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The endogenous cannabinoids bind to and activate two G protein-
coupled receptors, the predominantly central cannabinoid receptor
type 1 (CB1) and peripheral cannabinoid receptor type 2 (CB2).
Whereas CB1 mediates the cannabinoid psychotropic, analgesic,
and orectic effects, CB2 has been implicated recently in the regu-
lation of liver fibrosis and atherosclerosis. Here we show that
CB2-deficient mice have a markedly accelerated age-related tra-
becular bone loss and cortical expansion, although cortical thick-
ness remains unaltered. These changes are reminiscent of human
osteoporosis and may result from differential regulation of tra-
becular and cortical bone remodeling. The CB2~/~ phenotype is
also characterized by increased activity of trabecular osteoblasts
(bone-forming cells), increased osteoclast (the bone-resorbing cell)
number, and a markedly decreased number of diaphyseal osteo-
blast precursors. CB2 is expressed in osteoblasts, osteocytes, and
osteoclasts. A CB2-specific agonist that does not have any psych-
otropic effects enhances endocortical osteoblast number and ac-
tivity and restrains trabecular osteoclastogenesis, apparently by
inhibiting proliferation of osteoclast precursors and receptor acti-
vator of NF-«B ligand expression in bone marrow-derived osteo-
blasts/stromal cells. The same agonist attenuates ovariectomy-
induced bone loss and markedly stimulates cortical thickness
through the respective suppression of osteoclast number and
stimulation of endocortical bone formation. These results demon-
strate that the endocannabinoid system is essential for the main-
tenance of normal bone mass by osteoblastic and osteoclastic CB2
signaling. Hence, CB2 offers a molecular target for the diagnosis
and treatment of osteoporosis, the most prevalent degenerative
disease in developed countries.
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he endogenous cannabinoids bind to and activate the can-

nabinoid receptors 1 and 2 (CB1 and CB2, respectively).
Both are seven-transmembrane domain receptors, and they
share 44% identity. They are coupled to the inhibitory guanine
nucleotide-binding regulatory protein subclass of G proteins and
inhibit stimulated adenylyl cyclase activity (1). That CB1 and
CB2 are not functionally identical is demonstrated by the
selective regulation of ion channels by only CB1 (2). CB1 is
present in the brain and in peripheral neurons and accounts for
most of the actions of cannabinoid drugs and endocannabinoids
on the central nervous system (3, 4). CB2 was reported in the
immune system (5), in liver cirrhosis (6), and in atherosclerotic
plaques (7).

In vertebrates, bone mass and shape are determined by contin-
uous remodeling consisting of the concerted and balanced action of
osteoclasts, the bone-resorbing cells, and osteoblasts, the bone-
forming cells. Osteoporosis, the most prevalent degenerative dis-
ease in developed countries, results from the impairment of this
balance, leading to bone loss and increased fracture risk. It has been
recently reported that bone remodeling is subject to central control
through pathways that involve signaling by the hypothalamic re-
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ceptors for leptin and neuropeptide Y (8, 9), which are also
associated with the regulation of endocannabinoid brain levels (10).
These observations led us to assess the role of the endocannabinoid
signaling system in the regulation of bone mass. Indeed, we
demonstrate here a low bone mass phenotype in mice deficient for
the peripheral cannabinoid receptor (CB2), which is normally
expressed in osteoblasts, osteoclasts, and their precursors. A CB2-
specific agonist, which has no psychotropic or other central effects,
regulates the activity of these cells and attenuates ovariectomy
(OVX)-induced bone loss. These data suggest an important regu-
latory role of the endocannabinoid system in bone and offer
molecular targets for the development of diagnostic and therapeu-
tic approaches to osteoporosis.

