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During skeletal remodeling, pre-osteoclasts and pre-
osteoblasts are targeted to critical sites of the bone to
resorb and reconstruct bone matrix, respectively. Co-
ordination of site-specific recruitment of these two
cell types is a prerequisite to maintain the specific
architecture of each bone within strict limits through-
out adult life. Here, we determined that the bone
marrow microanatomy adjacent to remodeling areas
is a central player in this process. By using histomor-
phometry and multiple immunostainings, we demon-
strated in biopsies exhibiting coupled bone resorp-
tion and formation that osteoclasts and osteoblasts on
the bone surface were always covered by a canopy of
flat cells expressing osteoblast markers. In contrast,
in biopsies in which this canopy was disrupted, bone
formation was deficient. Three-dimensional visualiza-
tions revealed that this canopy covered the entire
remodeling site and was associated with capillaries,
thereby forming a previously unrecognized microan-
atomical entity. Furthermore, pre-osteoclasts were
positioned along these capillaries. These findings led
to a model that implicates vasculature in the site-
specific recruitment of osteoclasts and osteoblasts
and embraces the current knowledge on the molecu-
lar mechanism of bone remodeling. (4mJ Patbol 2009,
174:239-247: DOI: 10.2353/ajpath.2009.080627)

Bone matrix is subjected throughout adult life to a series
of resorption and formation events. These processes al-

low the bone architecture to be modeled according to the
current mechanical demands and also the bone matrix to
be remodeled, thereby replacing possibly damaged ma-
trix. A remarkable property of bone remodeling is that it
restitutes bone structure and keeps the specific shape of
each bone within strict limits despite repeated resorption
and formation. This is achieved through strict coordina-
tion of these two events, determining not only how much
bone is resorbed and reconstructed, but also precisely
where resorption and reconstruction should occur. Ex-
cess of resorption over formation results in loss of bone
mass and architecture, and leads to fragility, vertebra
collapses, fractures, and disabled mobility, as seen in
osteoporosis or cancer-induced bone disease.’

Cells responsible for these events, osteoclasts (OCs)
and osteoblasts (OBs), respectively, work in concert at
specific points of the bone matrix in so-called bone re-
modeling units.? Key factors regulating these cells have
been identified. They include systemic hormones, nerve
signals, vascular agents, acidosis and hypoxia status, and
importantly also a diversity of local growth factors, cyto-
kines, chemokines, cell adhesion molecules, extracellular
matrix molecules, and proteinases, generated not only by
cells positioned on the bone surface, but also by osteocytes
embedded in the bone matrix and cells positioned in the
bone marrow.”3 9 It remains to be elucidated how the
interplay of these many diverse regulators contributes to
direct both OCs and OBs to the critical sites of the bone and
to coordinate the respective activities of these cells.

OCs and OBs are believed to originate from progeni-
tors that differentiate in specific niches of the bone mar-
row."" The recruitment mechanism, therefore, should not
merely be based on the levels of molecular regulators
controlling the differentiation of progenitors, but also on a
directional determinant defining a route that brings both OC
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and OB progenitors to the specific points of the bone matrix
that will be removed and thereafter will need reconstruction.
Chemoattractants are believed to play a role in this process,
but the mechanism supporting their spatial organization has
not been investigated.'®'® Nearby capillaries were also
proposed to contribute to the guidance mechanism,®'°
based on the histological analysis of the remodeling areas.
Furthermore, a study conducted on bone sections of hyper-
parathyroid patients led to the proposal that OCs and OBs
exert their activities in so-called bone-remodeling compart-
ments (BRC), separated from the bone marrow cavity by a
monolayer of flat cells that show OB-like cell markers.'® This
observation led to the hypothesis that physical constraints
may contribute to coordinating resorption and formation at
specific sites of the bone surface. However, in this primary
hyperparathyroidism study, virtually all of the bone-remod-
eling activity occurred inside BRCs, and bone resorption
and formation were always tightly coupled. Hence, it could
not be assessed whether the absence of BRC would indeed
result in impaired coupling of bone resorption and forma-
tion. Furthermore, it was not assessed whether the BRC is
really a compartment when analyzed in three-dimension,
nor how OC and OB progenitor cells access the BRC."”
Despite the interest raised by BRCs and capillaries, their
role as site-specific determinants of bone resorption and
formation remained speculative.'”2°

