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Abstract

Thereisagreat need to further characterise the available
anima models for postmenopausal osteoporosis, for the
understanding of the pathogenesis of the disease, investi-
gation of new therapies (e.g. selective estrogen receptor
modulators (SERMs)) and eval uation of prosthetic devices
in osteoporotic bone. Animal models that have been used
in the past include non-human primates, dogs, cats, ro-
dents, rabbits, guinea pigs and minipigs, al of which have
advantages and disadvantages. Sheep are a promising
model for various reasons: they are docile, easy to handle
and house, relatively inexpensive, available in large num-
bers, spontaneously ovulate, and the sheep’s bones are
large enough to eval uate orthopaedic implants. Most ani-
mal models have used females and osteoporosis in the
male hasbeen largely ignored. Recently, interest in devel-
opment of appropriate prosthetic devices which would
stimulate osseointegration into osteoporotic, appendicu-
lar, axial and mandibular bone hasintensified. Augmenta-
tion of osteopenic lumbar vertebrae with bioactive ceram-
ics (vertebroplasty) isanother areathat will requiretesting
in the appropriate animal model. Using experimental ani-
mal models for the study of these different facets of oste-
oporosis minimizes some of the difficultiesassociated with
studying the disease in humans, namely time and
behavioral variability among test subjects. New experi-
mental drug therapies and orthopaedic implants can po-
tentially be tested on large numbers of animals subjected
toalevel of experimental control impossiblein human clini-
cal research.
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Review of Animal M odelsof Osteopor osis

General introduction totheneed for animal models

Postmenopausal osteoporosis is a major health prob-
lem for women, the understanding of which ishindered by
the difficulty of studying a disease that is restricted to
humans. Osteoporosis is a slowly progressive disease,
necessitating a study of several years' duration to allow
for a response to therapy. Because results come slowly,
accumulation of dataistime consuming, and maintenance
of astudy group is made more difficult by natural attrition
dueto either relocation or death.

Lifestyle and health-related factors such as smoking,
alcoholism, and diet have been linked with an increased
incidence of the osteoporosis (Heaney, 1996; Seeman 1996).
This presents adifficulty when trying to create ahomoge-
neous study group, since so many elements can influence
results. A conseguence of this disparity is data affected
by relatively high variance.

Fall-related injuries pose the most serious health risks
associated with the disease, causing prolonged hospital
stays, greater mortality rates, and at the very least an in-
creased dependence on people or devices for mobility
(Grissoetal., 1997). With suchinjuries, not only cost, but
also quality of lifeis aserious consideration for individu-
als with osteoporosis. While the best defense against the
disease is prevention, there is also a great need for treat-
ment of those with established osteoporosis and related
conditions.

Anima models provide more uniform experimental ma-
terial and alow for extensivetesting of potential therapies.
A carefully chosen, appropriate experimental anima model
for the study of osteoporosis minimizesthe limitations as-
sociated with studying the disease in humans, namely time
and behavioral variability among test subjects. Since 1994,
the US Food and Drug Administration (FDA) requiresdata
from both the rat and awell-validated large anima model
for preclinical evaluation of new experimental drug thera-
piesat aclinical dose and 5 timesthe dose. The high cost
and long time frame of clinical testing are other reasons
why animal models play acrucia rolein osteoporosis re-
search (Hartke, 1999). Evenamodel with asmall represen-
tation of human functions may be of use for some aspect
of the human condition under examination (Hazzard et al,
1992).

An additional goa for research into osteoporosis is
the design of prosthetic devices (with or without biologi-
cal coatingsto promote osseointegration) that will perform
optimally in the presence of osteoporotic bone. The bio-
logical and biomechanical characteristics of orthopaedic
implants, bone-graft substitutes (with or without osteo-
genic bone morphogenetic proteins) can betested on large
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numbersof animalsmaintained with alevel of experimental
control, impossiblein human clinical research (Newman et
al., 1995).

Requirementsfor anideal animal model

Selection of asuitable animal modd isdifficult. Many
factors must be considered when discussing possible mod-
elsfor osteoporosis, and these are well defined by Rodgers
et al. (1993) as“ convenience, relevance (comparability to
the human condition), and appropriateness: a complex of
other factors that make a given species the best for study-
ing a particular phenomenon”.

An appropriate animal model for any research should
be based on the following considerations: “ 1) appropriate-
ness as an analog, 2) transferability of information, 3) ge-
netic uniformity of organisms where applicable, 4) back-
ground knowledge of biological properties, 5) cost and
availahility, 6) generalizability of the results, 7) ease and
adaptability to experimental manipulation, 8) ecological
considerations, and 9) ethical and societal implications”
(Davidson et al., 1987). When considering animal models
for osteoporosis research we need to ask whether the dis-
easeistruly represented with thefollowing questions: What
isthe age at peak bone mass? | sthere age-dependent bone
loss? Do we see estrogen-reversible bone loss (i.e. can
bone loss be restored)? Do spontaneous fractures occur?
Isthe disease the same (e.g. increased fragility at relevant
sites)? Is the magnitude of the disease the same? Are
there changes in cortical bone as well cancellous bone?
Are there confounding effects following ovariectomy
(OVX) e.g. weight gain, increased appetite? Isoneanimal
model enough? Should we consider models for different
degrees of osteoporosis?.

It will beclear inthisreview that animal modelsused for
the study of osteoporosis and related conditions meet
some, but certainly not all of these considerations. For
example, with regard to bone density and quality param-
eters of the lumbar spine, humans appear to be very differ-
ent from dog, pig, cow, sheep, chicken and rat (Aerssens et
al., 1998). Furthermore, when selecting animal models“a
broadly generalizable body of knowledge cannot be gen-
erated from employment of any single model system. The
field asawhole must exploit diverse models’ (Hazzard et
al., 1992). This paper will review several anima modelsto
study osteopeniainduced by ovariectomy (OVX) and re-
lated conditions, with emphasis on the author’ s experience
with one of the most practical large-animal models, theaged
OVX ewe. Itisbeyond the scope of thisreview to review
thebone physiology of each animal model. Thereview will
also discuss some models used to evaluate implants in
osteopenic bone and augmentation of osteopenic verte-
brae (vertebroplasty).

Primates(non-human)

An abundance of literature documents the skeletal ef-
fects of ovariectomy in old-world monkeys such as ba-
boons and macaques (rhesus and cynomolgus) as well as
the use of different therapies to meet certain regulatory
requirements. These non-human primates demonstrate
many advantages over other models for osteoporosis as
their organ systems most closely resemble the human sys-
tems involved, i.e. gastrointestinal tract, endocrine sys-
tem, and bone metabolism. For example, female macaque
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monkeys cycle monthly and have hormonal patterns simi-
lar to those of the human (Hodgen et al., 1977). Most
studies in primates have focused on the loss of trabecular
bone, and cortical sites have not been examined as exten-
sively. A significant reduction in vertebral cancellousbone
volume occurs in response to ovariectomy of the female
monkey (Miller et al., 1986) while gonadotropin releasing
hormone agonist-treated female rhesus monkeys exhibit
decreased bone mineral density at arate of loss compara
ble to the human postmenopausal woman (Mann et al.,
1990). These data show a similarity between non-human
primates and the human in the response of bone to cessa-
tion of ovarian function.