Results

Low Bone Mass Phenotype and High Bone Turnover in CB2~/~ Mice.
CB2~'~ mice are healthy, fertile, and of size and weight indistin-
guishable from their age-matched WT controls (11). Indeed, we
could not find any overt phenotype in our previous analysis of
CB2-knockout mice, and thus the function of the CB2 receptor
remained obscure. The present skeletal analysis shows a low bone
mass phenotype in both male and female CB2~/~ mice (Fig. 1; see
also Fig. 7, which is published as supporting information on the
PNAS web site). In females, the trabecular bone volume density
(BV/TV) was significantly decreased already at the age of 8 weeks
(Fig. 7A4). The trabecular number (Tb.N) at this age was lower in
both males and females (Figs. 1C and 7B). The findings in 1-year-
old male mice indicate progressive, marked trabecular bone loss
with transition from plate- to rod-like trabecular structure (Fig.
1A), reportedly associated with a net increase in bone resorption
(12). The BV/TV and Tb.N in these animals were approximately
half compared with age-matched WT controls (Fig. 1 B and C).
Bone histomorphometric measurements were carried out in the
8-week-old females. These results show that the osteoclast number
per bone surface area was almost 40% higher in the CB2~/~ mice
(Fig. 7C). Mineral appositional rate and bone formation rate were
increased by ~20% (Fig. 7 D and E). Together these data indicate
that the low bone mass in CB2~/~ mice is associated with high bone
turnover, as observed, for example, in postmenopausal osteoporo-
sis, where the increase in bone formation is insufficient to com-
pensate for the strongly stimulated bone resorption. Another
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Fig. 1. Low trabecular bone mass and cortical expansion in CB2~/~ mice.
(A-C) Distal femoral metaphysis. (A) 3D trabecular bone structure in 51-week-
old mice. (B) Trabecular bone volume density as percent trabecular network of
total metaphyseal volume (BV/TV). (C) Trabecular number per millimeter
metaphyseal line (Tb.N). Open circles, CB2~/~ mice; filled circles, WT mice. (D)
Femoral mid-diaphysis of 8-week-old mice. Microcomputed tomographic
(1CT) analysis in male mice. Quantitative data are mean =+ SE. *, P < 0.05.

feature reminiscent of human osteoporosis is that the decreased
trabecular bone mass is associated with cortical expansion (13),
consisting of increased total diaphyseal and medullary cavity di-
ameters and preservation of cortical thickness (Figs. 1D and 7F).

Expression of Cannabinoid Receptors in Osteoblasts and Osteoclasts.
To explore the mechanism involved in the effect of CB2 signaling
in bone, we initially analyzed cannabinoid receptor expression in
mouse diaphyseal bone marrow-derived stromal cells grown in
osteogenic medium (14). Real-time RT-PCR demonstrated pro-
gressive expression of CB2 mRNA, which paralleled the expression
of the osteoblastic marker genes TNSALP (encoding tissue non-
specific alkaline phosphatase) and RUNX2 (15). CB2 mRNA levels
were much lower when the same cultures were propagated in
nonosteogenic medium (Fig. 24). CB2 was also progressively
expressed in MC3T3 E1 osteoblastic cells cultured in osteogenic
medium (Fig. 2B). CB1 mRNA was extremely low in either culture
system (data not shown).

We next measured CB2 expression during in vitro osteoclasto-
genesis in bone marrow-derived primary monocytic cultures. Ex-
pression of CB2 in the monocyte-macrophage lineage had been
reported in refs. 16 and 17. As shown in Fig. 2C, CB2 was expressed
in bone marrow-derived osteoclasts formed in the presence of
macrophage colony-stimulating factor (M-CSF) and receptor acti-
vator of NF-«B ligand (RANKL) and in their monocytic progen-
itors (Fig. 2C). RAW 264.7-derived osteoclast-like cells also ex-
pressed CB2 mRNA (Fig. 2C). As in the case of the osteoblastic
cells, CB1 mRNA was undetectable in the osteoclast-like cells and
in their progenitors (data not shown).

