paper II)
from the maximal bending region (5-7 mm
proximal to the TFJ) were analyzed and the
data in Paper II were averaged for each leg.
All sections were assigned a blind code for
analysis.

4 mm

1 mm

SS

PS

EP

MP

GP

Figure 2. The histomorphometric data were
collected from the secondary spongiosa (SS) of the
metaphysis of the proximal tibia, excluding primary
spongiosa (PS) and cortical bone. EP = epiphysis,
MP = metaphysis, GP = growth plate.
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Ob

Os

Ot

Figure 3. Histological section from proximal tibia showing osteoblasts (Ob), osteoid (Os), and
osteocytes (Ot).

Oc

Tb

Figure 4. Histological section from proximal tibia showing mineralized
trabecular bone (Tb) and osteoclasts (Oc).
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sL
dL

Figure 5. Histological section from proximal tibia showing trabecular bone with single
(sL) and double (dL) labels.

sL

Wo

Figure 6. A histological cross-section from diaphyseal tibia showing woven bone (Wo)
on the periosteal surface and single labels (sL) on the endocortical surface.
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For tibial histomorphometry data the
same equipment as described above for
cancellous histomorphometry was used.
Fluorescence measurements included
periosteal and endocortical perimeter
(Ps.Pm and Ec.Pm), Tt.Ar, marrow area
(Ma.Ar), dL.Pm and sL.Pm, and IrL.Wi. In
paper II, also woven bone area (Wo.A) and
perimeter (Wo.Pm) were measured (Figure
6). The following calculations were made:
periosteal and endocortical bone surface
(BS = B.Pm); cortical area (Ct.Ar = Tt.Ar -
Ma.Ar), single label surface [sLS/BS =
(sL.Pm/B.Pm)*100], double label surface
[dLS/BS = (dL.Pm/B.Pm)*100], mineral
apposition rate (MAR = IrL.Wi/IrL.t*π/4),
and mineralizing surface [MS/BS = (dLS +
0.5sLS)/BS] in lamellar bone (Paper V).
Additional calculations were done in Paper
II: formation surface [FS/BS = (sL.Pm/2 +
dL.Pm + Wo.Pm)/B.Pm], as the sum of
lamellar and woven bone formation, and
total bone formation rate [BFR/BS =
(sL.Pm/2 + dL.Pm)/B.Pm*MAR +
Wo.Ar/B.Pm*days of loading period] (82,
187).

Bone densitometry
(Papers II, III, IV, and V)

After autopsy the specimens in Paper II
were stored in isotonic saline solution in a
-20°C freezer and in Papers III-V in 70%
alcohol until testing. BMC of the femurs
and vertebral bodies was measured with a
Norland XR2600 dual energy X-ray bone
densitometry device (Norland Corp., Ft.
Atkinson, WI) (128). All bones were placed
on Plexiglas (1.5 cm thick) and scanned at
a resolution of 0.5 mm and a scanning
speed of 2 mm/sec. BMD was calculated as
BMC divided by the projected area.

The intact femur was scanned in a
disto-proximal direction and the distal and
central, diaphyseal regions were isolated by
software during analysis (Figure 7). The
distal region was defined as the 9mm
region extending proximally from the first
scan line (line with three or more

consecutive points ≥0.06 g/cm2 of mine-
ral). It was 10 mm wide and centered over
the region of highest density. The central,

diaphyseal region began at the proximal
end of the distal region and extended
proximally 19 mm. It was 9 mm wide and
centered over the diaphysis. The distal
region contains 15-20% cancellous bone
(68), while the central region contains more
than 98% cortical bone and was taken to
represent cortical bone (128).

The lumbar vertebral body was placed
on its distal endplate and scanned in cross
section. Four vertebral bodies and a
standard of calcium carbonate (110mg)
were scanned simultaneously. Each
vertebra and the standard were analyzed for
BMC and area individually as separate
regions and BMD was calculated. The
standard was used to correct for variation
between scans.

Figure 7. The femur BMC and area were measured
with a dual energy X-ray bone densitometry device
and the distal and central regions were separated by
the software.
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Mechanical property tests
(Paper IV)

Ultrasound test of vertebra
The cranial and caudal ends of the

vertebral body, including discs and
cartilage, were removed with a low-speed
diamond wheel saw creating parallel end
surfaces perpendicular to the long axis. The
length of the prepared vertebral body was
measured with a caliper. Wet weight and
submerged weight in distilled water of the
vertebra were measured on an electronic
scale and the apparent density was
calculated using Archimedes’ principle
(wet weight/(wet weight-submerged
weightdw)/densitydw; dw is distilled water).

The ultrasound transmission velocity
(UTV) in the caudal-cranial direction was
determined by using ultrasound transducers
(2.25 MHz, Panametric Technology,
Waltham, MA) (10, 12, 240). The time
delay between input and output signal
through the bone was detected by a
Tektronix 2230 digital oscilloscope
(Tektronix Inc., Beaverton, OR, USA).
Five time delay measurements on each
bone were averaged and velocity was
calculated (UTV = mean time delay/
specimen length). Modulus of elasticity
(ModUS) was calculated from velocity and
density (apparent density*UTV2).

