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A B S T R A C T

Proper bone remodeling necessarily requires that osteoblasts reconstruct the bone that osteoclasts have resorbed.
However, the cellular events connecting resorption to reconstruction have remained poorly known. The con-
sequence is a fragmentary understanding of the remodeling cycle where only the resorption and formation steps
are taken into account. New tools have recently made possible to elucidate how resorption shifts to formation,
thereby allowing to comprehend the remodeling cycle as a whole. This new knowledge is reviewed herein. It
shows how teams of osteoclasts and osteoblast lineage cells are progressively established and how they are
subjected therein to reciprocal interactions. Contrary to the common view, osteoclasts and osteoprogenitors are
intermingled on the eroded surfaces. The analysis of the resorption and cell population dynamics shows that
osteoprogenitor cell expansion and resorption proceed as an integrated mechanism; that a threshold cell density
of osteoprogenitors on the eroded surface is mandatory for onset of bone formation; that the cell initiating
osteoprogenitor cell expansion is the osteoclast; and that the osteoclast therefore triggers putative osteopro-
genitor reservoirs positioned at proximity of the eroded bone surface (bone lining cells, canopy cells, pericytes).
The interplay between magnitude of resorption and rate of cell expansion governs how soon bone reconstruction
is initiated and may determine uncoupling and permanent bone loss if a threshold cell density is not reached.
The clinical perspectives opened by these findings are discussed.

1. A prerequisite to understand and properly assess bone
remodeling: gaining knowledge on the cellular events coupling
resorption to formation

Bone remodeling is a process renewing the bone matrix throughout
adult life. It is commonly considered to consist of two main events:
osteoclasts resorbing existing bone and osteoblasts forming new bone.
However, any renewal process inevitably also demands coordination of
the destruction and reconstruction event. In bone remodeling, this co-
ordination is commonly ascribed to the organization of osteoclasts and
osteoblasts in local teams, called basic multicellular units (BMUs) [1].
BMUs are believed to provide resorption and formation as two

inseparable activities thereby allowing bone mass and structure to be
maintained. Accordingly, standard bone morphometry presupposes that
resorption and formation are always “coupled” and considers the ab-
sence of initiation of formation as unlikely [2–4]. Lack of bone re-
construction - bone loss - is then ascribed to an imbalance between
resorption and formation in the BMUs [2–5] (Fig. 1A). Hence, resorp-
tion and formation are the major research focus, whether in drug de-
sign, bone morphometry, or investigation of pathophysiological me-
chanisms.

Still, a series of key questions remain unanswered. (i) How does the
generation of osteoclast-osteoblast teams start? This mechanism is ex-
pected to involve site-specific enrolment of bone forming osteoblasts
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after osteoclast resorption and seems thus at the heart of BMU forma-
tion. (ii) How is resorption reversed to formation within a BMU?
Switching these opposite activities from one to the other cannot just be
fortuitous. (iii) Is there not a risk of failure of this mechanism, pre-
venting then initiation of bone formation? Actually, a risk of co-
ordination failure between destruction and reconstruction exists in any
renewal process. Furthermore, observations suggesting uncoupling and
bone loss were repeatedly reported in diverse situations such as aging
[6], unloading [7], periodontitis [8] and glucocorticoid- [9] and me-
nopause-induced osteoporosis [10,11] (Fig. 1B). However, these ob-
servations could not be understood well enough due to lack of knowl-
edge on the coupling mechanism. (iv) Intriguing lists of potential
coupling factors released by the osteoclast were reported by molecular
biologists [12–14]. However, the role of these factors in osteoclast-os-
teoblast communication has appeared difficult to conciliate with the
current bone remodeling models that assume that bone forming os-
teoblasts appear several weeks after the osteoclasts have left the re-
sorption site [3,4]. It would rather make sense that they directly act on
“reversal” activities [15,16]. But (v) what are these activities? Ob-
viously, answering these series of questions demands identifying the
chain of events occurring after initiation of resorption and before in-
itiation of formation within BMUs [17]. The identification of these
cellular activities has been impossible for many years due to the lack of
appropriate tools/models. In the absence of knowledge on the coupling
mechanism, the place of reversal in pathophysiology could not be ap-
preciated and was mostly not considered. Meanwhile, assessments of
remodeling became merely based on the better known resorption and
formation events. The drawback is a fragmentary view of remodeling
without attention to other possible important players in bone loss.

More recently, new approaches allowed investigating the successive
cellular events occurring between resorption and formation in human
bone, thereby throwing light on the reversal mechanism [17–20]. This
information leads to significant changes in the way of looking at the
bone remodeling mechanism (Table 1). More specifically, it shows that
the reversal mechanism appears at the heart of the decision of whether
resorbed bone should be further resorbed, left unreconstructed or re-
placed by new bone. This mechanism clarifies that a critical issue for
proper bone remodeling is to start reconstructing destroyed bone – and
not just how much reconstruction is achieved after reconstruction has
started. The present paper aims at reviewing this information, and
discusses its relevance to pathophysiology and bone loss, as most of the
information presented here is obtained on human bone. Overall, it
provides evidence that reversal should be taken into account if aiming
at properly assessing bone remodeling and thinking of preventing bone

loss and fractures in an optimal way.