The present study of bone remodeling areas in bone
marrow biopsies of multiple myeloma (MM) patients
gave us the opportunity to demonstrate the effective
role of these structures. MM is a disease in which bone
tissue-bone marrow interactions are greatly disturbed,
in which bone resorption is often increased, and in
which, in contrast with hyperparathyroidism, bone re-
sorption tends to be uncompensated by bone formation,
thereby leading to generation of osteolytic lesions.?'#2 Our
analysis showed that MM patients exhibit typical BRCs like
the hyperparathyroid patients, but also disrupted BRCs,
thereby allowing to investigate whether there is a link
between BRCs and the control of the resorption/formation
balance.

Furthermore, to identify the route of OC and OB
progenitors to the BRCs, we combined multiple-immu-
nostainings of serial sections with three-dimensional re-
constructions. We demonstrated BRCs in their three-di-
mensional reality and showed that they are part of a
previously unrecognized microanatomical structure that
involves microcapillaries and mediates communications
between niches of the bone marrow and bone surfaces
undergoing remodeling. These observations lead to a
model for position-specific coordination of OC and OB
activities on the bone surface.

Materials and Methods

Patients and Histological Material Used for This
Study

Bone marrow biopsies (n = 32) were selected from 150
biopsies of MM patients, and 9 bone marrow biopsies

were selected from 30 biopsies of control patients with no
sign of cancer or any other bone disease (Danish Ethical
Committee approval, journal no. 19980185 and 20010082).
The selection was based on the morphological quality of the
biopsies and the number of Tartrate Resistant Acid Phos-
phatase 5b (TRAcP) positive OCs within the biopsy (more
than 10 OCs per section). The patients were between 53
and 84 years of age. The MM patients were stage | to Ill in
the Durie-Salmon scale. The bone marrow biopsies were
decalcified and embedded in paraffin and consecutive
5-um adjacent sections were obtained and processed for
histological and immunohistochemical staining procedures.

Immunohistochemistry

Sections were treated overnight at 60°C in citrate buffer
(pH 6.0) or in TE buffer (pH 9.0) to expose the antigens.
Multiple antigens were detected in the same section
through a sequential protocol. First the sections were
incubated with a mouse anti-TRAcP antibody (Zymed,
South San Francisco, CA), which was detected with an
alkaline-phosphatase polymer conjugated to goat anti-
mouse IgGs (PowerVision; Immunovision, Springdale,
AZ) followed by fuchsin™ staining. Secondly the sections
were incubated with one of the following antibodies:
mouse IgG1 antibodies against the N-terminal propep-
tide of collagen type 1 (PINP, clone mAb 1912; Chemi-
con, Temecula, CA), osteocalcin (clone mAb 8H12; a gift
from professor Kalervo Vaananen, Department of Anat-
omy, University of Tuku, Finland), osteonectin (clone
ON1-1, Zymed), fibronectin (clone FBNII; Lab Vision,
Fremont, CA), CD3 (clone F7.2.38; DAKO, Glostrup, Den-
mark), CD9 (clone 72F6; Novocastra, Newcastle upon
Tyne, UK), CD38 (clone SPC32, Novocastra), CD56
(clone 56C05, Lab Vision), CD138 (clone B-B4; Serotec,
Raleigh, NC), MMP-9 (clone 2C3, Lab Vision), or Ki-67
(clone MIB-1, DAKO), which were detected with biotin-
conjugated IgG1 subtype-specific antibody (Jackson Im-
munovision, West Grove, PA). Mouse 1gG2a antibodies
against CD14 (clone 7, Novocastra) or CD20 (clone L26,
DAKOQO) were detected with biotin-conjugated IgG2a sub-
type-specific antibody (Jackson Immunovision). The rab-
bit antibodies against the N-terminal propeptide of colla-
gen type 3 (PIINP, a gift from professor Juha Risteli,
Department of Clinical Chemistry, University of Oulu, Fin-
land) were detected with biotin-conjugated anti-rabbit
antibody (Jackson Immunovision). The biotin was de-
tected with a gold-conjugated anti-biotin antibody (Au-
rion, Wageningen, The Netherlands). The gold particles
were visualized by silver enhancement (Aurion). Finally
the sections were incubated with fluorescein isothiocya-
nate-labeled mouse anti-CD34 antibody (clone
QBend10, DAKO), which was detected with horseradish
peroxidase-conjugated FAB anti-fluorescein isothiocya-
nate (Roche, Basel, Switzerland) followed by DAB™
staining.

