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Abstract
While our understanding of the developmental biology of the skeleton, like that of virtually every other subject in biology,
has been transformed by recent advances in human and mouse genetics, we still know very little, in molecular and genetic
terms, about skeletal physiology. Thus, among the many questions that are largely unexplained are the following: why is
osteoporosis mainly a women’s disease? How is bone mass maintained nearly constant between the end of puberty and the
arrest of gonadal functions? Molecular genetics has emerged as a powerful tool to study previously unexplored aspects of the
physiology of the skeleton. Among mammals, mice are the most promising animals for this experimental work. This has been
previously demonstrated e.g. through the tremendous impact of the different osteopetrotic models on our molecular
understanding of osteoclastic bone resorption. Until recently the only way of studying bone loss situations and osteoporosis in
mice was by using ovariectomy with all its limitations. Today, however, we have access to more sophisticated osteoporotic
mouse-models from four different origins: Transgenic mice (HSV-TK), knock-out mice (OPG), inbred-strains (SAMP6), and
through physiological modulation (icv application). These new models have already taught us several important lessons. The
first is, that bone remodeling is more than just an autocrine/paracrine process. Multiple experimental evidence has
demonstrated that the latter regulation exists, but genetics prove that there is no functional cross-control between resorption
and formation. The second lesson is, that remodeling is, at least in part, subject to central regulation. Thus, osteoporosis is
partly a central or hypothalamic disease. However, the most dramatic change and the most important advantage we feel is,
that today we have models to test a new hypothesis regarding the etiology of osteoporosis before it turns to dogma. Taken
together, mouse-studies may lead to a shift in our physiological understanding of skeleton biology and to the emergence of
novel paradigms. These, in turn, should help us to devise new treatments for degenerative diseases of the skeleton such as
osteoporosis and its associated clinical problems.
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Introduction
Skeletal aging must be considered in the broad context of
the multifaceted issues of aging processes. Thus, the aging of
the skeletal system should not be viewed in isolation,
however the understanding of complex systems – as the
skeleton itself and its control mechanisms respectively –
sometimes requires simplifications. Models often provide
these simplification of some facets of more complex systems.
The skeleton is a multifunctional organ required for
locomotion, for protection of inner organs, and as a
reservoir of vital ions. While the skeleton in aging retains its
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ability for providing mineral ions to the organism, the bone
stock declines and the bones become fragile and susceptible
to fractures. It is likely that skeletal failure that parallels the
aging process is due to multifactorial etiologies. It is
conceivable that a reduced bone formation, an increased
bone resorption, changes in bone regeneration or in mineral
composition, an accumulation of microdamage, and genetic
determination are some of the possible sources that
contribute to functional failure of bone. Thus, to understand
the means by which age affects the skeleton, it is necessary to
consider the interdependence of distinct etiologies, but it is
also appropriate to study them one by one. In this context
animal models of the aging skeleton should closely resemble
the pathology of human skeletal aging or certain aspects of
the latter. As low bone mass, enhanced bone fragility, and
increased fracture risk are hallmarks of the aging skeleton,
osteopenic animals seem to be an invaluable tool to study
important facets of the aging skeleton, even if already by
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Figure 1: Osteopenic mouse models. Osteopenia can be induced in mice by targeting hormonal metabolism, osteoblast activity, or osteoclast
activity. The normal bone structure of a mouse lumbar vertebral body is shown on the left (WT = wildtype). Ovariectomy (ovx) induced
estrogen deficiency results in a significant decrease in bone volume per tissue volume (BV/TV, %) and reduced trabecular interconnection.
A similar effect on BV/TV and trabecular connectivity is yielded by decreasing osteoblastic bone formation due to intracerebroventricular
application of leptin (leptin icv). Severe osteopenia is found in osteoprotegerin-deficient-mice (OPG-/-) that display an increase in osteoclast
number and bone resorption. (lumbar vertebrae, 5 Ìm undecalcified sections, von Kossa staining, magnification 10x).