Menopause occurs in female primates after approxi-
mately 20 years of age (Kimmel, 1996). Both in captivity
andinthewild, thelivebirth rate of primates declines mark-
edly with age, with oligomenorrhea apparent early-to mid-
twenties. They are considered menopausal in thelate twen-
ties. Hormonal changes such asincreased follicular stimu-
lating hormone (FSH) and decreased estrogen levels are
aso noted in monkeys > 20 years of age.

As postmenopausal osteoporosis is clearly hormone-
related, the similarity in the endocrine system of the pri-
mateto that of the human isanotable advantage. Unfortu-
nately, peak bone massis not reached in cynomolgus mon-
keysuntil 9 yearsof age (Jayo et al., 1994), and most stud-
ieshave used OV X monkeysaged 4-7 years (Jeromeet al.,
1993). Intuitively, OV X inthe skeletally immature primate
is an inappropriate model for postmenopausal osteoporo-
sis. However, the acquisition of aged female primatesis
difficult and very costly.

The effect of OV X on quality and quantity of cancel-
lous bone using the young cynomol gus monkey was evalu-
ated after a2-year period (Lundon et al., 1994). Thebodies
of the second lumbar vertebrae were analyzed for changes
in bone mineral quality using density fractionation, chemi-
cal analysis, and X-ray diffraction techniques. It was con-
cluded from this study that young, OV X female cynomol-
gus macagues do not appear to be a useful model for the
study of postmenopausal bone loss, although they may
be a useful animal model to evaluate skeletal pathology
which might be observed after surgical ovariectomy in
young human females (Lundon et al., 1994).

Biochemical markers of boneturnover have been stud-
iedinprimates. OV X cynomolgus monkeys had increased
serum level s of alkaline phosphatase and acid phosphatase
compared with intact and hormone-supplemented animals
(Jeromeet al., 1994).

Once primates have been acquired for study, their han-
dling becomes an issue of concern. While the sometimes
aggressive primate can be sufficiently controlled by askilled
technician, the risk of zoonotic disease transmission from
the animalsis relatively high. Frequently, primates used
for studies are not bred for research but are caught in the
wild and are therefore potential reservoirs for a host of
zoonotic diseasesincluding the primate retroviruses, which
have had a history of jumping host species (Newman et
al., 1995; Weiss, 1998), a consideration which discourages
the use of this animal as an experimental model. Other
factorswhen using non-human primatesare legid ated hous-
ing and environmental stipulations for the animals, which
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creates public distaste for their use. Unfortunately, pri-
mates are too dangerous, costly, and difficult to handle for
them to be a primary model for the study of therapeutic
agents for osteoporosis. Rather, they are of most value as
the final step toward clinical trials after arat and a larger
animal have been used.

Dogs

For many years, dogs have been auseful model for the
human skeleton because of their extensive basic multicel-
lular unit (BMU)-based remodeling. A review of the dog
as a model for estrogen-depletion bone loss is available
(Kimmel, 1991). Dogs areless expensive than the primate,
easier towork with, and like the human, they are monogas-
tric.

In alongitudinal study in beagles using densitometry
asan endpoint Drezner and Neshitt (1990) found an 8-10%
reduction in vertebral bone density 8 and 12 months post-
ovariectomy. Somestudies(Boyceet al., 1990) but not all
(Martinetal., 1987; Mallucheet al., 1986; Faugereet al.,
1990; Monier-Faugereet al., 1993, 1996) have showninsig-
nificant bone loss in dogs after cessation of ovarian func-
tion.

The bisphosphonate YM175 was tested in the OVX
calcium-restricted beagle. The BMD, strength and struc-
ture and turnover of bone was evaluated and it was con-
cluded that although calcium restriction increased the sen-
sitivity of boneto OV X inratsand minipigs, such sensitiv-
ity wasnot increased in OV X beagles. Furthermore, it was
stated that “the contribution of OV X to the reduction in
bone mass and strength at the organ level in the OV X
beagle modd wassmall” (Motoieet al., 1995).

Group size has been afrequent problem of many stud-
ies in dogs but cancellous bone loss may be detectablein
studies with large group sizes or with tools of greater pre-
cision (Boyceet al., 1990).

Theresistance of the canine skeleton to natural estrogen
deficiency or artificial estrogen recession may berelated to
theinfrequent estrus cycle (Yamauraet al., 1993). Unlike
humans and the primate model swhich are polyestrus, dogs
are diestrus, with ovulation occurring twice a year [i.e.,
spring and fall (Fox and Laird, 1970)]. Hormonelevelsre-
main constant until estrus at which time they spike. De-
spite extremely low levels of estrogen throughout most of
theyear, spontaneous fractures of the appendicular or axial
skeleton in dogs are amost unheard of in veterinary prac-
tice. Removal of both ovaries and uterus does not appear
to be sufficient to create significant bone loss. Further-
more, the histologic response of the dog to loss of ovarian
function appears to be heterogeneous, possibly due to the
variation in duration of the post-OVX period. The
remodeling changes (activation) in cancellous and cortical
bone are transient and brief in nature (stabilization within
5-12 months), without sizeable bone loss (Boyce et al.,
1990; Kimmel, 1991). Furthermore, the alterationsin skel-
etal remodeling do not appear sufficiently sustained to have
a substantial impact on cancellous bone microstructure
and strength. There are millions of dogs without ovaries
and uterus, many of them quite old, with sedentary life-
styles, and no fracture rate comparable to that of post-
menopausal women exists. Compression tests on trabecu-
lar bone samples from vertebral bodies and distal femoral
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regions were performed 12 months after ovariectomy in
beagles (McCubbrey et al., 1993). Therewasadecreasein
mechanical properties of the vertebrae but femoral proper-
ties were conserved.

Dogs have been used as the second species for regula-
tory safety studies to assess the long-term safety of bone-
active agents (e.g. bisphosphonates) on bone quality
(Boyceet al., 1996; Grynpas et al., 1994; Forwood et al.,
1995; Peter et al., 1996).

A study of the effect of estrogen depletion and PTH
stimulation on ovariohysterectomized dogs found no sig-
nificant changes in bone (Shen et al., 1992). It was con-
cluded that “The lack of sizeable responses in
histomorphometric, bone massand biochemical parameters
may limit the utility of dogs for the study of cancellous
bone loss in ovarian-dysfunction osteoporosis’ (Shen et
al., 1992).

Although dogs may be of limited use as a model for
estrogen deficient-related bone loss, they have been ex-
tremely useful for evaluation of general aspects of the hu-
man skeleton (e.g., fracture healing, effects of immobiliza-
tion, long-term effects of certain bone-active agents,
allografts, etc.) aswell asboneingrowth and joint replace-
ment (Stulberg et al., 1991; Bloebaum et al., 1993; Sumner
etal., 1999; Harvey et al., 1999). Inastudy that compared
bone composition, density and quality in bone samples
derived from seven vertebrates that are commonly used in
bone research: human, dog, pig, cow, sheep, chicken, and
rat, large interspecies differences were observed. Of all
speciesincluded in the biochemical analyses, rat bonewas
most different whereas canine bone best resembled human
bone (Aerssens et al., 1998). It has been suggested that
by controlling for important variables in dogs such as sex
or ovarian function, and age, the more expensive primate
animal model is not needed for experimentation on bone
ingrowth (Shaw et al., 1994). However, theseauthorsfound
that values for ingrowth were not significantly altered by
the presence or absence of ovarian function, suggesting
that lack of ovarian function does not appear to be a con-
traindication to the use of a porous ingrowth prosthesis.
Cats

Osteopenia can be induced in growing cats through
immohilization, by feeding alow calcium diet, or by feeding
a high phosphorus diet. Bone disease occurs frequently
in young cats fed an all-meat diet without calcium supple-
mentation, yet they have adapted to both very low Ca:P
ratios and acidified diets (Draper, 1985). Thesefindingsas
well as ease in handling and housing, would suggest that
cats may be useful in the study of osteoporosis. One study
used catsto investigate the effects of fluoride (Chavassieux,
1990).