Microscopy and Image Analysis

Light microscopic analysis was performed on an upright
DMRXAZ microscope (Leica, Wetzlar, Germany) with



x2.5to X100 objectives. Pictures were obtained using a
DC500 charge-coupled device camera controlled by the
IM500 (v1.2) software (Leica, Wetzler Germany). The final
figures were assembled using the CorelDraw package
(version 9) (Corel Corp., Ottawa, Canada).

Three-Dimensional Reconstruction Based on
Histological Images

Images were obtained from the same area of 40 to 70
consecutive triple-immunostained bone marrow sections.
The images were stacked and aligned based on the
adipocytes within the marrow compartment using the
Amira v3.1 software (Mercury Computer Systems, Meri-
gnac, France). Different features such as the bone sur-
face, OCs, pre-OCs, bone (and bone marrow) lining
cells, BRC wall, blood vessels, adipocytes, and OBs
were marked within the images, allowing the Amira pro-
gram to reconstitute the three-dimensional structure of
the different elements and their interrelations. They were
viewed from different angles, and movies of the rotating
three-dimensional reconstructions were generated.

Bone Histomorphometry

Paraffin sections from the bone marrow biopsy of each
patient were stained with a modified Masson trichrome
stain for light microscopy. The sections were analyzed
using a light microscope in which the eyepiece was
equipped with an integrated Mertz graticule with a grid of
sinus curves. The conventional bone histomorphometric
parameters in trabecular bone, ie, the fraction of eroded
surface (ES/BS), osteoid surface (OS/BS), and OC cov-
ered surface (Oc.S/BS) surfaces relative to total trabec-
ular bone surface (BS), were determined both inside and
outside intact BRCs. This was assessed at the intersec-
tion points between the sinus curves and the bone sur-
faces. The sections were blinded and 300 to 700 inter-
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Figure 1.The histological appearance of the
BRC. A: Cross section of a complete BRC. The
wall of the BRC is made of NCAM-positive
(black) elongated cells lining the bone marrow.
The bone-lining cells are also NCAM-positive.
B: Another cross section of a BRC showing
PIIINP immunoreactivity (black) in the elon-
gated cells of the wall and in the adjacent CD34-
positive capillaries (brown). C: High magnifica-
tion of a TRACP' (red) OC, positioned at the
periphery of the BRC (inset in A) and between
the bone surface and an elongated NCAM-pos-
itive cell of the BRC canopy. D and E: The
morphological appearance of BRCs as revealed
by Masson’s trichrome, containing eroded (D)
or osteoid (E) bone surfaces. The yellow ar-
rows point to the BRC canopy. F and G: Two
examples of disrupted BRC canopies. The can-
opy is not detected in the area highlighted by
the white arrowheads, but is seen along the
yellow arrows. Scale bars: 25 um (C); 50 wm
(A, B, D-G). BRC: bone remodeling compart-
ment.

section points on sections from each patient included
were assessed independently by two scientists.

Statistical Analysis

The control group and the two myeloma subgroups were
compared for the different histomorphometric parame-
ters using the Mann-Whitney test. P < 0.05 was defined
as statistically significant.

Assessment of Blood Flow

Anesthetized rabbits (1 to 1.3 kg) were injected in the ear
vein with 62 mg of ferritin (Sigma, St. Louis, MO) per
100 g of body weight or with a 0.9% NaCl solution as a
control. The rabbits were sacrificed 5 minutes after injec-
tion, and the tibia, femur, and vertebra were immediately
dissected. Each bone was cut longitudinally into 2- to
3-mm slices and fixed in Karnovsky fixative (3% glutaral-
dehyde and 3% paraformaldehyde in phosphate-buff-
ered saline) for 18 hours, and stained in Perls’ Prussian
Blue (2% potassium ferrocyanide and 2% HCI) overnight.
They were thereafter decalcified in formic acid, paraffin-
embedded, and sectioned. After hydration, they were
counterstained with neutral red, and mounted for light
MICroscopy.