2. The reversal cells as osteoprogenitors responsible for the onset
of bone formation

At the bone tissue level, reversal was first recognized by Baron [21],
and is classically described as eroded surfaces covered by flat mono-
nucleated cells [21,22]. They are called reversal surfaces and reversal
cells, respectively. Reversal surfaces represent on average as much as
80% of the eroded surface in cancellous bone [10,19]. It was stressed
that this large proportion lets expect that the extent of eroded surface
does not only reflect the extent of resorption as often presented, but that
it is greatly influenced by the time required for initiation of bone for-
mation [10,11,19].

2.1. Reversal cells as a population of osteoblast lineage cells maturing from
a pro-resorptive to a pro-osteogenic phenotype

Importantly, close to 100% of the reversal cells show osteoblast
lineage cell markers, which include Runx2, alkaline phosphatase, type 3
collagen [17,19,23], and a series of factors characteristic of early
commitment to the osteogenic lineage [24–26]. Reversal cells show a
great phenotypic diversity, especially when comparing reversal cells
next to osteoclasts, to reversal cells next to osteoid seams [27]. This
diversity was confusing before the use of markers and was ascribed to
the presence of different cell types [15], but this diversity is now known
to reflect the maturing character of this reversal cell population
[17,19,23]. Reversal cells next to osteoclasts are flatter, reflecting a
lower cell density. They are richer in early osteoblast lineage markers
such as smooth muscle actin (SMA). They may also show im-
munoreactivity for osteoclast markers - which is now definitively
shown to result from uptake of osteoclast products [23], but has been
puzzling for a long time [28]. Importantly, these reversal cells next to
osteoclasts show signs of catabolic activity [23,29,30]. They enwrap
collagen in the resorption lacunae [30,31], show MMP-specific collagen
cleavage products [23], and generate the collagenase MMP13 [23,32].
This activity has been interpreted as a cleaning of the resorption lacuna
after the departure of the osteoclast and shown to be needed to allow
deposition of osteoid [30,33]. However, this reversal cell activity is
probably also supporting the actual resorptive activity of the osteoclast,
as shown by the MMP-dependent contribution of osteoblast lineage
cells to osteoclast resorption in co-cultures [34] (see also Section 4.4).
This contribution is in line with a series of observations: reversal cells
push cell extensions beneath the resorbing osteoclasts where they
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Fig. 1. Two possible pathways of bone loss during bone remodeling. As clearly expressed by Roland Baron in 1983 [11], it is of importance to make a distinction
between two possible pathways leading to bone loss: “imbalance”, a situation in which coupling occurs but where the osteoblasts do not synthesize as much bone
matrix as was previously resorbed by the osteoclasts (A), and “uncoupling”, a situation where bone forming osteoblasts do not appear in the remodeling focus (B).
Uncoupling was suggested in several clinical situations, but remained poorly understood due to lack of knowledge on the coupling mechanism (see Section 1).
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establish direct cell-cell contacts [23,30]; MMP13 accumulates at the
osteoclast-bone interface [32,34,35] (see Section 4.2); MMP inhibitors
inhibit bone resorption in cultures of bone explants [36] but not in
cultures of osteoclasts [37], thus suggesting that MMPs originating from
non-osteoclastic cells are the ones participating in resorption [29]. This
osteoblastic collagenolysis is likely helping the osteoclast in removing
collagen that otherwise would inhibit osteoclast resorption [30,38–41]
(see Section 4.4). In contrast with reversal cells next to osteoclasts,
reversal cells next to the osteoid seam are more cuboidal, reflecting a
higher cell density, are richer in the later osteoblast marker osterix
(OSX), and show a Golgi apparatus and endoplasmic reticulum com-
parable to mature osteoblasts [17,19,23].

Important to note, this shift from a pro-resorptive to a pro-osteo-
genic phenotype on reversal surfaces perfectly matches the basic
knowledge on osteoblast differentiation: at an early stage of differ-
entiation, these cells produce MMPs and RANKL, but they lose this
property upon maturation [42–45]. This phenotypic shift was also
highlighted by culturing osteoblast lineage cells on bone slices that
were previously exposed to osteoclast resorption: they first clean the
excavations and thereafter deposit bone matrix in these excavations
[33]. Interestingly, it was proposed that this phenotypic shift seen
during osteoblast differentiation contributes to the coordinated se-
quence of resorption and osteogenesis during the remodeling cycle
[42,43]. The present phenotypic shift seen on reversal surfaces thus
provides in vivo evidence for this proposal and points to this shift as
being at the heart of the reversal mechanism (see also Section 5.2).