Because cats are companion animal animals, public ac-
ceptance of catsin research will be an increasing problem.
Furthermore, most pet female cats are
ovariohysterectomized, yet spontaneous fractures are as
rarein catsasin dogs; an observation that isamajor deter-
rent against the use of this model.

Ratsand Mice

Themost commonly used animal model for osteoporo-
sisstudiesistherodent (Barlet et al., 1994) and thisreview
will concentrate on the rat. The mouseis used for manipu-
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lation of the genome and this will not be discussed. The
OV X rat exhibits most of the characteristics of human post-
menopausal osteoporosis. With the fast generation time,
rodents are often a starting point for preliminary screen-
ings, efficacy and toxicity of anew pharmacological agents
or therapeutic modality, followed by verification in other
species, before undertaking clinical trialsin human patients
(Aerssenset al., 1998). Advantages of rodents are numer-
ous, they are inexpensive, easy to house, and the general
public is accustomed to the role of rodents for usein re-
search. With intense interest in transgenic animals, avail-
ability of strains of mouse mutants with altered bone mar-
row function, availability of recombinent murine cytokines,
mice will always bethelogical staring point for manipula-
tion of the genome (O’ Brien et al., 1997). A Senescence-
Accelerated Mouse (SAM) mouse has been developed as
amodel for age-related spontaneous osteopenia (Okamoto
etal., 1995).

Thereis extensive literature studying the OV X rat in-
cluding the histomorphometric changes, biochemica mark-
ers, methodology for bone densitometry and eval uation of
bonefragility (Wronski et al., 1985, 1986; Wronski and Yen,
1991; Frost and Jee, 1992; Kalu, 1991; Dempster et al., 1995).
Genetically specific strains can be acquired, thus remov-
ing somevariability in studies. Their shorter life span ena-
bles studies on the effects of aging on the bone. Because
the rodent has been used so extensively in research of all
types, much is known about bone turnover and the effect
of diet on this process. Cortical thinning and increased
fragility arewell documented in aging rat and mouse bone,
butitisunclear if thisresultsinincreased fractures. Weight
gain in OVX rats can result in an increase in bone mass
with increase in mechanical loading , resulting in protec-
tion of OVX animals against age-related loss of bone
strength (Peng et al., 1997). Therefore bone changes are
seen as osteopenia rather than osteoporosis.

Rodents do not experience a natural menopause but
OV X has become atime-honored method used to produce
an artificial menopause (Wronski et al, 1985, 1986; Wronski
and Yen, 1991; Frost and Jee, 1992; Kalu, 1991). Although
aged rodents have Haversian systems and OV X resultsin
a significant bone loss, the use of this model is hindered
because young rats have a limited naturally occurring
BMU-based remodeling. Nevertheless, older ratshavela
mellar bone (although most is “fine-fibered”), trabecular
remodeling, and some secondary osteonal remodeling
(Wronski and Yen, 1991, Frost and Jee, 1992; Kalu, 1991).
Asolder animalsmore accurately reflect the target popula-
tion for proposed osteoporosis therapy, the very aged-rat
model (30-month old) is an even better choice as a cost-
effectiveanimal model (Gaumet et al., 1996). Theinability
to restore bone following OV X in ratsis similar to human
bone (Abeet al., 1993). Hysterectomy doesnot impair the
ability of estradiol to conservebonein OV X rats. In other
words, estrogen mediated induction of growth factorsfrom
uterine tissue does not play an essential role in mediating
the bone-conserving actions of estrogen in the rat
(Goulding et al., 1996)

Longitudinal bone growth increases transiently after
OV X inlong bonesof rats, but this can be minimized by the
use of aged rats (9-12 months ol d) or of skeletal siteswhere
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thelongitudinal growthisgreatly reduced (e.g. lumbar ver-
tebrae) (Wronski and Yen, 1991). Maleratsare unsuitable
models for osteopenia studies because growth plates do
not close in less than 30 months.

Therat isapoor animal to study the effect of OV X on
cortical bone because of the lack of Haversian systems,
while another limitation isthe absence of impaired osteob-
last function during the late stages of estrogen deficiency
(Wronski and Yen, 1991). However, rats do show signifi-
cant elevation of cortical porosity in response to immobili-
zation (Sietsma, 1995). Glucocorticoid treatment of ratswill
not induce osteopenia unless they receive a low-calcium
diet (Jeeetal., 1972).

In a study designed to investigate the effects of
estrogen alone or combined with norethindrone or
norgestimate on bone density and compressive mechani-
cal propertiesin an aged (11-month old) rat model, both
interrupted progestin regimens had a better effect than
estrogen alone on vertebral bone density (Vanin et al.,
1995). The findings of this study showed an increased
flexibility, unlike the brittleness seen in osteopenic women.
The authors stated “the rat model may therefore not be
appropriate for comparison of mechanical properties with
the human”...but they also said that “bone mineral den-
sity in the aged rat model.... seems to follow the same
pattern asthe human in relation to estrogen deficiency and
gonadal hormonal replacement” (Vaninet al., 1995). Oth-
ers (Peng et al., 1994) have found that the mechanical
strength of the femoral neck was a sensitive indicator of
boneloss associated with OV X, orchidectomy and immo-
bilization.

Non-invasive measurement of bone mineral content
(BMC) and bone mineral density (BMD) in rodents (while
under general anesthesia) isnow possible using DXA with
ultra-high resolution software. However for very small
animals (< 50g.), poor edge detection and accuracy limit
theuse of DXA (Grier etal., 1996). Toimproveresolution
insmaller animals, microcomputed tomography (micro-CT),
which can provide images of individual trabeculae similar
to a histomorphometry slide, has become the industry
standard. Micro-CT can image 20y isotropic voxels and
reconstruct athree-dimensional data set of bone, measur-
ing connectivity, thereby determining the relationship be-
tween architecture and strength (Hartke, 1998).

As previously mentioned, a stipulation for a model to
evaluate implants in osteopenic bone involves suitability
for the testing of various prosthetic devices for say total
hip arthroplasty. Clearly, the size of the rodent while ad-
vantageous for housing, is too small to be suitable for
such procedures. However, ratsareideal modelsto evalu-
ate smaller implants, various matrices or scaffolds with or
without bone-inducing proteins such as the bone morpho-
genetic proteins, before such implants are used in larger
more expensive animal models. For example, the bone-
inductive potential of demineralized bone matrix (DBM),
previously taken from OV X rats, was studied in OV X rats
(Cesnjgj et al., 1991). Finally, longer term studies which
reguire several biopsies, or large blood samples, also are
very difficult in such asmall animal astherat.