Compression test of vertebra
The vertebral bodies were tested to

failure in compression in a servo-hydraulic
materials testing system (MTS 810; MTS,
Minneapolis, MN). The vertebral body was
placed between the two platens and a 10-15
N pre-load applied prior to testing to allow
the loading platen to align with the end
faces of the vertebral body. The load was
reduced to zero and compression applied at
a 3 mm/min deformation rate until fracture.
The load-deformation curve was plotted
with an X-Y plotter (HP7090A; Hewlett-
Packard). Deformation was measured using
a linear variable differential transformation
(LVDT) (Daytronic, DS2000; Miamisburg,

OH, USA). Ultimate load and stiffness
were calculated from the load-deformation
curve (Figure 8).

After mechanical testing, each
vertebral body was cut in half at the
fracture site. Vertebral body cross-sections
were traced at X20, digitized, and the area
was computed by ARM software
(Biomechanics Laboratory, Creighton
University, Omaha, NE, USA) on a VAX
Station 2000 computer. The cross sectional
area was used to calculate ultimate stress
(ultimate load/area) and mechanical
modulus of elasticity (ModM) (stiffness*
length/area) from mechanical testing.

External mechanical loading
(Paper II)

The right lower limb of the rat was
externally loaded in a four-point bending
device (4, 195, 238). The leg was placed in
the four-point bending device between four
pads aligned to create compression on the
lateral surface and tension on the medial
surface of the tibia (Figure 9) (4, 194). The
region of maximal bending was between
the upper pads 3.5-14 mm proximal to the
TFJ. The loading groups were either non-

Stiffness

Ultimate load

Deformation
L

oa
d

Figure 8. A load-deformation curve from a
mechanical compression test. From the curve the
ultimate load and stiffness of a vertebral body can
be calculated.
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loaded (0 N), or loaded at 30 N, or at 40 N.
All rats were loaded for 36 cycles at 2 Hz,
three times per week (Monday, Wed-
nesday, Friday) for four consecutive weeks,
a total of 12 loading sessions. The loaded
rats were anesthetized with ether during
loading sessions. The histomorphometric
data were collected from the region 5-7 mm
proximal to the TFJ (Figure 10) and tibial
strains were calculated from forces applied
and the moment of inertia (4).

Tibial and femoral bone ash
(Papers I and II)

The length of the bone was measured
using a caliper. Wet weight was determined
with a scale. The volume was measured us-
ing Archimedes´ principle and the density
was calculated. The bone was defatted in
acetone for 3 days, dried in 60°C for 24 h,

and the dry weight was measured. The bone
was then ashed in a muffle furnace at
700°C for 24 h and the ash weight was
recorded. The percentage amount of ash
(ash%) was calculated by dividing ash
weight by the dry weight. Ash/volume was
calculated from ash weight and volume.

Serum, urine, and duodenal
calcium absorption analyses
(Paper I)

Urine was collected during 24 h and
analyzed for calcium, phosphate, and
creatinine. Blood was drawn through the
aorta bifurcation and centrifuged. The
serum was separated and analyzed for
calcium and phosphate using standard
automatic techniques (9, 17, 89). Concen-
trations of verapamil in serum were mea-
sured by gas chromatography (8). The
duodenal calcium transport was measured
by the everted gut sack technique (154).

Statistical methods
Standard statistical methods were used

in the studies. Data are presented as means
and standard deviations in tables and means
and standard error of the means in graphs.
The level of significance between mean
values was set to 0.05 in all tests.

One-factor analysis of variance
(ANOVA) was used in Papers I, II, IV and
V for continuous variables with normal dis-
tribution. Dunnet’s post-hoc test (Paper I)
(56) and Bonferroni’s post-hoc test were
used to identify differences between groups
(Papers II, IV, and V). Two-factor ANOVA
and Bonferroni’s post-hoc test were used in
Paper II for comparing data for the two
interventions.

Kruskal-Wallis’ nonparametric test was
used in Papers III and V for variables that
were not normally distributed. A nonpara-
metric post-hoc test (t-statistic adjusted for
number of groups and comparisons) was
used to identify differences between groups
in Papers III and V (40). For the post-hoc
test in paper V, the level of significance
was set to 0.02. Correlation between
variables was tested with Pearson’s
correlation test in Papers II and IV.

10.5 mm

22 mm

B

A

TFJ

Figure 10. The region of maximal bending
between the upper pads 3.5-14 mm (A) proximal
to the tibio-fibular junction (TFJ). The histo-
morphometric data were collected from the region
5-7 mm (B) proximal to the TFJ.

Figure 9. The right lower leg was placed in the
four-point bending device between four pads cre-
ating compression on the lateral tibial surface and
tension on the medial surface.
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RESULTS

Paper I
There was a difference between sexes

in response to verapamil treatment in low
calcium (0.01%) fed rats. In female rats,
verapamil treatment resulted in greater
tibial volume and length and lower density
compared to untreated rats, without
differences in body weight (Table 5). This
volume increase resulted in lower ash
content per volume unit. Body weight and
ash% did not differ between groups.
Verapamil treatment had an opposite effect
in male rats, with higher ash content per

volume in verapamil treated rats compared
to untreated rats due to lower tibial volume.
Density was also higher in verapamil rats.
Body weight and ash% did not vary
between male groups. Serum concentration
and urine excretion of sodium and
potassium were not affected by verapamil
in either sex compared to controls of the
same sex. 1,25(OH)2D3 was not affected in
either sex. Intestinal calcium absorption
was decreased in verapamil treated male,
but not female, rats.