definition a single model cannot resemble the complete
diversity of contributing causes of bone loss in the elderly.
Several species have been used as models for human agerelated bone loss. These include non-human primates, dogs,
sheep, pigs, rats and mice1-4. The ovariectomized rat is by far
the most extensively studied and most widely used animal
model of aging bone loss1. The rat meets the four
characteristics of a good animal model5: convenience,
relevance, predictability, and appropriateness. The same is
true for mice. Mice and rats are common laboratory
animals, studies can be carried out easily under standardized
conditions in almost any laboratory, they are both relatively
inexpensive, and changes in bone mass and bone structure
can be induced in a short time. However, with the
emergence of molecular genetics as a powerful tool to study
previously unexplored aspects of the physiology of the
skeleton, the question whether the rat or the mouse is the
better animal model has been answered in favor of the
mouse. Among mammals, mice are the most promising
animals for genetic experimental work. This has been
previously demonstrated in skeletal biology through the
tremendous impact of different osteopetrotic models on our
molecular understanding of bone resorption6-8 and dwarf
models on skeletal development and endochondral bone
formation9-12. Until recently the only way to study bone loss
situations and osteopenia in mice was by using ovariectomyinduced estrogen-deficiency with all its limitations. Today
we have access to more sophisticated osteopenic mousemodels due to genetic targeting and physiological
modulation of (i) aging, (ii) bone resorption, and (iii) bone
formation.
These new models have already taught us several
important lessons. The first is, that bone remodeling is more
than just an autocrine/paracrine process. Multiple

experimental evidence has demonstrated that the latter
regulation exists, but genetics prove that there is no
functional cross-control between bone resorption and bone
formation. The second lesson is that remodeling is, at least in
part, subject to central regulation. Thus, age-related bone
loss and osteoporosis – the major bone remodeling disease –
can be viewed at least in part as a central or hypothalamic
disease. Taken together, mouse-studies may lead to a shift in
our physiological understanding of skeleton biology and to
the emergence of novel paradigms13. These, in turn, should
help us to devise new treatments for age-related diseases of
the skeleton such as osteoporosis and its associated clinical
problems.
This review will summarize and briefly discuss advantages
and disadvantages of the six established osteopenic mouse
models including the ovariectomized mouse model, the
inbred SAMP6 aging mouse, the osteoprotegerin deficient
high resorption model, and three models of decreased or
abolished bone formation (Fig. 1).

The mouse skeleton: A few general implications
The mouse skeleton has some important attributes to be
considered. The growth plate tends to fuse relatively early.
Ornoy and Katzburg report that fusion occurs at about 3 to 4
months of age14, while Kimmel reports that he observes well
sealed epiphyses by 6 to 8 months of age15. These differences
most likely reflect strain, background, and gender specific
variations. This is in line with the reports of Beamer and
colleagues, who report that in some strains linear bone
growth is still evident at 12 months of age16. Epiphyseal
closure can be used as one measure of adulthood, which is in
fact later in life than sexual maturity; this is important, as we
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suggest to perform ovariectomy in adult mice for bone study
purposes. Thus, ovariectomy should never be performed in
mice younger than 3 months for the latter studies. It is
probably better and advisable to use even older animals as
peak bone mass in mice is also reached around 6 months of
age. In mice, physiologic senescent bone changes begin
around 12 months of age, and physiologic osteopenia
increases with advancing age14. Age-related bone changes
occur in both trabecular and cortical bone and are therefore
similar to the situation observed in humans.
When it comes to characterization of skeletal phenotypes,
there should be a minimal basic consensus as to the profile
that is required to make any valid statements. To account for
the skeletal heterogeneity - that exists in humans and in
mice17 - histomorphometrical analysis should be performed
on long bones and the spine respectively. We routinely
subject both tibiae and the lumbar spine to histological
processing while the femurs are taken for biomechanical
analysis in a 3-point bending test. If structural
histomorphometry is performed by means of a microCT
scanner that has a sufficient resolution like, e.g., the ÌCT 40,
one can argue that the distal femur is a more appropriate
sampling site in long bones, as it allows direct correlation
with the results of subsequent biomechanical testing and
easier standardization of microCT analysis. Regarding the
use of pDEXA measurements it has been demonstrated that
the size of mouse skeletal elements is too small for these
techniques to yield meaningful results. One has to keep in
mind that even the best non-invasive device – CT or MRI –
will provide us with structural parameters only;
characterization of a skeletal phenotype however requires
both dynamic and cellular parameters as much as structural
indices.