Rabbits
Asidefrom economic reasons, rabbitsare common labo-
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ratory animalsbecause of their size, temperament and avail-
ability of genetically homogeneous strains. They are
comonly used in cardiovascular diseases, specifically in
atherogenesis. There have been surprisingly few studies
using the ovariectomized rabbit to study the effect of ovar-
ian insufficiency on bone mass although thisanimal seems
more popular to study bone ingrowth into implants and
bone-implant interfaces. To determine the effect of testo-
sterone and estrogen on bone density during bone growth,
New Zealand White rabbits were selected because of their
short developmental period and their faster bone turnover
than primates (Gilsanz et al., 1988). Unlike other mammals
such as the rat, mouse and guinea pig, rabbits achieve
skeletal maturity (closure of epiphyseal plates) shortly af-
ter reaching complete sexual devel opment at approximately
6 months (Gilsanz et al., 1988), and they show significant
intracortical remodelling (Kimmel, 1996). Femalegrowing
rabbits were given prednisolone (0.7 mg/kg per day for 5
months) to study corticosteroid-induced osteoporosis.
Mechanical testing of vertebrae showed a significantly
lower compressive strength and lower total bone mineral
inthetreated group (Grardel et al., 1994).

Ferrets

The ferret (an animal with Haversian remodeling) isa
relatively new model for postmenopausal osteoporosis
(Hartke, 1998). Liketherat, the OV X ferret exhibitsbone
lossin the proximal tibia (Mackey et al., 1995). They are
easy to house, small insizeand are aseasonally polyestrus.
They are carnivoreswhich may mean different metabolism
of drugs. Ferrets have been used to study the effects of
parathyroid hormone (PTH) but they would obvioudly be
too small to study the optimum implant anchorage in
osteopenic bone.

GuineaPigs

Theguineapigisapopular research mammal duetoits
reproductive cycle. Like the human, guinea pigs have a
long cycle, ovulate spontaneously, and have an actively
secreting corpusluteum. Their small sizeallowsthemto be
housed in less space, and less expensive than some of the
larger models. However, like the rodent and chicken, their
size prevents both large blood or bone sampling, and pre-
vents their use as a model for human prostheses.

In a study of the effects of androgen and estrogen
deficiency on skeletal homeostasis in adult guinea pigs,
OV X showed no effect on bone volume (Vanderschueren
etal.,1992). Thisfindingiscontrary to the effect of either
natural or surgical menopause in the human. Because os-
teoporosisis mainly a disease of postmenopausal women,
and estrogen deficiency in guinea pigs has no conse-
guences on bone mass, this species seems unlikely to be a
useful model for human osteoporosis. The guinea pig is
also apoor model for glucocorticoid osteoporosisbecause,
among other things, it has an unusual hypothalamic-pitui-
tary-adrenal axis compared to other animals (O’ Connell,
1999).

Minipigs

Where previoudly the size of the pig was a limiting
factor in their widespread use as amodel for research, the
introduction of the minipig (and the micropig) has elimi-
nated this problem. Although more expensive to acquire,
minipigsat maturity weigh 60 kg, whilethe commercia farm
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pig can weigh in excess of 150 kg. This reduction in size
trand atesinto substantially less housing space, and greater
ease of handling. The reproductive cycle of the pig is
similar to that of the human in duration (18 - 21 days) and,
like the human, is continuous. Another important similar-
ity isthe omnivorous diet of swine and the anatomy of the
gastrointestinal tract; this is their most notable advantage
over some other models.

Several features of the minipig skeleton are similar to
humans. The skeleton displays extensive BMU-based
remodeling in cancellous and metaphyseal cortical bone
(Spurrel et al., 1965) and pigs possess a definable peak
bone mass at 2.5-3 years of age (Bouchard et al., 1995).
Pigsare one of the few animalswhere asyndrome of spon-
taneousvertebral fracture hasbeen reported (Spencer, 1979).
While pigs are quadrupeds (therefore have different load-
ing patterns on the bone), they have a higher bone mass
and denser trabecular network than humans (M osekilde et
al., 1993a,b). On the other hand like dogs, they are large
enough to receive prosthetic implants and withstand re-
petitive bone biopsies and large volume blood sampling.
Bone removal and deposition of trabecular and cortical
bone occurs at arate comparable with that of humans, and
swine possess lamellar bone (Mosekildeet al., 1987).

The skeletal responseto OV X in pigsis modulated by
dietary calcium. Inastudy involvingthe OV X Sinclair S-1
minipig on a0.75% calcium restricted diet, therewere sig-
nificant changesin remodeling parameters(e.g. anincrease
in resorptive cell function at the level of the remodeling
unit). Thisled to significant alterations in bone structure
(e.g. trabecular plate perforation), and asignificant decline
in bone mass and biomechanical competence of vertebral
cancellous bone (Mosekilde et al., 1993a,b; Boyce et al.,
1995). These findings suggest that the OV X calcium-re-
stricted (0.75%) Sinclair S1 minipig haspotential asamodel
for studying the bone remodeling in humans and
perimenopausal bone lossin women. The effect of OV X
can be confounded in immature animals so skeletally ma-
ture sowswere evaluated. OV X caused an 11% reduction
invertebral BMD in 12 months (Bouchard et al., 1997).
Both pigs and dogs have been used to evaluate bone ac-
tive agents. For example, comparison of the effects of 1-
year treatment with sodium fluoride and the
bisphosphonate, alendronate on bone quality (mechanical
testing), and remodeling (histomorphometry) was deter-
mined in 9-mo-old minipigs (Lafageet al., 1995).

The metabolism of bone, the estrous cycle, and
gastrointestinal function of the swine are positive features
for this species as a model, but there are some disadvan-
tages. The cost of the mini-pig, as well as its rarity in
certain areasarelogistical problems. If thelarger farm pig
is chosen, housing and handling are made more difficult,
athough technicians trained to work with the animals, as
well as special equipment can alleviate these difficulties.
Regardless of the breed, however, farm pigs are loud and
can be aggressive, making them inconvenient to use on
projects which require alarge amount of handling and in-
teraction.

Sheep

Before 1994, there were very few studies using sheep

as an anima model of osteopenia and other aspects of
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orthopaedic research. However, advantages in the use of
sheep are emerging because societal views about use of
animalsfor researchin general, isquickly changing. While
larger than some of the previously mentioned animals,
sheep are very docile and compliant. Sheep are food ani-
malswhich are raised on the range and not individualized;
hence the emotional attachment to sheep is not the same
as companion animals such asdogs or cats. Furthermore,
they areflock animalsand suffer theleast stresswhen they
can be housed outdoors with minimal supervision, in
groups of two or more. The husbandry of sheep gresatly
reduces housing costs. Finally, sheep areavailableinlarge
numbersin many countries around theworld so that large-
scale studies are possible.

Primary osteopeniain sheep isuncommon. In old age,
alimiting factor for survival in sheepisdental health. Wear
of teeth and teeth loss leads to gradual wasting and inani-
tion, with boneloss. The changes observed in mandibular
bone at various stages of development in sheep from sev-
eral farmswith different incidence of prematureincisor 10ss,
have been studied (Atkinson et al., 1982). Ourselves and
others (Johnson et al., 1997), haverekindled interest inthe
ovine mandible as it relates to estrogen loss (see below).
The effects of various therapeutic drugs, such as fluoride,
on bone tissue were investigated by workers in France
using sheep (Chavassieux, 1990; Chavassieux et al., 1991).
The same laboratory used a sheep model to show that
OV X induced an increase in bone formation beginning at
10 weeks after surgery and persisting at the 6th month
(Pastoureau et al., 1989).