Table 5. Effect of treatment with verapamil for 12 weeks on tibial bone parameters of six rats.
Verapamil Length Volume Density Ash % Ash/Volume

Sex (mg/ml) (mm) (ml) (g/ml) (g/ml)

Male 0.75 44.5 ± 0.7 0.583 ± 0.026 a 1.54 ± 0.01 b 64.2 ± 0.69 0.620 ± 0014 b

0.075 45.1 ± 0.8 0.641 ± 0.032 1.51 ± 0.01 64.2 ± 0.86 0.580 ± 0.013
0 45.2 ± 0.8 0.633 ± 0.031 1.50 ± 0.02 64.9 ± 0.74 0.578 ± 0.020

Female 0.75 40.7 ± 0.5 b 0.429 ± 0.034 b 1.59 ± 0.03 a 67.6 ± 0.5 0.667 ± 0.036 b

0.075 40.3 ± 0.4 0.397 ± 0.017 1.63 ± 0.04 68.0 ± 0.6 0.713 ± 0.047
0 39.7 ± 0.7 0.385 ± 0.010 1.65 ± 0.03 67.6 ± 0.9 0.742 ± 0.037

Values given as means ± SD
a Different from control group of same sex at P < 0.05
b Different from control group of same sex at P < 0.01

Paper II
External loading with 30 or 40 N resul-

ted in an increase of cortical bone forma-
tion in the loaded tibia of both verapamil
and control rats. Periosteal and endocortical
FS/BS, MAR, and BFR/BS (p < 0.003)
were equally elevated in the loaded tibia
compared to nonloaded rats (Figure 11).
Loading resulted in increased woven bone
surface and area only on the periosteal
surface. Tibial strain increased with applied
force and did not vary with verapamil
treatment. In the nonloaded tibia of loaded
rats, verapamil treated rats showed in-

creased periosteal FS/BS, MAR, and
BFR/BS (p < 0.001) compared to controls.
They reached a level comparable to that of
the loaded tibia. Only MAR (p<0.02) was
increased on the endocortical surface of the
nonloaded tibia by verapamil treatment.
Femoral BMD and ash/volume were also
increased in loaded verapamil treated rats.
Cortical cross-sectional area in loaded tibia
and femoral length were unaffected by both
loading and verapamil treatment.
Verapamil did not affect cortical bone
formation in nonloaded rats.
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Paper III-V 

Proximal tibial cancellous, distal 
femoral, and vertebral bone response 
(Papers III and IV) 

Ovariectomy of rats resulted in an 
average of 12% lower BMD in vertebral 
bodies, 76% lower cancellous BV/TV in 
the proximal tibia, and 14% lower BMD in 
the distal femur compared to intact rats 
during the study. Corresponding values for 
mechanical properties of vertebral body 
was 27% for ultimate stress and 12% for 
ModUS. The lower bone mass was due to 
an increase of Oc.S/BS, MS/BS, and 
BFR/BS, indicating an increase in bone 
turnover. 

Treatment with hPTH (75 µg/kg, three 
times per week) of OVX rats for 12 weeks 
resulted in an increase of distal femoral and 
vertebral BMD above OVX rats’ level, up 
to intact rats’ level, due to increased 
MS/BS and BFR/BS above both intact and 
OVX control rats. The Oc.S/BS was not 
affected. Cancellous BV/TV in proximal 
tibia was greater compared to OVX rats, 
but lower than intact rats. Ultimate stress 
was higher than OVX rats and did not 
differ from intact controls, while ModUS 
was intermediate to both control groups. 
The anabolic effect of hPTH treatment  
did not persist after withdrawal of  
the treatment. Thirty-six weeks after  

 
 
withdrawal, bone mass at all measured sites 
and vertebral ultimate stress and ModUS 
were lower than intact controls and not 
different from OVX controls. 

The results of the three maintenance 
treatments in hPTH pretreated OVX rats 
differed. Low-dose hPTH treatment 
(LowPTH) (25 µg/kg, three times per 
week) for 36 weeks resulted in higher distal 
femoral and vertebral BMD and cancellous 
BV/TV compared to OVX controls. BMD 
in the distal femur was even higher than in 
intact controls. As in rats treated with the 
higher dose of hPTH, MS/BS and BFR/BS 
were higher than in intact rats, but both 
were at the same level as in OVX rats. 
Oc.S/BS was unaffected during the first 12 
weeks of the maintenance period, but was 
elevated during the subsequent weeks 
compared to intact rats. At the end of the 
study, ultimate stress and ModUS were 
higher in LowhPTH treated rats compared 
to OVX control group. In estrogen treated 
groups, the distal femoral and vertebral 
BMD and cancellous BV/TV were lower 
than intact controls and at the same level as 
the untreated OVX controls 24-36 weeks 
after the start of the maintenance treatment 
and for the subsequent weeks. The 
mechanical properties of the vertebrae was 
equal to the OVX rats at all time points 
after hPTH withdrawal. MS/BS and 
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Figure 11. Left, nonloaded and right, loaded periosteal formation surface (FS/BS, %). Values are shown as
mean ± SE, ANOVA with Bonferroni´s post hoc test, p<0.05, a verapamil effect different from control group
at same load, b loading effect different from nonloaded group with same treatment. 
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BFR/BS was lower in estrogen treated rats
compared to OVX controls, while Oc.S/BS
was unaffected. The effectiveness of the
risedronate maintenance treatment was
intermediate to the two previous mentioned
maintenance treatment regimens. As a
consequence of decreases in Oc.S/BS,
MS/BS, and BFR/BS, distal femoral and
vertebral BMD and cancellous BV/TV
were higher in risedronate, hPTH pretreated
rats compared to OVX controls for the
duration of the maintenance period.
Ultimate stress and ModUS were
intermittent to OVX and intact controls, but
no significant differences were found
between these groups.