Ovariectomized mice: osteopenia through
E2-deficiency
Ovariectomy in mice, as in rats, is followed by accelerated
bone loss through estrogen-deficiency, paralleling the
situation in humans after menopause. This rapid bone loss is
prevented by substitution of estrogen, e.g., administered via
subcutaneous pellets18, 19. As in humans the skeletal response
to estrogen is dose-dependent. At low doses bone resorption
is decreased, while higher doses of 17-beta estradiol also
stimulate bone formation. For any experimental work it is
however important to respect the biological dynamics after
ovariectomy. Experience from some ten years of work with
mice shows that it takes about 4 weeks after ovariectomy
before a new steady state within the skeleton develops. This
means that dynamic measurements (urine and serum
crosslinks, sequence labeling, etc.) and any external
therapeutic modulation of bone turnover should not be
performed within the first 4 weeks after ovariectomy. If bone
mass rather than turnover is the measure of interest it seems
appropriate to allow development of absolute osteopenia
and keep an interval of 8 weeks from ovariectomy before the
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bones are subjected to structural histomorphometry.
It has often been said or implied that the bones of the
ovariectomized mouse and mice in general are more difficult
to handle as compared to the larger rat bones, that the rat
model is far more established and studied and therefore the
mouse is not a real alternative to the rat model. The like of
this has often been said but it is sheer nonsense: histological
processing, histomorphometry, biomechanical testing, in
vitro analysis of bone cells, serum and urine analysis can all
be done equally well in rats and mice. In contrast, mice have
several advantages compared to rats: due to their smaller
size drug testing requires smaller amounts; the multitude of
available inbred strains with differences in peak bone mass
allow genetic studies; and most importantly, the power of
molecular genetics that allows us to alter the mouse genome
almost at will is an invaluable advantage of the mouse
compared to the rat. These facts allow us to study aspects of
skeletal physiology in mice that have never been studied
before in any other model. Indeed, today the mouse skeleton
is in several aspects already better studied than the rat.

SAMP6 Mice: osteopenia and aging in inbredstrains
In 1975, Hosokawa, Takeda and colleagues at Kyoto
University, Japan, started to establish the senescenceaccelerated mouse (SAM) strain of mice as an animal model
of senescence acceleration and age-associated disorders20, 21.
Five litters with early senescence were selected as
progenitors for a total of nine strains of accelerated-prone,
short-lived mice (SAMP). In addition, three strains of
accelerated senescence-resistant, long lived mice (SAMR)
were selected. The observation of spontaneous leg fractures
in a few aged SAM mice led to a more systemic skeletal
screening. Indeed the SAMP6 strain was identified as a
model of senile osteoporosis characterized by a low peak
bone mass at their maturation22. A decrease in bone
formation due to a paucity of osteoblast progenitors23, 24, and
an increase in bone resorption due to the enhanced
maturation of osteoclasts have been suggested as the causes
of low peak bone mass. Cross-mating studies have indicated
that the low bone mass phenotype of the SAMP6 was
controlled polygenetically by a relatively small number of
genes, probably located on chromosome 11, 13, and on the X
chromosome. The polygenetic etiology of osteopenia in
SAMP6 is – for a model system – at the same time an
advantage, as osteoporosis in man is most likely also not a
monogenetically determined disease, and a disadvantage, as
the cause of the bone phenotype remains undefined.