2.2. The powerful effect of reversal cell density on the onset of osteogenesis

A striking property of the reversal cell population is its increase in
cell number up to a threshold cell density permissive for initiation of
bone formation. A gain in cell density on reversal surfaces was first
suggested in healthy cancellous bone, as it is intermediary between that
on quiescent and osteoid surfaces [46]. More recently, this gain was
demonstrated in a very strict way by taking advantage of the orienta-
tion of intra-cortical remodeling units parallel to the long axis of the
diaphysis of human femurs [17]. Sections along this axis reveal the

changes in the reversal cell population between resorption and the
onset of bone formation as a continuum. Importantly, cell quantifica-
tions along these eroded surfaces show that the cell density of reversal
cells gradually increases and that bone formation never starts below a
critical cell density – whatever the extent of the eroded surface. The
prerequisite of gain in cell density for initiation of formation was also
indicated by detailed analyses of reversal surfaces in cancellous bone.
Long stretches of reversal cells at the same cell density level as BLC
density frequently occur in osteoporotic bone (whether due to age,
menopause, or glucocorticoids) – thus meaning no gain in cell density
on these reversal surfaces [6,19,47]. (In the absence of polarized light -
which is necessary to recognize broken lamellae - these surfaces appear
very much like quiescent surface and are probably easily overlooked in
common morphometry.) These stretches are distant from bone forming
osteoblasts including in 3D assessments [19]. These cells show low
expression of SMA and OSX, thus reflecting poor differentiation, al-
though their osteoblast nature is suggested by Runx2 [19]. Importantly,
the prevalence of these surfaces coincides with low bone volume over
tissue volume, low activation frequency of bone formation, decreased
osteoid surface over bone surface. These characteristics led to the hy-
pothesis that some remodeling cycles may abort after resorption be-
cause of too few reversal cells [19,47,48] – as suggested in early reports
of Parfitt [6] and Baron [11]. Thus analyses both in cancellous and
intra-cortical bone clearly support the concept of a threshold cell den-
sity as a prerequisite for initiation of bone formation. Furthermore, the
assessments made in intra-cortical bone indicate that the faster the
reversal cell expansion, the sooner bone formation is initiated, and also
the smaller is the temporary bone loss [17].

In conclusion, the observations reviewed in Section 2 lead to a
model where reversal cells are osteoprogenitors that are recruited on
the eroded surface and will become the osteoblasts required for in-
itiating bone formation [20]. It is remarkable that the increase in
density of reversal cells proves to go along with the change in pheno-
type mentioned in Section 2.1: while becoming more dense, they lose
the ability they have at low cell density to support resorption and in-
stead get osteogenic potential [23,43–45]. This association between
gain in density and differentiation is also shown in the bone nodule

Table 1
Comparing the common view of the reversal phase with the emerging one.

Standard view Emerging view

Nature/role of reversal cells: Mononucleated cells on eroded
surfaces

Osteoprogenitors

BMU formation mechanism: ??? - Osteoclast-induced osteoprogenitor recruitment on the eroded surface
- Threshold osteoprogenitor cell density permissive for onset of bone formation

Resorption cycle model: Osteoclasts (days)
↓

Reversal cells (weeks)
↓

Osteoblasts (months)

Intermixed osteoclasts & osteoprogenitors
↓

Osteoblasts

Osteoclast-osteoblast communication: ??? Spatiotemporal proximity of osteoclasts and osteoprogenitors performing
integrated activities on the eroded surface

Control of duration of resorption: -Osteoclast apoptosis?
-Cytoskeleton effector?

-Cell attachment effector?

Rate of osteoprogenitor cell expansion (osteoid shuts off resorption)

Overall role of reversal phase: “Transition period” Decision whether:
-further resorption

-eroded surface w/o reconstruction
-onset of new bone formation

Sources of osteoprogenitors recruited onto the eroded
surface:

-Bone lining cells?
-Perivascular bone marrow cells?

Local osteoprogenitors:
-Bone lining cells
-Canopy/BME cells

- Pericytes?
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assay [17] and should be further investigated. Of note in this respect, a
critical cell density is a physical prerequisite for allowing the cuboidal
shape that is the typical morphology of osteoid depositing osteoblasts
[49]. The underlying mechanism may relate to the well-established link
between cell shape and gene expression in cell biology [50] – and by
some aspects it is also reminiscent of the cell condensations required for
osteoblast differentiation in intramembranous ossification [51].

3. Local sources of reversal cells/osteoprogenitors for cell
expansion on the eroded surface

If the expansion of reversal cells/osteoprogenitors is that critical for
initiation of bone formation, an important question is where these cells
come from. Elegant models point to different possible sources of bone
forming osteoblasts: bone lining cells (BLC) [52–56], periosteal cells
[57,58], marrow mesenchymal cells associated to sinuses [59–63],
pericytes associated to microvessels [64–69], chondrocytes [70,71],
circulating osteoprogenitors [72], and neural cells [73]. However, these
models also show that the osteoprogenitor origin varies depending on
the situation, so that it matters to address the osteoprogenitor origin
(and the osteogenic triggers) in the situation of interest: here the initial
recruitment of reversal cells/osteoprogenitors onto the eroded surface
during adult human bone remodeling. As reviewed elsewhere [15],
insight in this issue was gained in cancellous bone by comparing cell
proliferation, cell densities and osteoblast differentiation markers on
the reversal surface and its surrounding areas (incl. neighboring bone
marrow). Whenever possible, functional evidence was sought by taking
advantage of pathological situations. This exploration creates aware-
ness of three possible sources of osteoprogenitors right next to the
eroded surface in human cancellous bone. Of note, the existence of such
“local” reservoirs helps understanding why cell-free eroded surfaces are
not detected: at the same time as the osteoclast is moving from its ex-
cavation, osteoblast lineage cells that are already on the spot move into
it [23,30,31].