Modulus of elasticity from mechanical
compression tests (ModM) did not
significantly differ between groups at any
time point, even if the patterns for groups
were similar to those for ultimate stress and
ModUS. The correlation between ModUS
and BMD was high (r = 0.73, p<0.0001).
Correlations between ModUS and ultimate
stress, and between BMD and ultimate
stress were less strong (r = 0.52 and r =
0.47 respectively, p<0.0001). BMD and
ModM were correlated, as were ModUS
and ModM, but these correlations were
weaker than the others mentioned (r = 0.29
and r = 0.30 respectively, p<0.0001).

Tibial cortical bone response (Paper V)
Ovariectomy did not affect femoral

cortical BMC, but decreased BMD by an
average of 5% compared to intact controls
due to an increase in femoral bone area
during the study. Also tibial Tt.Ar and
Ma.Ar had a tendency to be greater in OVX
rats (Tt.Ar: p<0.02 at Week 12 and 36,
Ma.Ar: p<0.02 at Week 48) compared to
intact rats. Compared to cancellous bone,

ovariectomy increased tibial cortical bone
formation (MS/BS) to a lesser degree.
Periosteal and endocortical bone formation
in OVX rats had a tendency to be higher
than in intact rats, but the only significant
difference found was at Week 12 for
periosteal formation.

Treatment of OVX rats with hPTH for
12 weeks resulted in higher BMC and
BMD than both OVX and intact controls,
due to a higher endocortical bone
formation. Tibial diaphyseal structure
(Tt.Ar, Ma.Ar, Ct.Ar) was not affected by
12 weeks of hPTH treatment of OVX rats.
As in cancellous bone, the effects of a 12
week treatment period of hPTH did not last
after discontinuation of the treatment.
Twenty-four weeks after withdrawal and at
the end of the study, tibial cortical bone
mass and formation again were at the same
levels as in the OVX controls.

Maintenance treatment with
LowhPTH, resulted in higher BMC, BMD,
and Ct.Ar compared to both OVX and
intact controls at the end of the study, due
to elevated bone formation on the
endocortical surface. Risedronate treatment
resulted in higher cortical BMC and BMD
compared to OVX controls, mainly by
narrowing of the marrow cavity, an indirect
sign of decreased bone resorption on the
endocortical surface. Bone formation on
both surfaces was unaffected by
risedronate. Treatment with estrogen, in the
dose given, resulted in lower cortical
BMD compared to intact controls and
no difference compared to OVX controls
at the end of the study, even though
periosteal bone formation was lower than
in OVX rats. BMC was unaffected for
the duration of maintenance period.
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DISCUSSION

Bone is a continuously changing organ,
sensitive to mechanical usage of the
skeleton, hormones, and different kinds of
exogenous influences, such as drugs, the
diet, and other environmental factors. In
these studies, the effects of drugs and
exogenously delivered hormones on bone
were investigated as well as the bone
response to mechanical loading. All
therapies used have the potential to alter the
function of bone cells involved in the bone
modeling and remodeling processes.

Verapamil increases plasma PTH
levels in intact and metabolically
challenged male rats (23, 30, 79), and
decreases the action of PTH on bone cells
in vitro (93, 125, 136). This suggests that
verapamil could alter bone metabolism
under physiological conditions. The study
in Paper I was performed in order to
investigate the influences of verapamil on
the male and female rat skeleton in vivo.
The study showed that verapamil caused
osteopenia and enhanced tibial growth in
female rats on a low calcium diet during a
12 week experiment, while the effects in
male rats were the opposite. These findings
showed a dose-response pattern. In both
sexes the ash% was unaffected by
verapamil, which shows that the
development of osteopenia in female rats
was not a result of osteomalacia. One
possible explanation for this sex difference
in response to verapamil could be different
actions of androgens on the male and
female skeleton (243), since verapamil has
been shown to block the stimulating effects
of androgens on bone osteoblasts in vitro
(143). Since verapamil also blocks the
effects of 17β-estradiol on osteoblast in
vitro (144) and since estrogen has a more
pronounced stimulating effect on female
than on male loaded bone cells (33),
another or an additional explanation could
be that verapamil could have a more
pronounced negative effect in female than

in male rat bone. Verapamil also decreases
the intestinal calcium absorption in males
according to other studies with male rats
(80, 188), but not in females. Other studies
of female rats are lacking. There were also
sex differences in the serum and urinary
calcium and phosphate end-points
measured, but they were not influenced by
verapamil treatment. Twice as high
1,25(OH)2D3 levels in male rats, compared
to females, could explain higher calcium
levels in the male rats. These data with
differences in basal calcium and phosphate
homeostasis and difference in bone
response to an agent in rats shows the
importance of bone studies in both sexes.