To address CB2 expression in bone in vivo, immunohisto-
chemical analysis was performed on distal femoral metaphyseal
sections. As shown in Fig. 2D, CB2 receptors are clearly ex-
pressed in osteoblasts, osteocytes, and osteoclasts of WT, but not
CB27/~ mice (Fig. 2E).
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Fig. 2. CB2 expression in normal bone. (A) Real-time RT-PCR of CB2 and
osteoblast differentiation markers in bone marrow-derived primary stromal
cell cultures undergoing osteoblastic differentiation in osteogenic medium.
NOM, cells grown for 20 days in nonosteogenic medium; RUNX2, runt-related
transcription factor 2; TNSALP, tissue nonspecific alkaline phosphatase. (B)
RT-PCR analysis in MC3T3 E1 osteoblastic cell line grown in osteogenic me-
dium. PTHRc1, parathyroid hormone (PTH)/PTH-related protein receptor 1. (C)
RT-PCR analysis in primary culture of monocytic cells undergoing osteoclas-
togenesis. Upper lanes, bone marrow-derived culture grown in the presence
of M-CSF and RANKL; lower lanes, RAW 264.7 cells grown with RANKL; Mono,
undifferentiated monocytes; Ocl, osteoclast-like, tartrate-resistant acid phos-
phatase (TRAP)-positive multinucleated cells. (D and E) Immunohistochemical
localization of CB2-positive osteoblasts (arrowheads), osteocytes (double ar-
rowhead), and osteoclasts (arrows) in distal femoral metaphysis of WT mice
(D) but not of CB2~/~ mice (E).

Role of CB2 Signaling in Osteoblastic Cells. Expression of the CB2
receptor in bone cells suggested that CB2 ligands could exert their
skeletal effect in a cell-autonomous manner. We therefore tested
the effects of HU-308, a synthetic, highly specific, small molecule
CB2 agonist (18) (see Fig. 84, which is published as supporting
information on the PNAS web site), in primary osteoblastogenic
culture of bone marrow-derived stromal cells. HU-308 potently
increased the number of the WT-derived differentiating stromal
cells, with maximal 205% stimulation at 108 M and ECsy = 0.35
nM. HU-308 did not affect similarly treated cells obtained from
CB2~'~ mice (Fig. 34). Noladin ether, a specific CB1 agonist (19)
had no significant effect (Fig. 8B). At this early differentiation stage,
TNSALP activity and matrix mineralization were unaffected by the
CB2 ligand (data not shown). Thus, the HU-308-induced increase
in cell number in this system is consistent with a CB2-mediated
stimulation of preosteoblastic cell pool expansion as a mechanistic
aspect of the endocannabinoid action in bone. Colony-forming unit
osteoblastic (CFU-OB) formation was used to study the role of CB2
signaling on terminal osteogenic differentiation of the bone mar-
row-derived stromal cells. The CFU-OB counts were markedly
decreased in the CB2~/~ mice compared with WT cultures (Fig.
3B). HU-308 increased the CFU-OB counts in cultures from WT
mice. Jointly, these data suggest that CB2 signaling regulates the
supply of diaphyseal endocortical osteoblasts, and that undersupply
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Fig. 3. CB2 signaling regulates supply of diaphyseal osteoblasts. (A) CB2-
specific agonist HU-308 stimulates the number of diaphyseal-derived bone
marrow stromal cells. Cells were grown for 10 days in osteogenic medium
followed by a 48-h challenge with HU-308 (see further details in Methods).
Filled circles, cells derived from WT mice; open circles, cells derived from
CB2~/~ mice. Data are mean = SE obtained in triplicate culture wells per
condition. (B) Ex vivo regulation of bone marrow-derived CFU-OB by CB2~/~
signaling. Data are mean = SE obtained in five CB2~/~ and four WT mice per
condition (10 wells per mouse). *, P < 0.05.

of committed osteogenic precursors is the cause of decreased
endocortical bone formation that contributes to the cortical expan-
sion in the CB2-null mice.