Results

Basic Histological Characteristics of the BRC
and Its Peculiarities in MM

First, we investigated whether the BRCs reported in
bones of hyperparathyroid patients could also be identi-
fied in bones of MM and control patients. Both MM and
control patients showed the typical BRCs as reported in
hyperparathyroidism. In two dimensions, BRCs appear
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as a space interposed between the bone surface under-
going remodeling and the bone marrow. The space of the
BRC is separated from the bone marrow cavity by a layer
of elongated cells that very tightly line the bone marrow
and appear to form a canopy over the bone-remodeling
cells (Figure 1, A-C). These canopy cells are positive for
osteocalcin and osteonectin as in previous studies,®"”
but also for procollagen type | (PINP) and even more
strongly for procollagen type Il (PIIINP) and neural cell
adhesion molecule-NCAM (CD56), all of which are typical
products of OB lineage cells. They are negative for Ki-67,
a proliferation marker; CD34, an endothelial cell marker;
and for CD3, CD14, CD20, CD38, CD138, MMP-9, and
TRACP, which are typical of the lymphocytic and mono-
cytic lineages. Abundant capillaries at the bone marrow
side of the canopy are revealed by CD34. Bone surfaces
inside BRCs show erosion and TRAcP* OCs. They also
show frequent osteoid and bone forming OBs, as well as
flat NCAM-positive cells, reminiscent of so-called bone-
lining cells involved in the reversal phase between re-
sorption and formation.?® Contacts between OCs and
these cells were easily seen, as expected,?®2* but were
also seen between OCs and BRC canopy cells. All cells
within the BRC are negative for Ki-67. The very distinct
morphology of the features composing the BRCs renders
their detection straightforward through Masson’s
trichrome staining (Figure 1, D and E), as mentioned
earlier.’® Thus, our observations extend the previous two-
dimensional identification of BRCs in hyperparathyroid
patients to control and myeloma patients, and further
stress the OB characteristics of the BRC canopy.

Interestingly however, our study revealed an important
difference in some BRC canopies of MM patients com-
pared with those seen in hyperparathyroidic and control
patients. In MM, some BRCs are disrupted and may be
almost completely absent (Figure 1, F and G). To evalu-
ate the prevalence of intact/disrupted BRC canopies, we
quantified for each biopsy what percentage of their ero-
sion surface appeared under intact BRC canopies (Fig-
ure 2A). All control biopsies show more than 75% of
erosion under intact BRC canopies (87% on average).
The same holds true in 10 of the 32 MM biopsies, but the
other 22 showed only from 20 to 75% of erosion surface
under intact BRC canopies (~50% on average).

Relation between the Integrity of the BRC and
Magnitude of Bone Erosion/Formation

Well-known characteristics of MM bone are deep osteo-
lytic lesions and lack of bone formation. To investigate
whether there is a relation between the integrity of the
BRC canopy and the magnitude of bone resorption/for-
mation activities, we compared the extent of erosion and
osteoid surfaces i) in the control bones, ii) in the MM
biopsies showing more than 75% of the total erosion
under intact BRC canopies (MM-1), and iii) in those with at
least 75% erosion under disrupted BRC canopies (MM-
D). Figure 2, B-D, reveals that MM-I biopsies show in-
creased erosion surface, OC surface, and osteoid sur-
face compared to controls. MM-D biopsies show even
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Figure 2. Correlation between the presence of intact BRC canopies and
coupled bone erosion/formation. A: The proportions of erosion surfaces
(ESs) in and out of BRCs were measured in bone biopsies from 9 control and
32 myeloma patients. Note that all control bones (green) show more than
75% ES in intact BRCs, whereas myeloma samples show values both above
(blue) and less than 75% below (red). Therefore our analysis considered
separately these two myeloma subpopulations, indicated as MM-I(ntact) and
MM-D(isrupted), respectively. B-D: In the biopsies of each of these two MM
groups and of controls, the extent of eroded surfaces (ES) (B), OC surfaces
(Oc.S) (C), and osteoid surfaces (OS) (D) was measured and related to the
total bone surface (BS). Note that the MM-D population shows the largest ES
(B) and the smallest OS (D). E: Plotting osteoid surface (OS) versus eroded
surface (ES) for each biopsy shows coupling between these two events in
both the control and MM-I biopsies and uncoupling in the MM-D biopsies.
F: The proportion of osteoid surfaces (OS) in and out of BRCs was measured
in biopsies from each of the three groups. Note that all show the same
average of ~77% OS in intact BRCs. A: This is in contrast with erosion that
may occur outside of intact BRCs. The statistical significances were calculated
by using the Mann-Whitney test: *P < 0.05.