The dietary calcium intake seems to be
important in verapamil treated female rats.
In Study I, the female rats were fed a low
calcium diet (0.1% Ca), while in Study II
the calcium intake was approximately 10
times higher (1% Ca), which corresponds
to a daily intake of 50 and 500 mg/kg/day,
respectively. This has to be compared to the
recommended daily intake in humans,
which is approximately 13 mg/kg/day (800
mg/day). Verapamil treated female rats in
the low calcium study developed
osteopenia and enhanced bone growth,
while the nonloaded female rats in the
study with regular rat diet did not. Other
studies of female rats that could confirm
these findings are lacking, but the
importance of calcium intake in
combination with verapamil treatment on
bone has previously been described for
male rats (79). In that study, male
verapamil treated rats on a normal or low-
normal calcium diet (1.2 and 0.47%
calcium) showed an increase in PTH levels
and tibial bone ash, and decreased
1,25(OH)2D3 levels. These bone data
confirm our findings only for male rats, but
not for the females in the present study. In
contrast to the study mentioned, verapamil
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did not affect the serum 1,25(OH)2D3 levels
in either male or female rats in our study.

Human studies are needed for
evaluation of the clinical relevance of these
findings regarding verapamil. It has been
reported that nifedipine (dihydropyridine),
another calcium channel blocker, has no
effect on bone markers and does not have
negative effects on BMD in the hip, lumbar
spine, or radius in men with normal
calcium intake after 3 years of treatment
(6). Bone density effects of other calcium
channel blockers or their effects in women
have not been reported.

It has been shown that ion channels are
involved in the bone response to
mechanical loading. Based on in vitro
studies, it has been suggested that stretch-
activated channels (55, 166) and voltage-
dependent channels could be involved in
the bone cell response to loading (212,
245). It has been shown that verapamil
reduces the load-induced calcium increase
in osteoblastic cells by 26% (245), and
verapamil has therefore been proposed to
influence the mechanotransduction. In this
in vivo study we did not find evidence that
the L-type voltage-dependent calcium
channels were significantly involved in the
local signal transduction cascade from
applied load to cell response, since
verapamil did not alter the local bone
formation response to loading.
Surprisingly, verapamil in combination
with unilateral leg loading showed a unique
anabolic bone response in nonloaded
skeletal sites (increased periosteal bone
formation in the nonloaded tibia and
increased femoral BMD). The bone
response to exercise has been defined as
site specific (96, 236). The control rats in
the present study confirm the site specific
response to unilateral tibial loading, with
no effects on tibial histomorphometry in the
nonloaded leg, or femoral BMD. Although
no systemic loading factors have been
examined, there appears to be an effect
that, when combined with verapamil,
creates an anabolic effect on cortical bone.
Possible hormonal candidates would
include those that alter calcium channel
signaling and could include PTH or

prostaglandins. Other possible explanations
of the increase of cortical bone mineral
density at nonloaded sites could be altered
blood flow and pressure changes, or
systemic effects of ether.

The results in the cross-sectional study
presented in Papers III-V indicate that a
low dose of hPTH is superior to estrogen
and risedronate in maintaining bone mass
and strength after pretreatment with a
higher dose of hPTH and that risedronate is
more effective that estrogen, in the doses
given.

To study postmenopausal osteoporosis
the estrogen-depleted, ovariectomized rat
model was used for evaluation of drug
effects on bone in this study. OVX rats
showed osteopenic bone changes as
expected 11 weeks after ovariectomy. A
relative decrease in bone mineral density
was noted in the distal femur, proximal
tibia, and vertebra 12 weeks after
ovariectomy, while it took 24 weeks for
this situation to develop in the diaphyseal
femur. The cancellous bone formation was
increased as well as bone resorption.
Finally, vertebral bone strength had a
tendency to be lower compared to intact
controls. These findings are in agreement
with many other rat studies using the
estrogen-depleted rat model (126, 128, 138,
139, 158, 170, 193, 216, 231, 235, 244,
257, 260, 261). These osteopenic features
remained for the duration of the study.
However, cortical bone formation was
increased only during the first 23 week
period after ovariectomy, but not
subsequently. This supports the previous
finding that cortical bone formation, when
evaluated for a maximum of 15 weeks after
OVX, is increased (244, 260, 263), but is
not affected one year after ovariectomy
(19). This rat model is now widely accepted
for studies on osteoporosis. Changes in
bone turnover, cancellous and cortical
bone, and skeletal response to drug
therapies and exercise are fairly similar to
the changes seen in postmenopausal
women (117). There are some
disadvantages to this model. For example,
intracortical remodeling can not be
evaluated and the estrogen deficiency
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related weight gain could influence the
bone data when compared to intact animals.
For the latter reason, the rats in this study
were restricted in food consumption to
prevent weight gain associated with
ovariectomy (259).