Because bone marrow-derived primary stromal cell cultures are
nonhomogenous, we further tested the effect of HU-308 on cell
proliferation and osteogenic functions in primary newborn mouse
calvarial osteoblasts (NeMCO) cells and the MC3T3 E1 osteoblas-
tic cell line. As in the stromal cell osteoblastogenic culture, we found
that HU-308 stimulated proliferation measured as both increased
BrdUrd incorporation into newly synthesized DNA and DNA
content (Fig. 44; see also Fig. 9 A and B, which is published as
supporting information on the PNAS web site). The stimulation of
DNA synthesis was blocked by pertussis toxin (Fig. 94), consistent
with the notion that the HU-308 mitogenic activity engages CB2
signaling by an inhibitory Gj, protein (20). The mitogenic activity
of HU-308 in the NeMCO and MC3T3 E1 models was accompa-
nied by enhancement of the osteoblast phenotype; the respective
TNSALP activity was increased in these systems by 60% and 75%
(Figs. 4B and 9C), and the accumulation of extracellular mineral, an
ultimate osteoblastic function, showed multiple-fold enhancement
(Figs. 4C and 9D). As in the case of the bone marrow-derived
stromal cells, NeMCO cells from CB2~/~ mice showed no response
to HU-308 (Fig. 4). Together, the decrease in CFU-OB derived
from the CB27/~ mice and HU-308-induced stimulation of
CFU-OB obtained from WT mice and enhancement of NeMCO
and MC3T3 El1 cell function suggest that CB2 signaling in osteo-
blasts is cell autonomous and independent of the presence of
osteoclasts or their precursors.

CB2 Signaling Mitigates Osteoclastogenesis. HU-308 also had a
cell-autonomous effect in bone marrow-derived primary monocytic
cultures undergoing osteoclastic differentiation under the influence
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Fig. 5. CB2-specific agonist, HU-308, restrains osteoclastogenesis. (A) Num-
ber of TRAP-positive multinucleated cells in primary bone marrow-derived
monocyte culture from WT (filled squares) and CB2~/~ (open squares) mice
maintained for 6 days in osteoclastogenic conditions (M-CSF and RANKL) with
the indicated HU-308 concentrations. Cntl, control without HU-308. Data are
mean = SE obtained in 24 culture wells per condition. (B) Number of TRAP-
positive multinucleated cells in RAW 264.7 cell cultures incubated for 7 days
with RANKL and the indicated HU-308 concentrations. (C) DNA synthesis in
RAW 264.7 cultured for 3 days with (open circles) or without (filled circles)
RANKL and HU-308 as indicated. Data in B and C are mean =+ SE obtained in
triplicate culture wells per condition. (D) RT-PCR analysis of RANKL and
osteoprotegerin (OPG) expression in bone marrow-derived primary stromal
cell cultures. Cells from WT mice were incubated for 10 days in osteogenic
medium and then challenged for 8 h with HU-308 or control (Cntl) medium. *,
P < 0.05.

of M-CSF and RANKL. In cultures derived from WT, but not
CB27~/~ mice, HU-308 dose-dependently suppressed the formation
of osteoclast-like cells, with maximal 42% inhibition at 10~ M and
ECsy = 1.24 nM (Fig. 54). HU-308 also decreased the number of
osteoclast-like cells formed in a 7-day RAW 264.7 cell culture
supplemented with RANKL. Maximal suppression in this system
was 40% at 1078 M (Fig. 5B). To test whether this suppression of
osteoclastogenesis resulted from an antimitogenic effect in preos-
teoclasts, we analyzed DNA synthesis in RAW 264.7 cells grown for
3 days with or without RANKL. Regardless of the presence of
RANKIL, HU-308 inhibited BrdUrd incorporation in these cells,
also with a maximal 40% effect (Fig. 5C). Thus, whereas HU-308
is mitogenic in the osteoblast lineage, it is antimitogenic in the
monocytic—osteoclastic lineage. HU-308 also markedly reduced

Fig. 4. CB2-specific agonist stimulates growth and differen-
tiation of newborn calvarial osteoblasts derived from WT but
not from CB2~/~ mice. Cells were grown for 12 days in osteo-
genic medium before challenging with 108 M HU-308. (A)
DNA synthesis. (B) TNSALP activity. pNPP, p-nitrophenyl phos-
phate. (C) Mineral staining with alizarin red S. Cells were
treated with HU-308 for 48 hin A and 10 days in Band C. Data
in Aand Bare mean *+ SE obtained in 12 and 3 culture wells per
condition, respectively. Images in C are representative of 3-6
wells per condition. *, P < 0.05.
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RANKL mRNA in bone marrow stromal cells undergoing osteo-
blastic differentiation, leaving osteoprotegerin expression unaf-
fected (Fig. 5D). Selective regulation of RANKL has been reported
in ref. 21; the present reduction in RANKL expression could
contribute to the in vivo inhibition of osteoclast number seen in
HU-308-treated OVX mice (Fig. 6B). A qualitative assessment
suggested that HU-308 did not affect osteoclast size or the number
of osteoclast nuclei (data not shown).