OPG-deficient mice: osteoporosis through increased
bone resorption
As a decrease in bone mass can result from (i) decreased
osteoblastic bone formation, (ii) increased osteoclastic bone
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resorption, or (iii) a combination of both, the first cellular
target to devise an in vivo model for osteoporosis is the
osteoclast. In 1997, Simonet and co-worker described a
glycoprotein, named osteoprotegerin (OPG), with a
molecular weight of 60 kDa capable of inhibiting the late
stages of differentiation of mononuclear precursor cells into
osteoclasts25. Cloning of the cDNA of OPG demonstrated
that OPG is a soluble member of the tumor necrosis factor
receptor (TNFR) superfamily. In contrast to the other
members of the TNFR-family, OPG lacks a transmembrane
domain suggesting it is a soluble cytokine-receptor.
Overexpression of OPG in transgenic mice leads to an
osteopetrotic phenotype and prevents bone loss in the
estrogen-deficient state caused by ovariectomy. Lack of OPG
on the other hand, leads to severe osteoporosis in opg-/mice26 (Bucay et al. 1998). One year after the discovery of
OPG, two independent groups found at the same time the
ligand for OPG (OPGL) by screening OPG-binding cellsurface antigens and identified it as the long-time postulated
osteoclast differentiation factor (ODF)27, 28. ODF is a type II
transmembrane protein consisting of 137 amino acids. It
exists as a membrane-bound and as a soluble C-terminal
form. Comparison with known sequences showed that it is
identical to TNF-related-activation-induced-cytokine
(TRANCE) and the receptor-activator for NFkappaB ligand
(RANKL) 28, known to be essential for the activation of Tcells and dendritic cells. ODF is now referred to as RANKL.
Without activation of this receptor by RANKL, no
osteoclastic differentiation takes place. Other studies have
demonstrated that the effect of 1,25(OH)2vitamin D3, PTH,
PTHrP, PGE2, oncostatin M, Il-1, Il-6 and Il-11 on
osteoclasts is mediated by regulation of mRNA for OPG and
RANKL in osteoblasts29. In conclusion, OPG competes with
RANKL for binding to RANK30 on the hematopoietic
osteoclast precursor, thus regulating bone resorption by
influencing the terminal differentiation and activity of
osteoclasts.
As a model system for osteoporosis the use of opg-/- mice
is limited due to the severity of the phenotype and an early
onset of multiple osteoporotic fractures. The osteoporotic
phenotype even requires housing in separate cages to avoid
mechanical stress due to direct contact between the mice
and consequent numerous fractures. Furthermore, any
rescue strategies, like increasing bone formation genetically,
are limited by the lack of bony scaffolds as these mice
demonstrate an almost complete absence of trabecular bone.

¢Cbfa1 mice: osteopenia through decreased
osteoblastic bone formation
A different approach to induce osteopenia would be by
targeting osteoblast function. And, indeed, Ducy and
Karsenty have developed such a model in their search for a
physiologic role of Cbfa1 beyond embryogenesis31. Cbfa1, a
transcriptional activator of osteoblast differentiation
during embryonic development, is also expressed in