Osteoporosis and fragility fractures are
commonly seen in skeletal sites with
cancellous bone, such as the ends of the
long bones and the vertebrae, which is why
these regions have been of special interest
in this study regarding remodeling, bone
mass and strength. In the rat, the vertebra
and the distal femur contains less than 20%
cancellous bone (68), while the diaphyseal
femur contains more than 98% cortical
bone (128). This means that the BMD
measurements of distal femur and vertebra
reflect changes in both cancellous and
cortical bone, while those of diaphyseal
femur only reflect cortical bone changes.
After hPTH treatment of OVX rats for 12
weeks, BMD in the vertebra and the distal
femur was restored to intact rat level.
Proximal tibial cancellous bone volume
was only partially restored, thus higher than
the OVX level, but lower than intact
controls. On the other hand, cortical BMD
was increased above intact rat level. It
seems that hPTH had a greater anabolic
effect on cortical bone than on cancellous
bone in these severely osteopenic rats,
since cancellous bone accounts for all bone
examined at the proximal tibia, but less
than 20% of bone examined at the distal
femur and vertebra. The difference in
patterns of BMD gain between the sites
measured, may largely be attributed to the
PTH-induced anabolic effect on the cortical
bone (19, 60, 183, 260). One explanation
for this could be that the cancellous
osteopenia was too severe at initiation of
hPTH treatment for the treatment to be
maximally effective. hPTH-induced bone
formation is dependent on the presence of
bony templates and low trabecular volume
limits the cancellous bone anabolic
response to PTH (133, 193).

The increase in cancellous bone
volume after hPTH-treatment was
associated with increased cancellous bone
formation, a finding consistent with other

reports (107, 126, 158). Osteoclast surface,
an indicator of bone resorption, in
cancellous bone was not affected at the end
of the initial 12-week course of hPTH
administration, but was increased at the end
of the low-dose hPTH maintenance period.
Other investigators have reported that
intermittent PTH treatment decreases (147),
increases (219, 230), or has no effect (107,
126) on indices of bone resorption. The
conflicting results may relate to temporal
variation in bone response to PTH
administration. It has been shown that
cancellous osteoclast surface in OVX rats
treated with PTH was unchanged after 5
weeks, decreased after 10 weeks, and
increased after 15 weeks of treatment,
suggesting that the increased bone resorp-
tion may be a consequence of prolonged
PTH treatment (261). Our long-term results
with low-dose hPTH during the main-
tenance period support this hypothesis.

In cortical bone, the elevated bone
mass was associated primarily with
endocortical bone formation. Others have
shown similar bone formation effects (231),
or that hPTH stimulated both endocortical
and periosteal bone formation (19, 139,
216). The differences in response on the
periosteal surface could be due to
differences in animal age and the starting
time and duration of treatment after
ovariectomy. Even though cortical BMD
and BMC increased after 12 weeks of
hPTH treatment of OVX rats, statistically
significant effects on cortical area were not
seen until Week 48 after an additional 36
weeks of low-dose hPTH administration.
Due to increased endocortical bone
formation resulting in a smaller marrow
area, the cortical area was significantly
larger than both intact and OVX control
rats at the end of the study. This late bone
response is in contrast to findings by others
who report areal cortical bone effects after
12-36 weeks of hPTH(1-34) or other PTH
analogs (19, 168, 171, 216, 235). The
difference in response could be related to
the dosing regimens, 3 and 5-7 injection per
week, respectively. Our finding of
increased bone formation after hPTH
treatment on the trabecular and endo-
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cortical surfaces that are exposed to bone
marrow (but not on the periosteal surface),
supports the theory by Frost that a mediator
mechanism in bone marrow could be
involved in control the modeling and
remodeling processes and that PTH could
influence this mechanism (13, 86). Bone
formation, however, exceeded bone
resorption resulting in a positive bone
balance in both cancellous and cortical
bone for the duration of hPTH
administration in this study.

Vertebral mechanical properties were
evaluated as ultimate stress and modulus of
elasticity. Vertebral compressive strength,
expressed as ultimate stress, was higher in
the hPTH treated OVX rats than in
untreated OVX rats at the end of the initial
12-week course of hPTH administration.
This is in agreement with other studies that
have shown increased vertebral bone
strength after 5-24 weeks of hPTH
treatment in intact (58, 169) and OVX rats
(129, 138, 167, 170, 228). In the present
study, we could also show that the lower
dose of hPTH was able to restore bone
strength in OVX rats, but a longer
treatment period was needed.