3.1. Bone lining cells (BLCs)

Very likely contributors to the reversal cell population are BLCs,
defined as the cells in direct contact with the quiescent bone matrix
[74]. The main reasons are that BLCs pre-exist on the bone surface and
that cell tracing models have identified BLCs as osteoprogenitors during
normal bone turnover in adults [56] and also in other situations
[54–56]. Converging observations suggest that they retract [75–77]
upon passage of the resorbing osteoclast [78] (see Section 2.1) and
spread onto the eroded surface after its passage (attracted by chemo-
tactic and haptotactic factors generated by the osteoclast: see Section
4.3) (Fig. 2). The cellular continuity between BLCs and early reversal
cells is also in line with the pro-resorptive phenotype they have in
common (this continuity is so striking that reversal cells were even
called BLCs in reference [30]). This includes production of MMPs [79]
proposed to contribute to open the access of the mineralized bone
matrix to the osteoclasts: these MMPs support BLC retraction [75,76]
and degradation of the upper-layer of non-mineralized collagen that
acts as a barrier between the osteoclast and the bone [30,38,80–82].
Furthermore BLCs generate RANKL [56,83] as typical for early osteo-
blasts [42,43] and this RANKL promotes osteoclastic resorption at
several regulation levels [84–86] (see also Section 7). However, the
density of the early reversal cells is too low to allow initiation of bone
formation (see Section 2.2), and the proliferation index assessed on
reversal surfaces is rather small [46], so that “importation” of osteo-
progenitors/reversal cells is mandatory.

3.2. Bone marrow envelope/canopy cells

An important importation source of osteoprogenitors appears the
bone marrow envelope (BME), i.e. a thin layer of mesenchymal cells

surrounding the red bone marrow (and easily overlooked because of its
thinness) [15]. This envelope was first characterized through electron
microscopy, around marrow plugs of several vertebrate species, in-
cluding human, rat, cat, sheep, pigeon [87–89]. In histological pictures
of quiescent surfaces of human bone, it appeared as a cell layer inter-
posed between the BLCs and the bone marrow [46]. As discussed
elsewhere [15,46,90], morphologically these cells resemble BLCs and
are sometimes presented as a multilayer of BLCs [91]. They are also
reminiscent of the reticular adventitial cells (bone marrow mesench-
ymal cells) which are associated with sinuses and often considered as
osteoprogenitors [62,63,92]. The latter have in common with the BME
cells to be positive for the low affinity nerve growth receptor CD271
[60,63,93,94] and to show long cell extensions (arranged parallel to the
bone surface in the case of the BME) and may also have a common
developmental origin [92]. Upon initiation of bone remodeling, this
BME is lifted by osteoclasts [46] and forms then a canopy covering the
cells involved in bone remodeling [18,95] (Fig. 2). Attention on this
canopy structure was already drawn in 1974 by Rasmussen and Bordier
in human bone [96], and Luk et al. in rabbit bone [97]. This canopy
corresponds to the layer of putative pre-osteoblasts commonly shown
above mature bone forming osteoblasts in different species including
mouse [97–101], and actually represents a specialized zone of the en-
velope surrounding the whole bone marrow [15,46,94].

Converging observations suggest the canopy/BME is a reservoir of
osteoprogenitors. (i) Cells isolated from the BME surrounding human
bone marrow plugs are able to differentiate into mature osteoblasts, as
shown in culture experiments [88]. (ii) Immunohistochemistry and in
situ hybridization show that the canopy cells express osteoblast lineage
cell markers [18,46,95], including factors typical of early commitment
to the osteogenic lineage [24–26]. (iii) The transition from quiescent to
remodeling surfaces coincides with the induction of molecular char-
acteristics in line with their role as osteoprogenitor providers [46,94]:
canopy cells show a 2–3 times higher proliferation index compared
with the cells sitting on the eroded surface. Of note, this higher pro-
liferation does not lead to increased cell densities at the canopy level,
while instead the cell densities at the reversal surface level are in-
creased despite a low proliferation [46]. This opposite behavior of cell
densities and proliferation at the canopy and reversal surface level
strongly points to the canopy as a main contributor to increased number
of reversal cells/osteoprogenitors on the bone surface after their
translocation. Furthermore, the canopy shows a high prevalence of
early osteoblast differentiation markers like SMA and tenascin, whereas
the opposite is true for the later osteoblast lineage marker OSX [46,94].
Actually, the phenotype of canopy cells is close to that of early reversal
cells (i.e. the pro-resorptive low cell density osteoblast phenotype: see
Section 2.1) and just like the latter, they express MMP13 when close to
the osteoclasts [94]. Furthermore, they express RANKL [102] as typical
for early osteoblast lineage cells (see Section 2.1) and BLCs (see Section
3.1). (iv) The critical role of the canopy in reversal cell/osteoprogenitor
recruitment on eroded surfaces is most convincingly shown in patho-
physiological situations where canopy coverage of eroded surfaces is
deficient: whether in aging, postmenopausal and glucocorticoid osteo-
porosis, or myeloma, canopy deficiency repeatedly coincides with de-
ficient reversal cell/osteoprogenitor recruitment and deficient initiation
of bone formation [18,47,48,103,104] (Table 2).