The lack of response to HU-308 in all culture systems derived
from CB2~/~ mice clearly demonstrates that this ligand not only has
great preference for CB2 over CBI1 receptors, but also that it does
not act on noncannabinoid receptors.

Attenuation of OVX-Induced Bone Loss by HU-308. In view of the
antiosteoclastic and proosteoblastic activities of HU-308 in vitro,
and because it is nonpsychotropic (18), CB2-specific ligands such
as HU-308 could provide an opportunity to augment bone mass
while avoiding the cannabinoid psychotropic activity. We there-
fore tested the antiosteoporotic potential of HU-308 in an OVX
C3H mouse model of postmenopausal osteoporosis. Indeed,
whereas OVX induced 41% trabecular bone loss in untreated
mice, HU-308 attenuated this loss to only 27% (Fig. 6A). The
protective effect of HU-308 was attributable to reduction in the
osteoclast number to levels lower than those measured in OVX
and even sham-operated mice (Fig. 6B). In the trabecular
compartment, HU-308 did not stimulate bone formation, which
was already enhanced as part of the high bone turnover triggered
by OVX (Fig. 6C) (22). By contrast, HU-308 induced a marked
increase in the cortical thickness, which exceeded the thickness
in either OVX or sham-OVX mice (Fig. 6D Upper). This increase
was associated with a significant reduction in the size of the
medullary cavity (Fig. 6D Upper), which could be accounted for
by the stimulation of endocortical bone formation (Fig. 6D
Lower). Thus, treatment with a CB2 agonist can oppose bone
weakening after loss of estrogen by concomitantly attenuating
osteoclast-mediated bone resorption (Figs. 5 and 6B) and stim-
ulating osteoblast-mediated bone formation (Figs. 3, 4, and 6D).

Discussion

Our analyses demonstrate that the endocannabinoid system regu-
lates bone mass by signaling via the peripheral CB2 expressed in
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bone. Specifically, we show that CB2-deficient mice have a low bone
mass phenotype, suggesting that endocannabinoids play an essential
role in the maintenance of bone mass by signaling through CB2. We
further show that these receptors are expressed in cells of both the
osteoblast and osteoclast lineages and that exposure of these cells
to a CB2-specific agonist results in distinct responses, suggesting
that CB2 signaling contributes to the maintenance of bone mass by
two mechanisms: (¢) direct stimulation of stromal cells/osteoblasts;
and (i) inhibition of monocytes/osteoclasts, both directly and by
inhibition of osteoblast/stromal cell RANKL expression. We then
demonstrate the feasibility of designing a cannabinoid-based, an-
tiosteoporotic therapy that is free of psychotropic effects.