more increased erosion surface and OC surface com-
pared to MM-I biopsies, but in contrast, their osteoid
surface falls below control levels, thereby indicating lack
of bone formation despite increased bone resorption.
When directly plotting osteoid surface versus erosion
surface for each of the three groups, the importance of
intact BRC is even more clear (Figure 2E). In control and
MM-I biopsies, increased osteoid surface parallels in-
creased erosion surface, indicating coupling between
bone formation and resorption. In contrast, in MM-D bi-
opsies, erosion surface increases strongly without corre-
sponding increase in osteoid surface, indicating absence
of coupling between bone formation and resorption.
Thus, bone formation responds commensurately to bone
resorption only when the BRC canopy is continuous. The
same conclusion holds true if the analysis is based on OC
surface and if the MM biopsies are grouped according to
the proportion of OC surface in intact BRCs (see Supple-
mental Figure S1 at http.//ajp.amjpathol.org). The fact that
bone formation occurs very preferentially in intact BRCs
is also clear when analyzing the proportion of osteoid in



intact BRC (Figure 2F): this proportion averages 75% in
all three groups of biopsies, despite their differences
in overall extent of osteoid surface. This is in marked
contrast with erosion, which proceeds whether BRCs are
intact or not (Figure 2A) and becomes even higher in the
latter case (Figure 2, B and E). We deduce from these
observations that there is a close link between the integ-
rity of BRC canopies and the magnitude of OC and OB
activities. When the BRC is disrupted, bone resorption
tends to increase, and bone formation to be prevented.

Communication of the BRC with the Vascular
Space and the Bone Marrow

It is in the marrow cavity that OCs and OBs mature and
that key cells regulating bone remodeling are localized.'®
To understand in which way the BRC may be critical for
OC and OB activities and their coupling, one should thus
determine how the BRC communicates with the bone
marrow cavity. Our approach was based on a combina-
tion of double/triple immunostaining of serial sections and
three-dimensional reconstructions, allowing to relate
bone surface events with the features of the bone mar-
row. In three-dimension, the bone remodeling site ap-
pears bounded, as predicted by Hauge and col-
leagues, '® by a continuous canopy that covers the OCs
and OBs sitting on the bone surface and that joins the
bone-lining cells at the periphery. Capillaries are abun-
dant at the bone marrow side of this canopy. Serial sec-
tions allowed the detection of points where capillaries
appeared connected to the BRC canopy, (Figure 1B;
Figure 3, A and B; Figure 4, A-C, and E; and see Sup-
plemental Figure S2 and Movies S1 to S6 at http:/ajp.
amjpathol.org). We regularly noticed erythrocytes in the
BRC. They were sometimes distributed in continuation of
the lumen of the associated capillary, which is compati-
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Figure 3. Histology revealing the physical rela-
tion between the BRC canopy and capillaries,
and between capillaries and OC progenitors.
A and B: Two histological sections passing
through a contact point (arrows) between a
CD34" capillary (brown) and a BRC canopy. A:
Erythrocytes can be clearly distinguished in the
lumen of the capillary and inside the BRC. C and
D: Ferritin was detected in the capillaries
(asterisk) and in the BRCs of rabbits 5 minutes
after intravenous injection, as visualized with
Perls’ Prussian blue. E-G: TRAcP™" pre-OCs (red)
were observed around (E) and in rare occasions
within (F, G) CD34" capillaries (black) of the
bone marrow. Scale bars = 25 um.