3.3. Perivascular cells

Interestingly, the canopies are closely associated with pericyte-
bearing capillaries over the whole bone remodeling site [18,46,105] –
and these pericytes represent a third possible source of osteoprogeni-
tors. These capillaries may be identical to the H-vessels or transitional
vessels – which are extensively investigated in mouse models in relation
with bone forming surfaces, where they are proposed to deliver os-
teoprogenitors at bone formation sites [64,66,69]. Furthermore, inter-
mittent PTH was found to increase the density of the transitional vessels
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and was suggested to favor pericyte mobilization from these vessels
[64]. Interestingly, in humans, contacts between capillaries and the
canopies are also abundant over bone formation sites, but even more so
over eroded surfaces and are the highest above osteoclasts [46] – thus
compatible with a delivery of pericytes to the eroded surface through
the canopy [105]. Furthermore, these capillaries are also possible
conduits for circulating osteoblast lineage cells to remodeling sites
[106]. Whether situations of decreased bone formation could be related
to a possible deficiency in capillaries remains to be investigated, but
interestingly, H-vessels decline at cessation of skeletal growth in mouse
long bones [66].

In cortical bone, the osteoprogenitor recruitment routes start only to

be investigated [68]. Of note, the “capillary route” [68] appears the
only access to the drilling sites generating new canals in the bone
matrix [107]. However, when it comes to remodeling of the walls of
existing canals [107], BLCs can also be regarded as potential osteo-
progenitors.

A

reversal cells

canopy
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bone
lining
cells
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P/
C

D
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lifted bone marrow
envelope
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Fig. 2. Supracellular re-arrangements induced by an
osteoclast eroding a quiescent surface: awakening of
BLCs and BME cells. A. Cartoon showing an osteoclast
(red) eroding the bone (yellow) while moving to-
wards the left (see Section 4.1). As the osteoclast goes
by, the BLCs (dark blue) on quiescent surfaces retract
and then spread again onto the resorption track
(grey), becoming reversal cells (light blue)– whereas
the BME (dark green) covering the BLCs on the
quiescent surface is lifted and then becomes the ca-
nopy (light green) covering the reversal cells (see
Sections 3.1 and 3.2). The passage of the osteoclast
also coincides with the formation of contacts between
the canopy and capillaries (brown) (see Sections 3.3
and 4.1). The result of this passage is thus an ex-
posure of reversal and canopy cells to osteogenic
products of osteoclastic and vascular origin. B. His-
tological appearance of an osteoclast lifting the bone
marrow envelope. The osteoclast shows TRAcP im-
munoreactivity (red) and osteoblast lineage cells
show CD56 (NCAM) immunoreactivity (black). Panel
B reproduced with permission from [18]. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

Table 2
Relation between prevalence of canopies over eroded surfaces, osteoprogenitor recruitment on eroded surfaces, and bone formation.

Pathophysiological situation Canopy coverage over eroded surface Osteoprogenitor recruitment on eroded surface Bone formation Reference

Control > 75% Active Active [18,19,47,48,104]

Primary hyperparathyroidism >85% Active Active [19,48]

Multiple myeloma < 75% N.D. Down [18]

Postmenopausal osteoporosis < 75% Down Down [19,48]

Glucocorticoid-induced osteoporosis < 75% Down Down [47,104]

Aging Inverse correlation N.D. N.D. [46]

Fatty bone marrow Absent N.D. N.D. [158,159]
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4. Local mechanism triggering reversal cell/osteoprogenitor cell
expansion on eroded surfaces

4.1. How do osteoprogenitors and triggers of cell expansion meet each
other?

Another key question raised by the powerful effect of reversal cell/
osteoprogenitor cell expansion on osteogenesis is what the triggers of
this expansion are. Molecular biology approaches indicate that the
main local triggers of osteogenesis are factors from vascular
[69,108–111], osteoclastic [13,14,112–118], neural [119–122], mac-
rophagic [123,124], autocrine [25,26,125] and bone matrix origin
[126,127]. How is this triggering mechanism brought into practice at
bone remodeling sites? Interestingly, initiation of bone remodeling
coincides with the induction of physical proximity of capillaries (in-
tertwined with nerves [128]), osteoclasts, and local osteoprogenitors
(BME/canopy cells and BLCs) [15,105]. The proximity of capillaries to
osteoprogenitors (i.e. canopy cells and/or reversal cells) is maintained
all over eroded and osteoid surface, i.e. the whole period where os-
teoblast recruitment is required (see Section 3.3). However, proximity
of osteoclasts to the osteoprogenitors is often considered a puzzling
issue, as the usual representations of remodeling cycles show formation
surfaces away from osteoclasts [16,27]. In reality, effective contacts are
achieved in two ways. First, one should take into account that the os-
teoclast is moving over the bone surface while eroding [78]. Thereby
the osteoclast meets the BLCs and the BME cells all along the eroded
surface that it is generating and at the same time “awakes” them upon
its passage (Fig. 3). Thus, the bone forming surfaces shown far away

from the osteoclasts in the “static” remodeling models have actually
been in contact with osteoclasts at an earlier time point, and were then
“triggered” through changes in cell-cell and cell-matrix interactions
[15].