CB2 is expressed in the vast majority of hematopoietic cells,
including macrophages, and attenuates immune responses (17, 19,
23, 24). In line with these reports, we found here that osteoclasts,
cells derived from the monocyte-macrophage lineage (25), have
high levels of CB2 mRNA and are more abundant in the CB2-
deficient mice. Moreover, treatment with HU-308, a specific CB2
agonist (18), suppresses osteoclastogenesis in WT OVX animals,
apparently by a mechanism that involves CB2-mediated mitogenic
inhibition of osteoclast precursors. That this inhibition directly
involves the osteoclast lineage is proposed by the restrained oste-
oclastogenesis in the homogenous RAW 264.7 cell line. We also
show that HU-308 inhibits RANKL expression in stromal cells/
osteoblasts, suggesting an additional in vivo mechanism whereby
CB?2 signaling restrains osteoclastogenesis by reducing the avail-
ability of RANKL, which is a critical osteoclastogenic factor (25).
Regulation of osteoclastogenesis, both by direct action on cells of
the osteoclast lineage and indirectly by stromal cells/osteoblasts has
been reported recently in the cases of the sympathetic nervous
system (26), tumor necrosis factor (TNF), and interleukin 1 (IL-1)
(27). Jointly, these data suggest that physiologic CB2 signaling
exerts tonic repression of osteoclastogenesis. Interestingly, it has
been recently reported that CB2 antagonists inhibit osteoclasto-
genesis in vitro, implying that CB2 signaling promotes osteoclast
differentiation and function (28), the opposite of the conclusion
from this article. A possible explanation for this discrepancy is that
the effect of CB2 ligands is concentration-dependent inasmuch as
the effect of HU-308 on osteoclastogenesis is seen at concentrations
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2-3 orders of magnitude lower compared with the effective antag-
onist dose.

Although we show direct effects of CB2 signaling on osteogenesis
and osteoclastogenesis, the skeletal effects of HU-308 could involve
CB2 receptors in nonskeletal cells. For example, in cells of the
monocyte/macrophage system, CB2 signaling inhibits the expres-
sion of proresorptive cytokines, such as TNF and IL-1 (29).
Interestingly, CB2 activation stimulates the expression of IL-1
receptor antagonist (30), which is normally present in bone (31) and
suppresses osteoclast formation (32). In addition, endocannabi-
noids enhance nitric oxide (NO) synthase activity and NO release
from monocytes and mast cells (33, 34). NO inhibits bone formation
and resorption (35), and therefore this endocannabinoid activity is
consistent with the CB2-mediated suppression of bone remodeling
implied by the high bone turnover in the CB2-null mice.

Increased bone resorption in the CB2~/~ mice could be expected
to result in a compensatory increase in bone formation (36). The
failure of osteoblasts to fully balance the increase in bone resorption
can be explained by a requirement for CB2 signaling in osteoblast
growth and differentiation. Indeed, we show that CB2 expression in
differentiating osteoblasts progressively increases, paralleling the
increasing expression of the osteoblastic markers TNSALP,
PTHRcI, and RUNX2, a master osteogenic transcription factor
(15). We further demonstrate that the expression of CB2 is essential
for the physiologic supply of osteoblasts, at least in the endocortical
diaphyseal compartment.

That HU-308 prevented OVX-induced trabecular bone loss only
partially is possibly attributable to the failure of this CB2 agonist to
stimulate trabecular bone formation in the OVX mice. It seems that
the HU-308-activated CB2 signaling targets a bone anabolic mech-
anism, which is saturated in the OVX animals because of their high
bone turnover during the treatment period. Jointly, the data in
CB27/~ mice and HU-308-treated ex vivo cultures and OVX
animals suggest that the main effects of CB2 in the trabecular and
cortical compartments are the inhibition of bone resorption and
stimulation of endocortical bone formation, respectively. Indeed,
trabecular and cortical bone cells may respond differently to
activation of the same receptors, as exemplified by the cases of PTH
receptor 1 (PTHRc1) and androgen receptor (37, 38). Still, further
investigation is required to fully understand the processes involved
in this differential regulation, in particular the role of cannabinoids
in endocortical bone resorption and periosteal bone growth, which,
like endosteal bone formation, also determine radial bone growth,
cortical thickness, and cortical expansion.

Adult bone mass is affected by the accrual of peak bone mass and
its later maintenance by balanced remodeling (39). The almost
normal bone mass in 8-week-old CB2~/~ mice compared with the
vast bone loss observed by 1 year of age suggests a differential role
for CB2 in balancing bone remodeling. Does CB2 signaling operate
in humans as it does in mice? We have recently reported an
association of polymorphism in the human gene encoding CB2 with
postmenopausal osteoporosis (40). Bone density studies in well
defined cohorts of chronic marijuana users (41) to establish the role
of CB2 signaling in human bone metabolism are also advocated.
Finally, duplication in humans of our results demonstrating inhi-
bition of osteoclast number and stimulation of bone formation in
OVX mice by a synthetic cannabinoid will provide unprecedented
opportunities for the design of a single, orally available antiosteo-
porotic therapy that is concomitantly anabolic and antiresorptive.
That the specificity of this synthetic agonist is for the CB2 implies
the absence of undesirable psychotropic effects shared by many of
the nonspecific cannabinoid receptor ligands that, in addition to
CB2, activate the neuronal CB1.