ble with a communication of BRCs with the systemic
circulation (Figures 3A and 4E). Vascular communication
was confirmed by injecting ferritin into rabbits as a tracer
and establishing its presence in BRCs and related cap-
illaries 5 minutes later (Figure 3, C and D). TRAcP*
pre-OCs were detected in the bone marrow (Figure 4B).
When staining simultaneously for capillaries, it appeared
that these pre-OCs were positioned at their proximity
(Figure 3E), and three-dimensional reconstructions re-
vealed clear correlations between the position of pre-
OCs and capillaries (Figure 4C, and see Supplemental
Movie S2 at http://ajp.amjpathol.org). Therefore these
capillaries appear to be the likely route of pre-OCs to the
BRC. This view is supported by the presence of pre-OCs
in the capillary lumen (Figure 3, F and G). Furthermore,
the position of the mature OCs on the bone surface
correlated strikingly with the connection points between
the capillaries and the BRC canopy (Figure 4D). Thus the
BRC is part of a larger microanatomical structure allowing
communication with the bone marrow cavity and the sys-
temic circulation.

Discussion

So far, the only study in which OB lineage canopies
covering bone-remodeling sites were identified and ana-
lyzed in relation with the extent of bone resorption/forma-
tion was performed in hyperparathyroid patients. It re-
vealed these canopies over virtually all bone remodeling
sites and perfect coupling between bone resorption and
formation.'® Hence, BRC canopies were proposed to be
critical for reconstruction of resorbed bone, but this re-
mained a hypothesis because of the lack of negative
controls showing uncoupled resorption/formation in the
absence of BRC canopies.'®° It was thus interesting to
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extend the previous study to MM, a disease in which
resorption and formation are often uncoupled and in
which we regularly found bone resorption beneath dis-
rupted BRC canopies. The resulting conclusion is that
bone formation responds commensurately to bone re-
sorption only underneath intact canopies, ie, in one third
of the MM biopsies, in our control bones, and in the
previous analysis of hyperparathyroid patients. Bone for-
mation was deficient in the other two thirds of the MM
biopsies, which had disrupted BRC canopies. These re-
sults hold true whether resorption is evaluated through
the extent of erosion surfaces or OC surfaces, thus show-
ing that it concerns active resorption. It remains to be
investigated whether this relation between coupling of
resorption/formation and BRC canopies exists in other
bone diseases characterized by uncoupling and where
the systematic presence of BRCs was not analyzed,
such as postmenopausal and glucocorticoid-induced
osteoporosis.’?®

An important question that remains is whether disrup-
tion of BRC canopies in MM is the direct cause of defi-
cient bone formation at bone-remodeling sites. Indeed,
absent repair of osteolytic lesions in MM is classically
ascribed to the production of MM-induced inhibitors of
bone formation.?! Such a molecular mechanism is, how-
ever, not sufficient to explain why osteolytic lesions may
persist without repair for several years in patients who are
in remission and virtually devoid of MM cells producing
bone formation inhibitors.?® These data point to addi-
tional factors responsible for the absence of reconstruc-
tion. Conversely, MM in itself is not sufficient to cause
inhibition of bone formation (our study),?? because MM
bone shows commensurate resorption and formation as
long as BRC canopies are intact, even when the extent of
bone remodeling is far greater than control levels (our

Figure 4. Three-dimensional reconstructions of
BRCs and related microanatomical structures.
A: Top view of two nearby BRCs allowing ap-
preciation of the continuity of the BRC canopy
(purple) and its sealing with the bone-lining
cells (brown), thereby forming a closed com-
partment. B: Semilateral view of a BRC shown
open to visualize the space comprised between
the bone surface (pale yellow) bearing large
mature OCs (red) and the BRC canopy (trans-
parent purple). Small pre-OCs (orange) are vis-
ible at the bone marrow side of the BRC canopy
C: The same BRC as in B, shown with the cap-
illary network (blue). Note the position of pre-
OCs along the capillaries. D: Another BRC.
Large OCs (red) are visible on the bone surface
through the BRC canopy (transparent purple).
Note the correlation between the positions of
these OCs and those of the capillaries at the
bone marrow side of the BRC wall. E: Focus on
the area framed in C, with superimposed histo-
logical picture (see Figure 3A), to illustrate the
connection point of a capillary with the BRC
canopy (arrow). The three-dimensional infor-
mation contained in A—E can best be appreci-
ated in the supplemental movies available at
bttp://ajp.amjpathol.org. Supplemental Figure S2
at hup://ajp.amjpathol. org also shows a low-
magnification view of a piece of bone with BRCs
and related (pre-) OCs, indicating the in situ
position of the BRCs shown in A and B.