Second, recent observations draw the attention on the existence of
several waves of resorption [17]. This is in contrast with the common
bone remodeling models showing resorption and reversal as two con-
secutive periods with no overlap [27]. Again, one should be aware that
these common models are only drawings that are obtained by assem-
bling in a “logical” order, fragmentary views of different remodeling
units cross-sectioned at random levels (as is usual in standard his-
tology). As explained above, the real order of the events on the eroded
surface was revealed only recently, thanks to pictures of intra-cortical
cutting cones taken along the operational axis of the remodeling cycle
[17]. Pictures captured in this way showed that the remodeling cycle
starts with densely packed osteoclasts at the “tip” of the cutting cone,
that reversal cells/osteoprogenitors colonize the eroded surface right
after the osteoclast, and that thereafter osteoclasts re-appear, inter-
mixed with the growing reversal cell population – and this until bone
formation starts (Fig. 4A) [17]. This led to the “mixed reversal-re-
sorption” phase (RvRs) concept allowing for repeated waves of osteo-
clastic stimuli targeting osteoblast lineage cells. Such a mixed RvRs
phase holds true in cancellous bone, as discussed elsewhere [17].

4.2. Direct demonstration of crosstalk between osteoclasts and
osteoprogenitors

The reciprocal interactions between the osteoclasts and

Fig. 3. Time course of the local changes induced by an osteoclast eroding the bone surface: osteoprogenitor cell expansion and differentiation. Model showing an
osteoclast eroding the bone surface while moving to the left just like in Fig. 2A – but now in a cross-section perpendicular to the bone surface and at different time
intervals. At time 1, a BLC kept dormant between the quiescent bone surface and a BME cell, is approached by the osteoclast. At time 2, the osteoclast has passed and
the BLC became a reversal cell on the eroded surface – whereas the BME cell became a canopy cell in contact with a capillary (see Sections 3.3 and 4.1). At time 3, the
cell density of the reversal cells has increased (recruited from the canopy) and the earlier BLC is now differentiating. At time 4, it became a mature bone osteoblast
depositing osteoid. Of note, this bone forming osteoblast is now seen at distance from the osteoclasts, but has been in contact in contact with the osteoclasts at times 1
and 2. The present time course model also stresses that the BLC had not much to move to become a bone forming osteoblast: the moving cell waking up the
osteoprogenitors is the osteoclast. For clarity, the present model is shown for the passage of only one osteoclast, but one should keep in mind that successive
osteoclasts may pass eroding the already eroded bone surface (see Section 4.1 and Fig. 4), so that the local osteoprogenitors may be repeatedly prompted by
osteoclast products. Rv.C: reversal cell; OP: osteoprogenitor; differ. in obl.: differentiating in mature osteoblasts.
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osteoprogenitors are particularly well demonstrated by combined in
situ hybridization of RNA and immunoreactivity. mRNA of TRAcP, an
osteogenic factor [129,130], is only present in osteoclasts but its im-
munoreactivity is both in osteoclasts and nearby reversal and canopy
cells, thereby illustrating the uptake of an osteogenic product generated
by the osteoclast [23]. Conversely, MMP13, a proteinase believed to
support osteoclastic resorption (see Section 2.1), shows mRNA only in
nearby reversal or canopy cells, whereas MMP13 immunoreactivity
accumulates strongly at the osteoclast-bone matrix interface, thereby
illustrating that the osteoclast may use a collagenase generated by the
nearby osteoprogenitors [32]. This reciprocal interaction underscores
how much osteoclasts and osteoprogenitors can influence each other for
resorption (see Sections 2.1 and 4.4) and osteogenesis (see Sections 4.3
and 4.4).

4.3. Osteoclasts driving the site-specific expansion of reversal cells/
osteoprogenitors on the eroded surface

Molecular biology research points to proliferation and migration/
chemotaxis as prevailing activities triggered by osteoclasts in osteoblast
lineage cells (see lists reported in [13]). Interestingly, these are activ-
ities supporting cell expansion, which is precisely the striking and
mandatory change that occurs in the osteoprogenitor population be-
tween initial resorption and onset of formation (see Section 2.2). As
explained in Section 3.3, proliferation prevails at the level of canopy,
whereas strong chemotactic activity of osteoclasts is clearly indicated
by the fact that cell-free eroded surface is not seen [23,30,31], thus
reflecting that osteoprogenitors colonize the eroded surface while the
osteoclast is moving away. Obviously, this chemotaxis secures targeting

of osteoprogenitors very exactly to the site where resorbed bone has to
be reconstructed thereby meeting the demands of maintenance of bone
structure. Most attention goes to soluble chemoattractants often re-
garded as able to attract osteoprogenitors from the deep bone marrow
to the bone surfaces [131]. A frequently cited example is TGFβ [127].
However, one should also be aware of immobilized factors since they
are relevant for chemotaxis/spreading of the osteoprogenitors posi-
tioned right next to the eroded surface (BLCs, canopy cells, pericytes),
which are actually those believed to become reversal cells (see Section
3). Examples are demineralized collagen remnants [31] and fibronectin
which attract very strongly osteoblast lineage cells [31,132]. Other
examples are factors bound to the eroded matrix, such as TRAcP [133]
(see Section 4.2). New epitopes created in the erosion track and the
cement line remain to be investigated [134–136]. Once the osteopro-
genitor is on the eroded surface, growth factors released from the bone
matrix such as IGF1 [126] and TGFβ [127], or osteoclastic plasma
membrane factors like EphrinB2 [137] may promote osteoblastogen-
esis. It makes sense that the site-specificity is the main responsibility of
the osteoclast, but this does not exclude that non-osteoclastic factors
may contribute to osteoblastogenesis: the relative contribution of vas-
culature, nerves, macrophagic and autocrine effects (see Section 4.1)
should be investigated.