Withdrawal of hPTH resulted in a loss
of previously gained cancellous and
cortical bone and vertebral strength within
12-24 weeks. These findings support other
studies, where the hPTH–induced bone
mass was lost after cessation of hPTH in
cancellous (62, 95, 129, 150, 219, 262) and
cortical bone (95, 129) and suggest that the
anabolic effect of hPTH does not persist in
either cancellous or cortical bone after the
cessation of treatment. Thus, continued
treatment is necessary to preserve the gain
of bone mass and strength following hPTH
treatment.

hPTH treatment has been used in
combination with antiresorptive agents,
such as estrogen, bisphosphonate and
calcitonin to increase bone mass. The
rationale for using antiresorptive agents as
cotherapy to hPTH is to stimulate
osteoblast activity by hPTH and at the same
time suppress hPTH-mediated bone
resorption (42, 172) resulting in an optimal
increase in bone mass. However, it has

been shown in several rat studies that
treatment with hPTH alone is as effective
as cotreatment with these antiresorptive
agents in both cancellous and cortical bone
(138, 167, 168, 229, 260). Also in humans,
hPTH treatment and sequential calcitonin
treatment did not have a greater anabolic
effect on the spine than hPTH treatment
alone (108). Since antiresorptive cotherapy
seems not to fortify hPTH bone effects in
vivo and withdrawal of hPTH results in loss
of gained bone other treatment regimens
are needed. Treatment with hPTH for a
limited time followed by a maintenance
treatment with antiresorptive agents or a
lower dose of hPTH as in this study seems
to be a reasonable approach to the problem.

The three maintenance treatments,
low-dose hPTH, risedronate, and 17β-
estradiol, differed in capacity to maintain
the hPTH-induced increase in cancellous
and cortical bone mass and vertebral
strength. Low-dose hPTH was the most
effective regimen in maintaining cancellous
and cortical bone mass and bone strength
gained by previous hPTH treatment. During
the 36 week maintenance period, low-dose
hPTH not only maintained the gained bone,
but also continued to increase bone mass in
the distal and diaphyseal femur above the
level of intact controls, due to a continuous
positive bone turnover. There was no
additive effect on vertebral bone density
and strength with low-dose hPTH during
the maintenance period, but the previously
gained BMD and strength were fully
maintained. Also the low-dose hPTH
treatment, without previous hPTH
treatment, had pronounced anabolic effects
on the skeletal sites measured. Previously it
has been reported that human parathyroid
hormone (1-84) (hPTH) doses of 72
µg/kg/wk (7.7 nmol/kg/wk, 1.1 nmol/kg
administered daily) given for 30 days has
no effects on bone (169, 183). In contrast,
we found that the low dose of hPTH, 75
µg/kg/wk (25 µg/kg, 3 times per week)
started 23 weeks after ovariectomy,
resulted in an increase in BMD in vertebral
body, distal and diaphyseal femur after 12-
24 weeks and an increase of vertebral body
strength after 36 weeks, comparable to
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those seen after treatment with 225
µg/kg/wk (75 µg/kg, 3 times per week) for
12 weeks. It is also notable that in our study
the administration regimen with hPTH
given only three times per week showed a
significant anabolic effect on bone. This
indicates that a less frequent administration
regimen could be used in hPTH studies in
rats, and supports previous studies with
similar findings in rats (3) and beagle dogs
(267).

17β-estradiol, in the dose given, was
the least effective maintenance agent in this
study. Estrogen was only transiently
effective in preserving hPTH-induced bone
gains in the OVX rats. Distal and
diaphyseal femur BMD and tibial
cancellous bone volume were maintained
for 24 weeks, while vertebral BMD was
maintained for 12 weeks only and vertebral
strength was not maintained at all. Despite
an estrogen induced decrease in bone
turnover, treatment resulted in a negative
bone balance in the hPTH pretreated rats.
Other investigators have also found that
estrogen failed to maintain PTH-induced
gains in cancellous bone in rats with OVX-
induced osteopenia (34) and in rats with
immobilization induced osteopenia (149).
Our data for the 12-24 week period, are
also consistent with another study which
compared the efficacy of estradiol and
risedronate in maintaining hPTH(1-34)-
induced tibial cancellous bone in intact rats
with immobilization-induced osteopenia
during a 60 day maintenance period (150).
Other studies with a follow up period
longer than 2 months as in the current study
are lacking.

In this study, a 17β-estradiol dose of
10 µg/kg, two times per week was used.
This dose is low compared to most other
regimens in the literature. However, we
could show with the dosing regimen used,
the bone formation was significantly
decreased by 17β-estradiol in OVX rats.
This response is similar to those been seen
by others using higher doses of estrogen
and a more frequent dosing regimen (19,
244, 257, 261) and higher dose given twice
per week (263). It has been shown that,

even if a 17β-estradiol dose as high as 20
µg/kg, 5 times per week is used, estrogen
therapy fails to maintain hPTH(1-34)-
induced gains in vertebral BMC and distal
femoral cancellous bone volume in rats
with ovariectomy induced osteopenia (34).
These facts indicate that estrogen treatment
is either unable to maintain bone gained
after hPTH treatment for more than a
limited time, or that doses higher than 20
µg/kg per day are required for maintenance.
Another explanation for estrogen’s inability
to maintain the gained bone mass could be
that animals respond to cell regulating
hormones differently at older age.