study). Thus intact BRC canopies may well be critical for
reconstruction of resorbed bone. But how can BRC can-
opies contribute to this process?

Insight in this mechanism is provided by our three-
dimensional analysis. It indicates that BRC canopies are
closely associated with capillaries, and that these two
structures may function as a unit allowing a connection
between the bone resorption/formation events on the
bone surface with the recruitment process of both OC
and OB progenitors from the bone marrow. Our three-
dimensional analysis demonstrates definitively that the
BRC canopy forms a continuous roof that completely
seals-off the OCs and OBs on the bone surface, from the
bone marrow, as predicted by Hauge and colleagues.'®
The only possible communication of this closed BRC with
the rest of the body is through the cell layer of the canopy
or through the connections with capillaries revealed in
our study. Whether these connections represent cell jux-
tapositions of BRC canopies and capillaries,?” where
diapedesis of OC and OB progenitor cells may occur, or
open communications awaits morphological analysis at
higher resolution. However, the presence of a tracer in-
side BRCs as soon as 5 minutes after injection into rab-
bits demonstrates a rapid exchange between the blood
stream and the BRC. It is likely that these capillaries are
the routes that direct the pre-OCs to the BRCs, because
pre-OCs identified in the bone marrow were associated
with the capillaries and because the connection point of
the capillaries with the BRC canopy corresponds with the
position of the OCs on the bone surface. The occasional
finding of a pre-OC inside the lumen of a capillary further
supports this view. This position of OC progenitors along
capillaries provides histological support for the proposal
that endothelial cells play a role in OC differentiation.?®-2°
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Figure 5. Model for coordinating site-specific recruitment of OC and OB
progenitors to bone remodeling sites. The model summarizes the main
features recognized in our study (see text). A bone remodeling site involves
joint OC and OB activities on the bone surface [bone remodeling unit (BRU)
or basic multicellular unit (BMU)?]. These activities were proposed to occur

in a BRC separated from the bone marrow by an OB lineage cell canopy.'®

According to our study, this BRC is part of a more complex entity because the
OB lineage cell canopy is connected to capillaries. This structural entity
directs OC and OB progenitors to the bone remodeling site, as evidenced,
respectively, by direct observations on OC progenitors and by lack of bone
formation when the BRC canopy is disrupted in diseased bone. It remains to
be elucidated where OB progenitors are positioned and how the capillaries
communicate with the BRC.

Still, the microanatomical position of OB progenitors in
this system should be clarified.®" OB differentiation may
be promoted by direct contacts between OCs and OB
lineage cells.®#33 Such contacts are easy to notice in the
case of OCs and so-called bone-lining cells involved in
the reversal phase between bone resorption and forma-
tion (our study).?®2* We now extend this situation to
contacts between OCs and the BRC canopy cells, which
are also OB lineage cells, as demonstrated by Hauge
and colleagues® and as strengthened by several addi-
tional OB lineage markers in the present study. Impor-
tantly, it has also been stressed that OB differentiation is
promoted by endothelial cells, including during remodel-
ing.'#34737 Furthermore, OB precursor cells have been
reported in perivascular niches of the bone marrow.®® A
privileged site for endothelial-OB interactions is at the
connections between capillaries and the BRC canopy
itself. Another possible position of OB precursors is fur-
ther away from the canopy, along the capillaries, and
next to differentiating pre-OCs."" They may initially pro-
mote differentiation of these pre-OCs through RANKL
expression, and be programmed later to become bone-
forming cells.3%4° OB progenitors may also originate
from more remote sites because they were reported in
the circulation of patients showing enhanced bone for-
mation.*" It is of interest that each of these origins fit our
model, which implies that OB progenitors may reach the
remodeling site through the same capillary-BRC canopy
structures as OC progenitors, ie, exactly where bone
resorbed by OCs has to be reconstructed (Figure 5).
Worth noting, this microanatomical structure may provide
guidance to progenitor cells through multiple mecha-
nisms: by exerting physical constraints on the cells;
through site-specific anchorage of regulators of their dif-
ferentiation along the route toward remodeling sites; or by
building-up a high concentration of chemoattractants in
the sealed BRC, because chemoattractants for OBs are
believed to be released by OCs. 21342