differentiated osteoblasts postnatally. To determine if
Cbfa1 plays a role during bone formation, Ducy and coworkers generated transgenic mice overexpressing the
Cbfa1 DNA-binding domain (¢Cbfa1) in differentiated
osteoblasts only postnatally. ¢Cbfa1 has a higher affinity
for DNA than Cbfa1 itself, has no transcriptional activity
on its own, and can act in a dominant negative manner in
DNA cotransfection assays. ¢Cbfa1-expressing mice have
a normal skeleton at birth but develop an osteopenic
phenotype thereafter. Dynamic histomorphometric studies
show that this phenotype is due to a major decrease of the
bone formation rate in the face of a normal number of
osteoblasts, thus indicating that once osteoblasts are
differentiated, Cbfa1 regulates their function. Molecular
analyses revealed that the expression of the genes
expressed in osteoblasts and encoding bone ECM proteins,
like osteocalcin, osteopontin, and collagen I, is nearly
abolished in transgenic mice, and ex-vivo assays
demonstrated that ¢Cbfa1-expressing osteoblasts were less
active than wild-type osteoblasts. This mouse model
demonstrates that beyond its differentiation function Cbfa1
is a transcriptional activator of bone formation and
illustrates that developmentally important genes control
physiological processes postnatally. On a side track for
Ducy but as the reason to be listed in this review, ¢Cbfa1
mice are osteopenic due to decreased osteoblast activity.
The same study has demonstrated that Cbfa1 positively
regulates the activity of its own promoter, which has the
highest affinity Cbfa1 binding sites characterized. Here is
the reason for the transient osteopenic phenotype of this
model. ¢Cbfa1 not only shuts down the expression of the
bone matrix proteins through binding to their promotor
regions, but also auto-down-regulates its own expression, as
the transgene is driven by the osteocalcin promoter. Thus,
the value of this model is to demonstrate that isolated
functional modulation of osteoblast activity can induce
osteopenia. The transient nature of the osteopenic
phenotype with severely decreased bone density in 2-weekold animals that returns to normal in 8-week-old animals
probably makes this model less attractive for studies with
external modulation of bone mass.

HSV-TK mice: osteopenia through conditional
and reversible ablation of osteoblasts
One assumption of the theory of bone multicellular units
(BMUs) is that bone formation and bone resorption are
mechanistically coupled during skeletal maintenance and
remodeling32, 33. However the existence of a functional link
between bone formation and bone resorption has never been
demonstrated conclusively in vivo. To define the role of bone
formation in the regulation of bone resorption in vivo, Dr.
Karsenty generated an inducible osteoblast ablation model.
Corral et al. used an emerging strategy for cancer gene
therapy, which involves the transfer of the herpes simplex
thymidine kinase gene (HSV-TK) in target cells34, 35.
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Transgenic mice were generated in which a 1.3 kb fragment
of the osteocalcin gene 2 (OG2) was used to drive expression
of the HSV-TK36. The OG2 promoter is sufficient to achieve
osteoblast-specific expression of HSV-TK in vivo. Since
dividing cells expressing the HSV-TK die upon treatment
with ganciclovir (GCV), HSV-TK expression in dividing
osteoblasts allows inducible osteoblast ablation in vivo. In
transgenic mice, osteoblast ablation leads to an arrest of
skeletal growth and to the development of osteopenia.
Serum levels of osteocalcin are dramatically decreased,
while calcium and phosphate levels remain unchanged.
Histologically, the bones were denuded of osteoblasts and
the bone formation rate was zero. Upon withdrawal of GCV,
there was a complete reversal of the phenotype. Most
interestingly, the number of osteoclasts remained unchanged
and the bone volume was decreased after osteoblast
ablation. Indeed, in the absence of bone formation, bone
resorption occurred both in vivo and in vitro. These results
clearly indicate that bone resorption is not controlled by and
not functionally coupled to bone formation. Furthermore
this animal model is amenable to modulation with respect to
the severity of the phenotype. In addition, bone resorption
can be maintained in the absence of bone formation for even
longer periods of time. Consequently, OG2 HSV-TK mice
can be used to mimic osteoporosis of variable degrees
marked by continuing bone resorption in the face of little or
no bone formation36. This animal model provides a new tool
to address several questions regarding osteoporosis that
could not be addressed previously. This includes the role of
peak bone mass, the efficacy of antiresorptive drugs, and the
feasibility of novel approaches to treatment of osteoporosis
such as gene therapy.

demonstrating that bone remodeling, or at least its bone
formation aspect, is under the control of the hypothalamus.
No leptin could be detected in the serum of these ICV
treated animals, this latter control demonstrates
unambiguously and in the entire animal that leptin can
regulate bone formation without directly contacting the
osteoblast. These findings, in line with the mode of
regulation of body weight and gonadal function, do not close
the door to any other possible mode of action of leptin yet to
be demonstrated in vivo. Rather, they should be viewed as
providing investigators in the bone field with a new
conceptual framework to better understand bone
physiology. Finally, it provides a great model system to study
low bone mass situations in mice.