As explained in Section 2.2, there is a close association between the
gain in osteoblast cell density and their differentiation. Thus, important
to note: by inducing cell expansion, the osteoclast does more than in-
creasing cell density: it switches the pro-resorptive osteoprogenitor
phenotype over to a pro-osteogenic one [23,43–45] (Fig. 5).

Fig. 4. The main bone surface events of the RvRs phase (A) and graphical illustration of the effect of the rate of osteoblast lineage cell expansion on the duration of
resorption (B). A. The RvRs phase consists of an intermixed population of osteprogenitors which is expanding and of osteoclasts which are resorbing radially. When a
threshold cell density of osteoprogenitors is reached, bone formation starts and bone resorption stops. B. The observations in reference [17] indicate different rates of
cell expansion amongst the BMUs. The lower graph shows two examples where the threshold density is reached after a shorter and longer time, which then also
means that the radial resorption (which contributes the most to overall resorption: see Section 5.1) stops sooner or later, respectively – as shown in the upper graph. If
the threshold cell density is not reached (third example of the lower graph), bone formation is not initiated and resorption continues as shown in the upper graph (see
Sections 5.2 and 6.2). Panel A reproduced with permission from [17].
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4.4. Link between chemoattractive and collagenolytic power of the
osteoclast: resorption bringing osteoclasts and osteoblasts together – thereby
contributing to coupling?

Proper osteoclast resorption requires that the rate of collagenolysis
matches the rate of demineralization – otherwise demineralized col-
lagen accumulates and acts as a brake inhibiting the entire resorption
activity [36,38–41]. The collagenolytic power of the osteoclast is pro-
vided by its very efficient cathepsin K (CatK) [138,139]. However, si-
tuations where osteoclasts have lower Catk activity revealed that os-
teoblastic collagenolytic MMPs can also contribute to degrade the
collagenous bone matrix [30] (see Section 2.1). The levels of CatK
(which vary substantially amongst individuals [140,141]) have thus a
special significance for osteoclast-osteoblast collaborations. In this re-
spect, it is remarkable that a series of independent studies report that
downregulation of CatK is associated with an increase in the levels of
factors known as stimulators of osteoprogenitor chemotaxis or pro-
liferation. These include S1P [142], PDGF [143], active IGF [144], and
demineralized collagen remnants on the eroded surface [30]. One may
speculate that this higher chemoattractive/proliferative activity works
as a feedback mechanism to compensate for the reduced CatK activity
and the ensuing weaker resorption power of the osteoclast. This com-
pensatory mechanism is supported by the abundance of peri-osteo-
clastic cells enwrapping collagen in resorption lacunae of bones sub-
jected to CatK inhibition [30]. It is also supported by the increased
MMP13, RANKL, and RANKL/OPG in Catk knockout bones [145]. The
logical consequence of this higher accumulation of osteoprogenitors is
to reach faster the critical cell density required for initiation of bone
formation. Accordingly, CatK inhibition renders the reversal phase
more efficient in a rabbit model [146], and has been shown to preserve
osteogenesis in several studies [147–149]. Also interesting to mention
are opposite situations where CatK levels and resorptive activity are
elevated (i.e. glucocorticoid treatment [150,151] or estrogen deficiency
[152,153]): in these situations osteoprogenitor recruitment is reported
to be poorer (see Section 2.2), and the extent of bone forming surfaces is
decreased [19,47,48] (Table 2). Of note, the pro-resorptive phenotype
of peri-osteoclastic cells is clearly seen as well when the bone tissue is
not challenged [23] (see Section 2.1). Therefore, also under normal
conditions, chemo-attraction could be seen as an invitation of the os-
teoclast to osteoblast lineage cells to collaborate for resorption. It may
be of interest to keep this in mind when thinking of treatment strategies
(see Section 7.1).

5. Specificities of resorption during the reversal-resorption (RvRs)
phase

5.1. The RvRs phase is the major resorption step of the remodeling cycle

The standard view of resorption during the remodeling cycle is that
it all occurs in a single step when the remodeling cycle starts. As ex-
plained in paragraph 4.1, it is now known that resorption is achieved in
several steps [17]: one upon initiation of remodeling, and the following
ones during a mixed RvRs phase (where the catabolic reversal cells are
involved: see Section 2.1). As discussed elsewhere [17], the initial step
is mainly involved in extension of the resorption zone (e.g. elongating
canals in cortical bone, or superficial erosion over quiescent surface in
cancellous bone), while the RvRs resorption steps further erode already
eroded bone (rendering canals wider in cortical bone, or rendering
excavations deeper and possibly perforating in cancellous bone)
(Fig. 4A). Furthermore, the configuration of cutting cones and the ar-
rangement of osteoclasts therein allowed calculating that “RvRs re-
sorption” contributes to 83% of overall resorption [17]. Very important
to know, RvRs resorption has thus a strong quantitative and qualitative
impact on bone, and deserves much attention when it comes to bone
fragilization mechanisms [154].