Bone Remodeling Compartment 245
AJP January 2009, Vol. 174, No. 1

An important aspect of our model is that it further
strengthens the link between vascular and bone patho-
physiology® 131943 and their molecular control.3-9:43:44
Our study shows that this link is reflected by structural
interactions between the vascular system and bone re-
modeling sites. A limitation of our study is that it does not
show the dynamic perspective showing how this struc-
ture originates and evolves during the different steps of
bone remodeling. Bone remodeling is triggered by hy-
poxia-related signals from osteocytes in a diversity of
situations including (micro)-fractures and immobi-
lity."845-48 A typical scenario could be that hypoxic
bone matrix induces growth of capillaries toward itself. As
explained above, OC progenitors and OB progenitors
would then differentiate along these capillaries and be
directed to the hypoxic bone surface (Figure 5). OCs
have a propensity to position themselves underneath
layers of OB-like cells.*® This gives insight in how they
may migrate underneath bone-lining cells thereby lifting
them away from the bone and creating the BRC canopy.
Our observations show that once initiated, bone resorp-
tion can continue and is even enhanced if the BRC is
disrupted, whereas bone formation does not follow, as
discussed above. The mechanism of disruption of the
BRC canopy by myeloma cells, and the possible involve-
ment of Dkk1 or other bone formation inhibitors®" in this
disruption requires further investigations.

Another unanswered question that deserves attention
is whether the so-called bone-lining cell involved in the
reversal phase represents an intermediate differentiation
stage between bone forming OBs and less mature
stages. These bone-lining cells are still poorly character-
ized, but were reported to prepare the bone surface for
bone formation both by cleaning matrix left over by OCs
and by depositing thin collagen fibers.®® These cells
were also called peri-OC cells to emphasize their close
association with OCs, and they express high levels of
MMP-13 diffusing at the OC-bone interface.?* Activity of
these cells proved to be a prerequisite for subsequent
bone formation.®® These cells might well represent the
early OB lineage cell population recruited to BRCs as
discussed above, and they may later differentiate into
bone-forming OBs. Notably, it is unlikely that these bone-
lining cells originate by proliferation of local bone-lining
cells, because all cells on the bone surface prove to be
Ki-67-negative.

This vascular model has potentially additional roles.
These include a fast clearance of resorbed bone constit-
uents including phosphate and calcium ions; a fast ac-
cess of hormones such as calcitonin and PTH, known to
affect quickly OCs®°; and regulation of bone remodeling
through alterations of the blood flow.5" One may specu-
late that the present model for the role of vasculature in
trabecular bone remodeling is also relevant to the cap-
illaries of the Haversian canal and cortical bone
remodeling.'®

In conclusion, to date, the efforts for understanding the
recruitment mechanism of OCs and OBs to bone-remod-
eling sites have focused on molecular regulators, without
taking anatomical structures into account. Here we rec-
ognized that microanatomical arrangements of capillar-
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ies and BRC canopies contribute critically to control bone
resorption and formation at remodeling sites of human
bone, as had been speculated earlier.’®'”'® These mi-
croanatomical arrangements allow integration of the cur-
rent knowledge on the bone-remodeling mechanism into
a single model. Furthermore, this model draws the atten-
tion to the BRC canopy and associated capillaries as
possible new cellular targets for treatment of diseases
characterized by imbalanced bone resorption-formation.
Drugs targeting the coupling mechanism could indeed
be more efficient for treating diseases characterized by
coupling deficiency, compared to drugs targeting either
osteoclasts or osteoblasts.
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