ICV Infused mice: osteopenia through hypothalamic modulation of bone mass
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the pathophysiology of the aging skeleton.

1.
It is likely that the most appealing model of inducible
osteoporosis today is the in vivo modulation of the central
axis controlling bone mass. This is possible through
intracerebroventricular application of molecules acting as
central hormones and/or neurotransmitters. This model
system makes use of the fact that besides the wellcharacterized and critical local regulation of bone
remodeling, recent genetic studies have shown that there is a
central control of bone formation, one aspect of bone
remodeling. This central regulation involves leptin, an
adipocyte secreted hormone that controls body weight,
reproduction and bone remodeling following binding to its
receptor located on the hypothalamic nuclei19, 37, 38. Indeed, it
is the experimental setting that formally demonstrated the
existence of a hypothalamic regulation of bone formation
that can be used to generate osteopenia in mice.
Intracerebroventricular (ICV) infusion of leptin in ob/ob
mice led to a massive and rapid decrease of their bone mass.
Similarly ICV infusion of leptin in wild-type mice led to the
development of a severe osteopenic phenotype,
216

2.

3.
4.

5.

6.

7.

Frost HM, Jee WSS. On the rat model of human
osteopenias and osteoporoses. Bone Miner 1992;
18:227-236.
Miller SC, Bowman BM, Jee WSS. Available animal
models of osteopenia--small and large. Bone 1995;
17:117S-123S.
Jee WSS, Ma YF. Animal models of immobilization
osteopenia. Morphologie 1999; 83:25-34.
Rubin J, Rubin H, Rubin C. Constraints of experimental
paradigms used to model the aging skeleton. In: Rosen
CJ, Glowacki J, Bilezikian JP (eds) The aging skeleton.
Academic Press, San Diego, USA; 1999:27-36.
Kalu DN. Animal models of the aging skeleton. In:
Rosen CJ, Glowacki J, Bilezikian JP (eds). The aging
skeleton. Academic Press, San Diego, USA; 1999:37-50.
Soriano P, Montgomery C, Geske R, Bradley A.
Targeted disruption of the c-src proto-oncogene leads to
osteopetrosis in mice. Cell 1991; 64:693-702.
Felix R, Hofstetter W, Cecchini MG. Recent
developments in the understanding of the pathophysiology of osteopetrosis. Eur J Endocrinol 1996;