Since those reports, our group (Newman et al., 1995;
Thorndike and Turner, 1999) and others (Pastoureau et al .,
1989; Hornby et al., 1994; Atley, 1996; Geusens, 1996;
O’ Connell, 1999) have documented osteopenia in sheep
following OV X as well as the response to various agents
such asestradiol implants(Turner et al., 1995a,b; O’ Connell,
1999), salmon calcitonin (Geusens et al., 1996), and the
selective estrogen receptor modulator (SERM) raloxifene
(Turner et al., 1999a). Our earlier findings showed asig-
nificant decline in cancellous bone volume (BV/TV %) of
theiliac crest following OV X (Turner et al., 1993). Subse-
quent studies (Turner et al., 1995a,b) demonstrated bone
loss (measured by DXA) inthelumbar vertebraefollowing
OVX (Turner etal., 19953). Thesedataand findingsfrom
other independent | aboratories demonstrated that boneloss
inthe lumbar vertebrae of sheep following OV X wasamel-
iorated by ERT.

We have used the aged OV X eweto evaluate the selec-
tive estrogen receptor modulator (SERM) raloxifene. Ina
dose-response study (0.02 mg/kg and 0.1 mg/kg adminis-
tered subcutaneoudly), 6 monthsfollowing OV X, wefound
improved BMD, vertebral trabecular bone density, and
compressive strength with the higher dose of the SERM.
Specifically, the spine BMD in the high-dose raloxifene
group had increased 9.49 + 7.69%, whereasthe spine BMD
in the OVX group decreased 5.40+ 8.97%. (Turner et al.,
1999a) (Fig. 1). Thecompressive strength of the vertebral
trabecular bone was 2-3 times greater in the high-dose
raloxifene group compared to other groups (p < .001).

The skeletal changes seenin the proximal femur follow-
ing menopause have been studied for many years and we
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Figure 1. Percentage change (mean + SE) in lumbar
spine BMD after 6 months of treatment with estradiol
implants (OV XE), and two doses of the SERM, ral oxifene
(see Turner et al., 1999afor details).

documented astatigtically different Singh index inthe proxi-
mal femur in OV X ewes compared to both young and old
sheep (Turner et al., 1993). Although precise measure-
ments of excised sheep femora using DXA are possible
(Grier et al., 1996), one of the distinct disadvantages of
using a quadruped (including dogs) for measuring longi-
tudinal changesin BMD using DXA isthetechnical diffi-
culties in positioning the animal to examine the femoral
neck region. In longitudinal studies, it is critical that an
identical region of interest is evaluated on a repeatable
basis. Someresearchersusing DXA have experienced dif-
ficulties in edge detection when measuring ovine verte-
brae (Deloffre et al., 1996), while others have overcome
this by scanning only the central portion of the cancel-
lous-rich vertebral body (O’ Connell, 1999).

Seasonal changesin bone mass and biochemical mark-
ers in elderly women have been reported (Rosen et al.,
1994). Ina24-month study in northern New England, sig-
nificant seasonal changes in BMD, serum 25
hydroxyvitamin D and parathyroid hormone were seen;
the greatest decline in measureable bone mass being in
winter. Seasonal fluctuations such as this also occur in
sheep and this must be addressed as a potentia variable
when using sheep in studies of osteopenia (Chavassieux
et al., 1991; Hornby et al.; 1995, Turner et al., 1995b;
O’ Connell, 1999). Sheep living in more benign climates
such as Australia may demonstrate |ess seasonal variation
athough this has not been documented. For these rea
sons, experiments using sheep should have not only the
appropriate control groups, but if possible, span all four
seasonsto minimize seasonal changes. Seasonal variation
is also related to the periods of seasonal anestrus, itself
linked to the environmental photoperiod (Goodman, 1994).
To evaluate the effect of salmon calcitonin on bone mass,
compression (lumbar vertebrae and femora neck), torsional
stress (femoral neck only) and resonant frequency were
measured in excised femoral neck and lumbar vertebral sam-
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plesfrom OV X sheep (Geusens, 1992; Geusens, 1996). In
that study, bone mass was measured using DXA and dual-
energy quantitative computed tomography (DEQCT).
Sheep were used because “they possess skeletal turnover
kinetics similar to humans’. OV X resulted in decreased
BMD measured by DXA and DEQCT and decreased re-
sistance to rapid compression but not to torsion. Sheep
have also been used asamodel for glucocorticoid-induced
boneloss (Fortuneet al., 1989; O’ Conndll etal., 1993; Atley,
1996; O’ Connell, 1999).

Several advantages of sheep include the temporal and
quantitative similarities between the hormone profiles of
ewes and women (Goodman, 1994). Although somebreeds
are seasonally polyestrous (cycles begin in the Fall in re-
sponse to shortening periods of daylight), some breeds
(e.g., Merino) can continue to cycle amost year-round
(O’ Connell, 1999). An OV X anima model with morefre-
quent estrus cycles than, for example the dog, may prove
to be more sensitive to estrogen deficiency. However sheep,
likerats (Kalu, 1991) and many of the other animal models,
do not have a clear-cut menopause at midlife that is char-
acterized by accelerated bone loss.

One clear disadvantage of the use of sheep is their
different gastrointestinal system. Studies where there is
interest in the oral absorption of drugs (avoiding alteration
of the drug by rumen microflora) either require the surgical
insertion of an abomasal fistula, or stimulation of the
oropharynx asthe medication isdelivered (to activate clo-
sure of the reticular groove).

A potentially relevant differencein mineral homeostasis
between sheep and humans is their phosphorus metabo-
lism. Urinary phosphate excretion is much lower in sheep
and the gastrointestinal tract is the major route of phos-
phate eliminationin this species (O’ Connell, 1999).

The cortical bone of sheepissimilar to other species of
large domestic mammals. The bone of young sheep (less
than 3-4 yearsof age) isplexiform andisacombination of
woven and lamellar bone with functional similarities but
with distinctly different patterns of deposition and organi-
zation (Newman et al., 1995). Likewaoven bone, plexiform
bone is deposited rapidly but achieves better mechanical
properties for large, rapidly growing animals such as the
artiodactyls, cows, elephants and larger breeds of dogs.
Plexiform boneisalso found in humansin the medial side
of the mandibular ramus and in growing children around
thetime of growth spurts(Martin and Burr, 1989). Wehave
seen Haversian remodeling in sheep 7-9 years of age. As
the ovine skeleton ages, one of the first places to see Ha-
versian remodeling isthe caudal aspect of thefemur, while
another place of such remodeling is the diaphysis of the
radius and humerus (Newman et al., 1995).