Methods

Animals. Mice with a deletion of the CNR2 gene (CB2~/~ mice) (11)
were crossed for 10 generations to WT C57BL/6J mice to generate
a congenic C57BL/6J CB27/~ strain. The effect of CB2 signaling on
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OVX-induced bone loss was analyzed in normal C3H mice (Har-
lan) because of their high femoral bone density (42), which allows
for a substantial amount of bone loss to occur. Because of the low
trabecular bone volume density in C57BL/6J females (Fig. 74), the
absolute amount of OVX-induced bone loss in these animals is
small, and a large sample is required to achieve statistical signifi-
cance. Also, the number of calcein-labeled packets (see Results) in
OVX C57BL/6J mice is often too small for the calculation of bone
formation parameters in the trabecular compartment. HU-308, a
synthetic CB2-specific agonist with a molecular weight of 414, was
prepared as described in ref. 18 and injected i.p. into OVX and
control mice once daily as ethanol/emulphor/saline (1:1:18) solu-
tion. To study bone formation, newly formed bone was vitally
labeled in all reported animals by the fluorochrome calcein
(Sigma), injected i.p. (15 mg/kg) 4 days and 1 day before eutha-
nization. Groups of 8—10 mice, ages 8—11 or 51 weeks, were used
in each experiment. The experimental protocols were approved by
the Institutional Animal Care and Use Committee, Faculty of
Medicine, Hebrew University of Jerusalem and by the Regierung-
sprésidium Koln for the University of Bonn.

Microcomputed Tomographic (uCT) Analysis. Whole femora were
examined by a uCT system (uCT 40, SCANCO Medical, Bassers-
dorf, Switzerland) equipped with a 5-um focal spot microfocus
x-ray tube as a source. A 2D charge-coupled device, coupled to a
thin scintillator as a detector, permitted parallel acquisition of
stacks, including 20 tomographic images. The long axis of the femur
was set parallel to the plane of the x-ray beam axis. The x-ray tube
was operated at 50 kV (kilovolt) and 160 wA. The integration time
was set to 100 ms. The scans were performed at a resolution of 20
pm in all three spatial dimensions (medium-resolution mode). 2D
computed tomographic images were reconstructed in 1,024 X 1,024
pixel matrices from 1,000 projections by using a standard convo-
lution backprojection procedure with a Shepp and Logan filter.
Images were stored in 3D arrays with an isotropic voxel size of 20
pm. A constrained 3D Gaussian filter (width, o = 0.8; support, 1
voxel width) was used partly to suppress the noise in the volumes.
The samples were binarized by using a global thresholding proce-
dure (43). The threshold was set to 22.4% and 16.0% of the maximal
gray-scale value for cortical bone and trabecular bone, respectively.
Morphometric parameters were determined by using a direct 3D
approach (44). Trabecular bone parameters were measured in a
metaphyseal segment, extending proximally from the proximal tip
of the primary spongiosa to the proximal border of the distal
femoral quartile. Cortical bone parameters were determined in a
diaphyseal segment extending 1.12 mm distally from the midpoint
between the femoral ends.