M. Priemel et al.: Osteopenic mice: Animal models of the aging skeleton

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

134:143-156.
Amling M, Neff L, Priemel M, Schilling AF, Rueger JM,
Baron R. Progressive osteopetrosis and development of
odontomas in aging c-Src deficient mice. Bone 2000;
27:603-610.
Amizuka N, Warshawsky H, Henderson JE, Goltzman
D, Karaplis AC. Parathyroid hormone-related peptidedepleted mice show abnormal epiphyseal cartilage
development and altered endochondral bone formation.
J Cell Biol 1994; 126:1611-1623.
Lanske B, Karaplis AC, Lee K, Luz A, Vortkamp A,
Pirro A, Karperien M, Defize LH, Ho C, Mulligan RC,
Abou-Samra AB, Juppner H, Segre GV, Kronenberg
HM. PTH/PTHrP receptor in early development and
Indian hedgehog-regulated bone growth. Science 1996;
273:663-666.
Amling M, Neff L, Tanaka S, Inoue D, Kuida K, Weir E,
Philbrick WM, Broadus AE, Baron R. Bcl-2 lies
downstream of parathyroid hormone-related peptide in
a signaling pathway that regulates chondrocyte
maturation during skeletal development. J Cell Biol
1997; 136:205-213.
Lanske B, Amling M, Neff L, Guiducci J, Baron R,
Kronenberg HM. Ablation of the PTHrP gene or the
PTH/PTHrP receptor gene leads to distinct
abnormalities in bone development. J Clin Invest 1999;
104:399-407.
Schilling AF, Priemel M, Beil FT, Haberland M,
Holzmann T, Català-Lehnen P, Pogoda P, Blicharski D,
Müldner C, Löcherbach C, Rueger JM, Amling M.
Transgenic mice in skeletal research. Towards a
molecular understanding of the mammalian skeleton. J
Musculoskel Neuron Interact 2001; 1:275-289.
Ornoy A, Katzburg S. Osteoporosis: Animal models for
human disease. In: Ornoy A (ed) Animal models of
human related calcium disorders. CRC Press, New
York, USA; 1995:105-126.
Kimmel DB. Animal models for in vivo experimentation
in osteoporosis research. In: Marcus R, Feldman D,
Kelsy J (eds) Osteoporosis. Academic Press, New York;
1996:671-690.
Beamer WG, Donahue LR, Rosen CJ, Baylink DJ.
Genetic variability in adult bone density among inbred
strains of mice. Bone 1995; 18:397-403.
Amling M, Herden S, Pösl M, Hahn M, Ritzel H,
Delling G. Heterogeneity of the skeleton: comparison of
the trabecular microarchitecture of the spine, the iliac
crest, the femur, and the calcaneus. J Bone Miner Res
1996; 11:36-45.
Bain SD, Bailey MC, Celino DL, Lantry MM, Edwards
MW. High dose estrogen inhibits bone resorption and
stimulates bone formation in the ovariectomized mouse.
J. Bone Miner Res 1993; 8:435-442.
Ducy P, Amling M, Takeda S, Priemel M, Schilling AS,
Beil T, Shen J, Vinson C, Rueger JM, Karsenty G.
Leptin inhibits bone formation through a hypothalamic

20.

21.

22.

23.

24.

25.

26.

27.

28.

relay: a central control of bone mass. Cell 2000;
100:197-207.
Takeda T, Hosokawa M, Takeshita S, Irino M, Higuchi
K, Matsushita T, Tomita Y, Yasuhira K, Hamamoto H,
Shimizu K, Ishii M, Yamamuro T. New murine model of
accelerated senescence. Mech Ageing Dev 1981; 17:183194.
Hosokawa M, Abe T, Higuchi K, Shimakawa K, Omori
Y, Matsushita T, Kogishi K, Deguchi E, Kishimoto Y,
Yasuoka K, Takeda T. Management and design of the
maintenance of SAM mouse strains; an animal model
for accelerated senescence and age associated disorders.
Exp Gerontol 1997; 32:111-116.
Matsushita M, Tsuboyama T, Kasai R, Okumura H,
Yamamuro T, Higuchi K, Higuchi K, Kohno A, Yonezu
T, Utani A. Age-related changes in bone mass in the
senescence-accelerated mouse (SAM) SAM-R/3 and
SAMP/6 as new murine models for senile osteoporosis.
Am J Pathol 1986; 125:276-283.
Suda T. Osteoporotic bone changes in SAMP6 are due
to a decrease in osteoblast progenitor cells. In: Takeda
Toshio (ed) The SAM model of senescence. Excerpta
Medica, Amsterdam; 1994:47-52.
Jilka RL, Weinstein RS, Takahashi K, Parfitt AM,
Manolagas SC. Linkage of decreased bone mass with
impaired osteoblastogenesis in murine model of
accelerated senescence. J Clin Invest 1996; 97:17321740.
Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang
MS, Lüthy R, Nguyen HQ, Wooden S, Bennett L,
Boone T, Shimamoto G, DeRose M, Elliott R,
Colombero A, Tan HL, Trail G, Sullivan J, Davy E,
Bucay N, Renshaw-Gegg L, Hughes TM, Hill D,
Pattison W, Campbell P, Sander S, Van G, Tarpley J,
Derby P, Lee R and Boyle WJ. Osteoprotegerin: a novel
secreted protein involved in the regulation of bone
density. Cell 1997; 89:309-319.
Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J,
Capparelli C, Scully S, Lin Tan H, Xu W, Lacey DL,
Boyle WL, Simonet WS. Osteoprotegerin-deficient
mice develop early onset osteoporosis and arterial
calcification. Genes Dev 1998; 12:395-400.
Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR,
Burgess T, Elliott R, Colombero A, Elliott G, Scully S,
Hsu H, Sullivan J, Hawkins N, Davy E, Capparelli, C,
Ali E, Qian YX, Kaufman S, Sarosi I, Shalhoub V,
Senaldi,G, Guo J, Delaney J, Boyle WJ.
Osteoprotegerin ligand is a cytokine that regulates
osteoclast differentiation and activation. Cell 1998;
93:165-176.
Yasuda H, Shima N, Nakagawa N, Yamaguchi K,
Kinosaki M, Mochizuki S, Tomoyasu A, Yano K, Goto
M, Murakami A, Tsuda E, Morinaga T, Higashio K,
Udagawa N, Takahashi N, Suda T. Osteoclast
differentiation factor is a ligand for osteoprotegerin/
osteoclastogenesis-inhibitory factor and is identical to
217