Biochemical changes associated with skeletal disorders
such as osteoporosis have probably been characterized
more in sheep than any large animal. Measurement of the
osteoblast product osteocalcin (OC) in sheep is well de-
scribedintheliterature. A radioimmunoassay (RIA) tech-
nique developed by French workers has shown that the
increased serum OC levelsin 7-year-old sheep are similar
to those of 65-year-old women (Pastoureau et al., 1988,
1991). Thereisa high degree of homology between the
human and ovine forms of the peptide (O’ Connell, 1999).
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This parameter has been closely correlated with the
histomorphometric measurementsfromtheiliac crest biop-
sies of these sheep (Pastoureau et al., 1991). Studies on
the physiological influences and the effects of hormones
on the production of OC suggest that the responses of
ovine and human osteoblasts are similar under avariety of
circumstances (Melick et al., 1988; Fortune et al., 1989).
Asin humans, plasma OC levels in sheep are high in the
neonate and declinewith age. Toimprovethe understand-
ing of cellular events in the ovine skeleton during preg-
nancy and postpartum, plasma OC levelswere measuredin
age-matched nonpregnant, pregnant, and postpartum ewes
(Farrugiaetal., 1989). It wasevident that osteoblast func-
tion underwent striking changes during pregnancy and
the postpartum period. Asin humans, ovine plasma OC
remained low until delivery. Other studies of OC in sheep
showed reduced levels during phosphate depletion and in
response to exogenous glucocorticoids, and elevated lev-
elsinduced by 1, 25-dihydroxyvitamin D3 (Fortuneet al.,
1989; O’ Connell et al., 1993). A biochemical and
histomorphometric study of glucocorticoid-induced inhi-
bition of osteoblastic bone formation has also been stud-
iedin sheep (Chavassieux et al., 1993).

The activity of bone-specific alkaline phosphatase
(BSAP), anisoenzymeinvolved in boneformation and skel-
etal mineralization, wasfound to be significantly decreased
in both a sham group and a group which underwent OV X
supplemented with estradiol implants (OV XE) (Turner et
al., 1995a). Thisdemonstrated that bonelossinthelumbar
vertebrae of sheep following OV X wasameliorated by ERT.
The increase in activity of BSAP in the OV X group was
highly indicative of accelerated bone turnover and wasin
agreement with the changes seen in aging adult humans,
particularly in women at menopause (Duda et al., 1988;
DeSouza et al., 1996). Human studies show discordant
resultsfor plasmaosteocal cin and BSAP (Dudaet al., 1988)
which may reflect onthedifferent rolesby these markersin
osteoblast function (O’ Connell, 1999).

The collagen crosslink bone resorption markers
pyridinoline and deoxypyrodinoline have been measured
in the urine of sheep. One study found these markers
useful for differentiation of changes induced by lactation,
glucocorticoid treatment and ovariectomy (Atley, 1996).
Like the data from measurements of bone mass (Rosen et
al., 1994) theinterpretation of biochemical markersof bone
turnover continue to be complicated by circadian and sea-
sonal fluctuations (Blumsohn and Eastell, 1992). Thediur-
nal patternsin markers of bone turnover in sheep, closely
resemble those in humans, with turnover activity elevated
lateat night or early morning (O’ Connell, 1999). Therefore
it is essential to document the physiological variations in
bone marker levels so that their experimental useisasin-
formative as possible.

Future studies using OV X sheep should investigate
other newer biochemical markers indicative of fragments
of type collagen synthesis and degradation that are most
likely to reflect bone turnover (DeSouza et al., 1996;
Thorsenetal., 1996; O' Connell, 1999). Such markersin-
cludethe carboxy-terminal propeptide (PICP) to reflect bone
matrix synthesis and the carboxy-terminal telopeptide (C-
telopeptide or ICTP) which reflects bone matrix degrada-
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tion. Thesebiochemical markerswill beimportant in moni-
toring new therapeutic regimens for osteoporosis when
using animal models.

Like dogs and pigs (and most primates), the size of
sheep allows us to meet other criteriafor amodel of oste-
oporosis. Specifically they arelarge enough to accommo-
date prosthesis implantation, substantial blood and urine
sampling, and ample iliac crest biopsies
(histomorphometry). Thiswill facilitate research to corre-
late events at the clinical, tissue, cellular and biochemical
levels.

To evauate if extremely low magnitude mechanical
stimulus (LMMS) can be osteogenic, 18 adult femal e sheep
were separated into two groups, those subjectedto LMMS
and untreated controls. For 20 minutes per day, sheep
stood confined in a chute such that the hind limbs were
subjected to vertical ground based vibration (Rubin et al.,
1997). Bone density at various sites was measured using
DXA at different time points. Six months exposure to a
brief (20 min) extremely low intensity (< 10 microstrain),
through this vibrational loading was shown to be osteo-
genic in those sites subjected to transmission of the vibra-
tion (Rubinet al., 1997). Because of their docile compliant
nature, the sheep were well behaved and easy to train to
stand on this device. Other large animals would be less
suitable for this type of study.

While sheep may prove to be a suitable model for the
study of osteoporosis and related conditions, there are
other questionsthat the researcher who chooses this model
must resolve. Wemust identify where skeletal remodeling
isthemost and characterizefurther, the seasonal and circa-
dian fluctuationsin bone density, biochemical markersand
histomorphometry of theiliac crest, aswell asfluctuations
associated with parity, pregnancy and number of offspring
and lactation. The existence of such natural variation re-
quires researchers to perfect non-invasive measurements
of BMD with state-of-the-art equipment such as DXA or
pQCT at known intervals throughout the seasons. The
protocols and software for these modern methods of den-
sitometry, although designed for human clinical use, are
readily adapted to the axial and appendicular skeleton of
the sheep owing to the similar size of the two species
(Turner et al., 1994). Positioning a quadruped (usually
requiring general anesthesia), allowing an identical region
of interest to be evaluated on arepeatable basis for longi-
tudinal measurements of BMD, will alwaysbeachallenge
for researchers using animals. The use of positioning de-
vices has been recommended to greatly improve measure-
ment precision of excised sheep bones (Kaymakci and Wark,
1994). Questions about natural fluctuations of BMD will
remain unanswered until sheep are studied moreintensively
and should not be regarded as disadvantages. Although
DXA isawell-accepted techniquein clinical use (Blake et
al., 1999), more accurate equipment such as pQCT is now
available. Furthermore, the long duration of current stud-
iesisdueto thelimited sensitivity of DXA and more accu-
rate methods such as pQCT will allow shorter duration and
more economical studies. (Rieggsegger et al., 1996; Muller
etal., 1998).

Although hip joint of dogs have been “the industry
standard” for in vivo evaluation of the biology of the host

73

Running title: Animal models - osteoporosis

femur to stem design and coating, and wear debris, there
are more reports on the use of sheep (Bruns et al., 1996;
Vidovszky et al., 1996; Goodship et al., 1998), and goats
(Schreurset al., 1996; Bhumbraet al., 1999) for such stud-
ies. Forcesexerted upon the hip joint of sheep are compa-
rable to those of humans (Bergmann et al., 1984).

The peripheral production of estrogen-related com-
pounds from body fat is well documented in women and
aong with greater mechanical loading of bonesislikely to
contribute to the low incidence of fractures in large pa
tients (Dawson-Hugheset al., 1993; Ricci et al., 2001). The
production of other sex hormones from body fat in sheep
(e.g. aromatization of androgens) such as estrone and
estriol, as well as adrenal androgens
(dehydroepiandrosterone and androstendione) may ex-
plain why bone loss following ovariectomy in sheep (and
other animal models), is variable and not as severe com-
pared to women. Thislimits somewhat, the use of oestro-
gen-deficient animals for this type of research. True cal-
cium-deficient dietsare difficult to achievein sheep dueto
the low dietary requirements of calcium in skeletally ma-
ture non-pregnant, or non-lactating ewes. To achieve the
osteopeniato the degree seen in human osteoporosis, feed-
ing of a calcium-wasting diet to ovariectomized sheep is
currently under study. Such adiet can be successfully and
safely achieved by feeding sheep aration relatively highin
anionic salts(Takagi and Block, 1991a,b,c).