Risedronate was more effective than
estrogen in maintaining the hPTH-induced
bone gain in vertebrae, and distal and
diaphyseal femur for the duration of the
maintenance period. This maintenance
effect of risedronate has previously been
reported in studies with shorter duration (8-
12 weeks) for intact (61) and OVX rats
(171), and for rats with immobilization-
induced osteopenia (150). In the present
study we could show that risedronate was
able to maintain bone mass for a period
three times as long. In our study, rise-
dronate decreased cancellous bone
formation and slightly decreased osteoclast
surface in OVX rats, resulting in a positive
bone balance in accordance with studies
with immobilizes rats (150) and OVX rats
(261). As in other studies, it did not affect
cortical bone formation at either the
periosteal or the endocortical surface (19,
260). Risedronate treatment, regardless of
previous hPTH treatment, resulted in a
smaller marrow area than OVX control
rats, suggesting an inhibition of osteoclasts
which may prevent bone resorption on the
endocortical surface. The maintenance of
endocortical bone by risedronate has
previously been described in severely
osteopenic rats (19) and in old male rats
(61). Thus, bisphosphonates appear to be
more effective than estrogen in maintaining
new bone formed in response to bone
anabolic treatment in OVX rats.

Regarding vertebral bone strength, the
hPTH/risedronate treated group occupied
an intermediate position in the maintenance
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treatment regimes of these osteopenic rats.
After withdrawal of hPTH, risedronate was
only partially effective in maintaining bone
strength. This treatment regimen was not as
effective as the two treatment regimens
with low-dose hPTH, but was more
effective than estrogen in maintaining bone
strength. However, pretreatment with hPTH
of rats scheduled for risedronate treatment
resulted in higher BMD and bone strength
than risedronate treatment alone. These
findings are potentially important as they
may indicate that a combination with
bisphosphonate treatment following hPTH
pretreatment may be an interesting option
in clinical treatment studies in osteoporosis.

In Paper IV, bone elastic properties
(structural modulus of elasticity or Young’s
modulus) were measured by ultrasound.
We found that the precision of this
technique was high with a coefficient of
variation less than 4.2% for individual rats.
A major advantage of ultrasound is that it
allows for non-invasive and repeated
measurements, while the main
disadvantage is that it does not provide
additional mechanical endpoints other than
the elastic properties. The ultrasound
measurements in our study demonstrated a
pattern for all groups similar to the pattern
of BMD and ultimate stress data for the
vertebra and there was a positive
correlation between these three end-points.
Measurements of structural modulus of
elasticity from compression tests showed a
weak tendency to a similar pattern as in
ultrasound measurements, but no
significant differences were found between
groups. Measurement variability of
modulus of elasticity from compression
tests was high as indicated by a coefficient

of variation of 45-61% for various groups
in this study, while it was 4-39% for
ultrasound measurements. Power analysis
showed that effect sizes for modulus of
elasticity from compression tests,
corresponding to the largest differences
between groups in our study would not be
detectable given the sample size we used.
This high variability has also been seen by
others performing mechanical tests of small
bone samples (171). With larger numbers
of animals, others have found that the
vertebral modulus of elasticity from
compression tests is decreased by ovari-
ectomy (3, 247) and increased by hPTH
treatment in OVX rats (3, 129, 167, 170,
171), which is in agreement with our
ultrasound measurement data for these
groups.

In conclusion, in this long-term study
with severely osteopenic rats and with a
maintenance treatment period of 36 weeks,
low-dose hPTH(1-84) treatment, with or
without pretreatment with a higher dose of
hPTH, was the most effective treatment
regimen in preserving bone mass and
strength. Maintenance treatment with
risedronate was not as effective as low-dose
hPTH regarding preserving bone strength,
but maintained bone mass. Compared to
17β-estradiol, risedronate maintained bone
mass and strength for a longer period.

These data suggest that long-term
maintenance treatment with risedronate or
lower doses of hPTH following a shorter
period with hPTH could be a possible
treatment regimen in humans. This study
also indicates that a less frequent
administration of hPTH has anabolic
effects, which may be advantageous, since
hPTH has to be administered parenterally.



38

CONCLUSIONS

In the presented studies:

• Verapamil, a calcium channel blocker, decreased tibial bone mineral content per
volume due to increased bone volume in female rats on a low calcium diet, but had
the opposite effect in male rats on the same diet. In vitro, verapamil did not decrease
the intestinal calcium absorption in female rats, in contrast to the effect on male rats.

• Verapamil, which interferes with the L-type voltage-dependent calcium channels, did
not significantly interact with local bone response to increased strain in vivo.

• Human parathyroid hormone (1-84), at a dose of 75 or 25 µg/kg three times per
week, increased cancellous and cortical bone mass, and vertebral strength in
estrogen-depleted female rats due to increased bone formation. This anabolic effect
did not persist after withdrawal of hPTH.

• The data from the maintenance study indicate that a low dose of hPTH (25 µg/kg
three times per week), after pretreatment with hPTH (75 µg/kg three times a week)
for 12 weeks, fully maintained cancellous and cortical bone mass and vertebral
strength for up to 36 weeks. In this study, it was the most efficient treatment regimen
in maintaining hPTH gained bone mass and strength of the three compounds tested.

• The data also indicate that risedronate (3 µg/kg three times per week), after
pretreatment with hPTH, maintained cancellous and cortical bone mass due to a
decrease in bone turnover for up to 36 weeks. Risedronate partially maintained
vertebral strength.

• 17β-estradiol (10 µg/kg two times per week), after pretreatment with hPTH,
maintained cancellous and cortical bone mass for only 12 and 24 weeks, respectively.
It did not maintain vertebral strength. This treatment regimen was the least effective
in maintaining hPTH gained bone mass and strength in this study.
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