Histomorphometry and Immunohistochemistry. After uCT image
acquisition, the specimens were embedded undecalcified in Tech-
novit 9100 (Heraeus). Longitudinal sections through the midfrontal
plane were left unstained for dynamic histomorphometry based on
the vital calcein double labeling. To identify osteoclasts, consecutive
sections were stained for tartrate-resistant acid phosphatase
(TRAP) (45). Parameters were determined according to a stan-
dardized nomenclature (46). Immunohistochemistry was per-
formed by using paraffin-embedded decalcified sections (47) with
a polyclonal first antibody raised against the human CB2-(20-33)
peptide (Cayman Chemical, Ann Arbor, MI; catalog no. 101550).
The same peptide (Cayman Chemical; catalog no. 301550) was used
to block protein—antibody complex formation in control staining.
The antibody is highly specific for the human and mouse CB2 and
does not crossreact with CBI.

mRNA Analyses. Total RNA was prepared from primary osteoblas-
togenic cultures of stromal cells derived from femoral and tibial
diaphyseal bone marrow of WT C57BL/6J mice grown in “osteo-
genic medium” containing ascorbic acid, 3-glycerophosphate, and
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dexamethasone (Sigma) as reported in ref. 14. Bone marrow-
derived osteoclastogenic cultures were established from Ficoll-
separated monocytic precursors and grown for 5-6 days in medium
containing M-CSF and RANKL (R & D Systems) (48). In addition,
mRNA was obtained from osteoclast-like RAW 264.7 cells grown
for 7 days with or without RANKL supplementation. Real-time
RT-PCR analysis was carried out by using Applied Biosystems
Assay-on-Demand. Data were normalized to GAPDH. Assay ID:
GAPDH, Mm99999915_¢g1; CB1, Mm00432621_s1; CB2,
Mm00438286_m1; RUNX2, Mm00501578_m1; and TNSALP,
Mm00475831_-m1. RT-PCR analysis was carried out by using pre-
viously reported primers (49). RANKL and osteoprotegerin
(OPG) mRNA expression was analyzed by RT-PCR in bone
marrow-derived primary stromal cells grown in osteogenic medium
by using the following primers: mouse RANKL, U: 5'-CGC TCT
GTT CCT GTA CTT TCG AGC G-3" and L, 5'-TCG TGC TCC
CTC CTT TCA TCA GGT T-3'; mouse OPG, U, 5'-GGA AGG
GCG TTA CCT GG-3', and L, 5'-CTG CTC GCT CGA TTT
GC-3’; and mouse B-actin, U, 5-GAG ACCTTC AAC ACC CCA
GCC-3', and L, 5'-GGC CAT CTC TTG CTC GAA GTC-3'.

Determination of CFU-OB. Freshly isolated bone marrow cells from
eight WT and five CB2~/~ mice were seeded in 96-well plates, 10
wells per mouse, at 1 X 10° cells per well and cultured in osteogenic
medium for 19 days. In the last 12 days, the medium was supple-
mented with 1078 M HU-308 or vehicle solution (0.1% DMSO).
CFU-OB was determined as the number of alizarin red S-positive
colonies.

In Vitro Effect of HU-308. The effects of HU-308 on osteoblastic cell
growth and activity were studied in differentiating primary bone
marrow-derived stromal cells (cultured as in mRNA Analyses),
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primary NeMCO prepared from 5-day-old mice by successive
collagenase digestion (50), and MC3T3 E1 osteoblastic cells. The
cells were initially incubated in osteogenic medium for 10-12 days,
to allow for sufficient CB2 expression, followed by 2-h serum
starvation. Ligands were dissolved in DMSO and further diluted to
their final concentration by using tissue-culture medium. Cell
counts and BrdUrd incorporation were determined after 48-h
incubation in a-MEM supplemented with 4% BSA and ligand. The
effect of HU-308 on osteoclast differentiation was measured in the
osteoclastogenic system described above, supplemented with HU-
308 dissolved initially in DMSO and diluted with medium. HU-308
was also tested in RAW 264.7 cells grown in medium with or
without RANKL supplementation. BrdUrd incorporation was
measured after 3 days. For osteoclast-like cell counts, 7-day cultures
were fixed in ethanol and TR AP-stained.

Statistical Analyses. Differences between CB27/~ and WT mice
were analyzed by ¢ test. HU-308 and vehicle-treated OVX and
sham-OVX mice were analyzed by ANOVA. When significant
differences were indicated by ANOVA, group means were
compared by using the Student-Newman—Keuls test for pairwise
comparisons.
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