The questions that must be answered particularly with
respect to the sheep are: 1) What extrinsic factorsarelikely
to confound the bone loss following ovarian hormone de-
ficiency? Such extrinsic factors may include breed, diet
(e.g., CaPratio), exposureto sunlight (e.g. sunny or cloudy
environment); 2) What intrinsic factors can confound OV X
(e.g. are there other steroids such as 17-alpha estradiol
originating from adrenal s or adipocytes, that can compen-
satefor thelossof 17-betaestradiol ; 3) At what time of the
year should OVX be performed to demonstrate the most
rapid boneloss? In other words, should OV X be performed
in anestrus prior to when estrus cycles begin or during the
breeding season when estrus cycles are occurring regu-
larly?

Most animal models have used femal es and osteoporo-
sis in the male has been largely ignored despite the fact
that it isagrowing problem in older men (Slemendaet al.,
1992) and men with delayed puberty (Finkelstein et al.,
1992). Future studiesusing male animalswould be of inter-
est but the practicality and availability of male sheep (rams)
might bealimiting factor for thismode to study the differ-
ent aspects of osteoporosis in men.

Evaluation of Implantsin Osteopenic Bone

Appendicular skeleton

Many implants (e.g. total hip replacement) are placed
in persons over 65 years old and many of these patients
are postmenopausal women with osteoporosis. Achiev-
ing a stable biological interface in the axial, appendicular
and mandibular bone of the elderly, osteopenic postmeno-
pausal patient in a shorter period of time is therefore of
great interest (Eckhoff et al., 1995; Turner et al., 1996a,cC;
Mori etal., 1997; Fujimoto et al., 1998; Seebeck et al., 2000;



A. Simon Turner

—8— Sham
== QW5

% Change BMD Bight femur

0mo. 13.5 me.

i

"\J{:N
[P I |

|
Y

1
o

—8— Sham ]
== OVR

[}
=]

& Change BMD Left Femur

L
™ o

o r:nﬂ, 1 55 mo
Figure?2 (a, b). Percentage change (mean + SE) intime
of BMD of the left and right distal femorain the sham
and OV X ewesat 13.5 months (see Turner et al., 1998
for details).

Fini et al., 2001). It isintuitive that an osteoconductive
ceramic coating on hip implants in these osteoporotic pa-
tients may improvefixation. For example, wefound that a
good model to test the effectiveness of a ceramic coating
such as HA for use in postmenopausal women with oste-
oporosis, isthedistal femur of theaged OV X ewe (Turner
etal., 1998). Inthisstudy wedetermined if aceramic coated
(Peri-Apatite™) metal implant, placed inthe distal femur of
the ovariectomized ewe, would be stronger than animplant
that was not coated with the ceramic. Skeletally mature
ewes were subjected to OV X or sham operation (Sham)
and DXA of both distal femora was performed. Twelve
monthsfollowing OV X or Sham procedure, Peri-Apatite™-
coated and uncoated grit-blasted titanium alloy plugswere
placed in the subtrochlear region of both distal femora. At
6 weeks after implantation, the animals were euthanized
and BMD of distal femorawas again measured. Uncoated
and coated plugs were subjected to push-out tests using
an Instron machine to determine the strength of the inter-
face. BMD inthe OV X group waslessthan the sham group
in both the left and right distal femora (Fig. 2 a,b). Two
scans of each bone were performed and a mean BMD of
each ROl was determined.

Thedecrease of BMD intheleft and right distal femora
provided an osteopenic environment to study the
osseointegration of the implants. The study demonstrated
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that ceramic-coated implants improved osseointegration
at 6 weeks in both the osteopenic and the “normal” bone
of thedistal femur. Furthermore, the improvement in bio-
| ogic fixation was more pronounced in the osteopenic bone.
This osteopenic environment in the distal femorain OV X
sheep is a site where other implants, coatings and growth
factors could be evaluated.
Axial skeleton

Pedicle screw fixation is one of several methods used
for lumbar interbody fusionsfor disorders such asinternal
disc disruption, tumors, instability, and infection. An
estrogen-deficient animal model that shows loss of bone
in the lumbar vertebrae would be of great value to those
interested in techniques to improve pullout strength and
transverse bending stiffness in fixation of osteoporotic
spines. Using this model, one can investigate improve-
ment in implant design or techniques to augment existing
implants such as implant coatings or bioactive ceramics
injected directly into osteoporotic vertebral bodies
(vertebroplasty; see below).
Mandible

Thereisincreasing interest in the rel ationship between
systemic osteoporosis (of the hip and the spine) and bone
lossin the mandible and maxilla (Birkenfeld et al., 1999).
Previously, each disease was studied as asingle entity and
the relationship between the two has been largely ignored.
Loss of bone from the oral skeleton or the maxillofacial
complex significantly impacts the health and quality of
patients lives, most often the elderly. Oral bone loss most
commonly results from periodontal disease, resorption of
aveolar ridgesfollowing tooth extraction, or combinations
of both. Ovariectomy has been shown to decrease the
bone area fraction and stiffness of the aging rat (Elovic et
al., 1995). Because of the size of the mandible in small
animalssuch astherat, asuitablelarge anima model exhib-
iting boneloss of the maxillofacial regionwould be of great
interest in dental medicine and those studying oral implants.
In one study from our laboratory (Turner et al, 1996b),
skeletally mature eweswere divided into four groups: sham
treated (Sham), OV X, OV X plusoneestradiol (E2) implant
(OVXE) and OV X plustwo E2 implants (OV X2E). Atthe
end of 12 months, BMD of 4 regions of interest (ROI), R1,
R2, R3 and R4 of excised mandiblesusing DXA wasmeas-
ured (Fig.3). Two scansof each bone were performed and

R4

R3 | |HJ

R

Figure3. The4 ROI for which BMD wasdetermined,
where R1wasthe angle of the mandible (excluding the
mandibular canal), R2 wasthe areadistal tolast molar,
R3wasmesia to mental foramen and R4wasmesia to
premolars and distal to incisors (see Turner et al.,
1996b for details).
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Figure4. Mean and standard error of BMD of the 4
regions of interest in the mandible in Sham, OV X,
OVXEand OV X2E groups(see Turner et al., 1996bfor
details).

a mean BMD of each ROI was determined. We demon-
strated modest decreasein mandibular BMD after ayear of
estrogen deficiency (Fig. 4). Wewere encouraged by this
result (changes did not reach statistical significance be-
cause power was limited in this study), therefore, larger
numbers of animals or longer periods of follow-up would
be needed if the sheep is to be used as a model for oral
boneloss. Others (Johnson et al., 1997) have also docu-
mented an increase in the prevalence and severity of sites
of horizontal and vertical aveolar bone |oss after one year
following OV X in sheep.

These studies, based on DXA of the mandible, pro-
vided evidence that systemic bone loss in OVX ewes is
accompanied by oral boneloss. Further, thereisevidence
that the prophylactic effect of estrogen occurred with oral
bone loss as well as with osteoporosis. These studies
support the epidemiological data from one population of
older women in a Californiaretirement community, where
estrogen users had retained more natural teeth than non-
users(Paganini-Hill, 1995), aswell aswork by others (Jacobs
et al., 1996) who demonstrated that ERT had a positive
affect on bone massin the mandible and lumbar spine.