M. Priemel et al.: Osteopenic mice: Animal models of the aging skeleton

29.

30.

31.

32.

33.

218

TRANCE/RANKL. Proc Natl Acad Sci 1998; 95:35973602.
Suda T, Udagawa N, Nakamura I, Miyaura C,
Takahashi N. Modulation of osteoclast differentiation
by local factors. Bone 1995; 17:S87-91.
Nakagawa N, Kinosaki M, Yamaguchi K, Shima N,
Yasuda H, Yano K, Morinaga T, Higashio K. RANK is
the essential signaling receptor for osteoclast
differentiation factor in osteoclastogenesis. Biochem
Biophys Res Commun 1998; 253:395-400.
Ducy P, Starbuck M, Priemel M, Shen J, Pinero G,
Geoffroy V, Amling M, Karsenty G. A Cbfa1-dependent
genetic pathway controls bone formation beyond
embryonic development. Genes Dev 1999; 13:10251036.
Frost HM. Treatment of osteoporoses by manipulation
of coherent bone cell populations. Clin Orthop 1979;
143:227-244.
Rodan GA, Martin TJ. Role of osteoblasts in hormonal
control of bone resorption - a hypothesis. Calcif Tissue

Int 1981; 33:349-351.
34. Culver KW, Ram Z, Wallbridge S, Ishii H, Oldfield EH,
Blaese RM. In vivo gene transfer with retroviral vectorproducer cells for treatment of experimental brain
tumors. Science 1992; 256:1550-1552.
35. Hamel W, Magnelli L, Chiarugi VP, Israel MA. Herpes
simplex virus thymidine kinase/ganciclovir-mediated
apoptotic death of bystander cells. Cancer Research
1996; 56:2697-2702.
36. Corral DA, Amling M, Priemel M, Loyer E, Fuchs S,
Ducy P, Baron R, Karsenty G. Dissociation between
bone resorption and bone formation in osteopenic
transgenic mice. Proc Natl Acad Sci 1998; 95:1383513840.
37. Amling M, Takeda S, Karsenty G. A neuroendocrine
regulation of bone remodeling. Bioassays 2000; 22:970975.
38. Haberland M, Schilling AF, Rueger JM, Amling M.
Brain and Bone: Central regulation of bone mass. J
Bone Joint Surg 2001; 83A:1801-1809.