We aso studied mandibular bone lossin OV X sheep
using DXA, and adose-response to the SERM, raloxifene
(Turner etal., 1999b). Thetwo different dosesof raloxifene
(0.1 mg/kg/day; and 0.02 mg/kg/day;) were based on re-
sultsof studiesin rats and akinetic study performed in our
laboratory. Our resultsindicated that in thismodel, estrogen
depletion caused asubtleloss of bonein the mandible, but
raloxifeneat adose of 0.1 mg/kg significantly increased its
bone mass. A lower dose of raloxifene was ineffective
(Fig. 5). Thisisthefirst report to my knowledge, of the
effect of a SERM on mandibular bone density in an
estrogen-deficient animal model.

TheOV X ewemay beauseful largeanimal model inthe
study of mandibular atrophy and its manifestations. Al-
though associations have been made between the extent
of reduction of the residual ridges and osteoporosis in
humans, this animal model may allow a more controlled
study of osseointegration of dental implants or response
to bone-graft substitutes, in osteopenic bone. The model
may also be useful in the study of SERM’ s and their effect
on implant fixation in osteopenic the mandible (Turner et
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Figure5. Mean bone mineral density (+ SE; gm/cm?)
of thefour regions of interest of the right mandiblein
five treatment groups (see Turner et al., 1999b for de-
tals).

al., 1999b).
Vertebroplasty

Osteoporotic vertebral fracturesare common intheelderly,
occurring in about 20% of individuals older than 70 years
of age. They are more common than fractures of the hip,
are painful and cause kyphotic deformity. Conventional
treatment of these fractures is usually non-operative and
relies in prescription of calcium carbonate, estrogen,
bisphosphonates, or calcitonin, with analgesics for pain
relief (Metonet al., 1989; Schildhauer et al., 1999). Unfor-
tunately, these treatments often do not prevent further
collapse of the vertebral bodies. Operative treatment is
usually recommended only for fractureswith gross deformi-
tiesor with neurol ogic impairment and isintended to break
the cycle of pain and inactivity followed by progression of
osteoporosis. Unfortunately, the incidence of complica
tions during and after such procedures is higher in the
older osteoporotic population most at risk for such frac-
tures. Percutaneous vertebroplasty was introduced as a
therapeutic aternative for the treatment of pain associated
with compression fractures (Mathiset al., 1998; Belkoff et
al., 1999). The ability to reconstruct the vertebral body
with an osteoconductive material would be an attractive
improvement over intravertebral injection of
polymethylmethacrylate cement (PMMA). The conven-
tional use of PMMA involves risks of extravasation and
thermal damageto nervesand other local tissues (Brantley
and Mayfield,1999).

Development of a ceramic that is non exothermic, is
osteoconductive andissimilar to bone chemically iswhere
the future of vertebroplasty lies. This bone substitute
would act as afiller for bone defects such as seen in oste-
oporotic spina fractures. The development of such atreat-
ment would require that the cement has handling proper-
tiesto alow it to be injected into a vertebrae and and not
cause an adverse hiological reaction.

The suction-injection technique used in the in vitro
study of Schildhauer and coworkers was more effective
(provided better infiltration) than injection alone
(Schildhauer et al., 1999). This technique allowed more
than half of the vertebral body to beinfiltrated with apatite
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Figure 6. (a) CT scan 3 months post-vertebroplasty
showing exampleof epidural leakage of PMMA. There
were no histological changes or neurological signs as
aresult of the leakage. (b) Transverse section through
avertebral body at 3 months postvertebroplasty show-
ing epidural leakage of BoneSource® . There were no
histological changes or neurological signs as a result
of the leskage.

cement.

Extrapolation of invitro resultsin cadaver studiesto a
human clinical situation will require in vivo studies using
animals. A large anima model of sufficient is alogical
model to investigate such compounds. For example, the
ovariectomized cal cium-restricted (0.75%) Sinclair SLmini-
pig or the aged OV X ewe both have potential asamodels
for studying vertebroplasty as there is ample documenta-
tion of boneloss of the lumbar vertebraefollowing OV X in
these species (see above). On the other hand, it would be
technically difficult to use a dog the size of a beagle for
vertebroplasty research owing to the size of the vertebral
body for ceramic injections. To my knowledge, there are
no studies documenting bone loss of the lumbar vertebrae
in goats.

The geometry of the vertebral body of quadrupeds
(pigs, goats and sheep) will make the compressive mechani-
cal testing more difficult than Schildhauer and others used
for testing of cadaveric vertebral bodies of humans
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(Schildhauer et al., 1999). However, osteoporotic spines
of quadrupeds that have injected with bone substitutes
can be examined histologically to document the
osteoconductive nature of the cement and its ability to be
remodeled aswell as any untoward effects on surrounding
soft tissues including nerves (Fig. 6 a,b).

Thetechnique of intravertebral body reconstruction of
osteoporotic spines with an injectable ceramic or
osteoconductive bone substitutes could provide better
clinica results than those current treatment with acrylic
cement. These bone substitutes have already been used
inclinical triasfor fracture care, filling defectsdueto tumors
and fusion procedures, with healing rates similar to those
obtained with autogenous grafts (Van Heest and
Swiontkowski, 1999). Bone substitutes could also be used
as acarrier matrix for the osteoconductive bone morpho-
genetic proteins (13 at thetime of writing thisreview) such
asrhBMP-2 and rhBMP-7. The future of bone-graft sub-
stitutes and complementary substances for vertebroplasty
will depend upon evaluation in alarge animal model with a
vertebral body of practical size.

One limitation to the use of sheep for evaluation of
vertebroplasty is the higher bone density and breaking
strength compared to humans (Aerssens et al., 1998). In
this study, samples were taken from skeletally immature
animals (1-2 years-old) which may not be representative of
adult sheep bone, which further emphasize theimportance
inusing skeletally mature animals (> 3.5 years), rather than
those seen in most slaughter houses destined for market.
Furthermore, vertebrae from animals have a significantly
thicker cortical shell (the primary envelopefor strength) so
that the maximum load prior to fracture may mask positive
or negative changes in cancellous bone of the vertebrae
(Hartke, 1999). Thismay also mask the positive effect of
vertebroplasty.

Conclusions

This review has discussed some features of the different
animal models for osteoporosis and osteopenia. Animal
models for these conditions have more than just a few
differences from humans and there are many animal model
studiesthat are not yet adequately validated by correspond-
ing datafrom human patients (Lo, 1996). Thereisno ani-
mal model that exactly mimicsthe condition of postmeno-
pausal osteoporosis and one must know the limitations of
the different animal models. However, some characteris-
ticsmay be similar and these models provide excellent op-
portunities to mimic specific aspects of human disease
(Hartke, 1999). Investigators must be prepared to use two
perhaps three, different species to fully evaluate a new
therapeutic agents or implants to be tested in osteopenic/
osteoporotic bone, with more emphasis should be placed
ontheuseof maeanimals. To produce severely osteopenic
bone comparabl e to that seen in humans, acombination of
estrogen deficiency following ovariectomy, plusacal cium-
wasting diet in skeletally mature sheep, should be further
investigated. Although FDA requires preclinical studies
in animals to evaluate agents interned to treat osteoporo-
sisin both rats and alarger animal, in-vivo animal experi-
ments will taper off with more emphasis being placed on
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the basic bone physiology of each anima model.
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