5.2. The duration of osteoclast resorption occurring during RvRs depends on
the rate of reversal cell/osteoprogenitor cell expansion

During RvRs, resorption is progressively decreasing as reflected by
the curvature of the cutting cones sectioned longitudinally [17]. In line
with this, osteoclasts become less abundant (although remaining pre-
sent during the whole RvRs period) and reversal cells/osteoprogenitors
become more abundant [17], thus losing their pro-resorptive phenotype
(see Section 2.1). At this later differentiation stage, they may even
become anti-osteoclastic, since the OPG expression levels are shown to
increase by 7-fold, and OPG/RANKL ratios by 35-fold [43] during os-
teoblast differentiation (Fig. 5). Other anti-osteoclast factors of osteo-
blast lineage origin like Wnt1 [155], Wnt16 [156], and semaphorin3
[157] were also reported. Importantly, osteoclasts completely dis-
appear and resorption is completely shut off when reversal cell/osteo-
progenitor expansion reaches the threshold density necessary for os-
teoid deposition [17]. Therefore, just as the rate of reversal cell/
osteoprogenitor expansion determines how soon bone formation is in-
itiated (see Section 2.2), the rate of reversal cell/osteoprogenitor

Fig. 5. Role of the osteoclast in the mechanism
shifting bone remodeling activities from resorption
to formation. According to the present view, at the
start of remodeling, osteoclastic resorption is sup-
ported by low cell density catabolic osteoblast
lineage cells (BLCs, reversal cells, canopy cells) (see
Sections 2.1 and 3). The osteoclasts attract more of
these osteoblast lineage cells (see Section 4.3), which
thus further support resorption (see Section 4.4).
However, as they expand they reach a cell density
where they lose their catabolic activity and get their
anabolic phenotype, which leads to initiation of
bone formation at the threshold cell density (see
Section 2.2). OPG production by the latter pheno-
type decreases resorption, and resorption is com-
pletely shut off by osteoid deposition (see Section
5.2). The pale and bright green backgrounds indicate
early and later osteoblast differentiation, respec-
tively. A possible contribution of vascular, neural,
macrophagic (Macroϕ) and autocrine factors to os-
teoprogenitor expansion also deserves attention.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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expansion determines how soon resorption completely stops (Figs. 4B
and 5). The slower the reversal cell/osteoprogenitor recruitment, the
higher the risk of new resorption events, and the longer and the larger
the temporary bone loss resulting from the delay in coupling (Fig. 4B).
If the threshold cell density is never reached, there will be a permanent
bone loss and even a risk of increasing bone loss because of the con-
tinued risk of additional resorption events (Fig. 4B). Since RvRs re-
sorption is the main contributor to overall resorption (see Section 5.1),
it is expected that the rate of reversal cell/osteoprogenitor recruitment
will also importantly affect the magnitude of overall resorption and the
depth of the excavations, as supported by the depth analysis in [19].

6. Failure of coupling leading to bone loss in clinical situations

6.1. Actual risks of uncoupling in clinical situations

The above analysis of the coupling mechanism identifies “local re-
versal cell/osteoprogenitor expansion up to a threshold density” as the
ultimate event responsible for stopping resorption and inducing for-
mation (see Section 2.2) - otherwise uncoupling occurs (see Section
5.2). This cell expansion is shown to be conditioned by the presence of
local reservoirs of osteoprogenitors - e.g. canopies: see Section 3.2 - and
to be driven by osteoclasts (see Section 4.3), but inversely relates to the
aggressiveness of resorption (see Section 4.4).

This information provides now a mechanistic basis to more strictly
interpret the observations where uncoupling has been suspected (see
Section 1): (i) glucocorticoid [47,104] and menopause-induced [48]
osteoporosis, aging [46], fatty bone marrow [158,159], multiple mye-
loma [18,103], and bisphosphonate treatment [160] are all situations
were loss of canopy coverage was reported; (ii) in addition to this,
glucocorticoid and menopause-induced osteoporosis, are situations
with great osteoclast aggressiveness [151,153] (see Section 4.4); (iii)
glucocorticoid and menopause-induced osteoporosis coincide with a
high prevalence of stretches of reversal cells at low cell density - thus
directly reflecting a failure in osteoprogenitor recruitment (see Section
2.2 and Table 2); (iv) moreover, they coincide with low activation
frequency of bone formation and decreased extent of bone formation
surfaces (see Section 2.2 and Table 2). Of note, this mechanistic basis
for uncoupling is also supported by opposite clinical situations, i.e.
those associated with improved/preserved bone formation: (i) hy-
perparathyroidism [102] and intermittent PTH [98] show increased
canopy thickness – and hyperparathyroidism makes reversal faster
[11,19]; (ii) lowering CatK activity increases the extent of canopy-os-
teoclast interface, decreases resorption thereby stimulating osteopro-
genitor cell expansion as reflected by increased cell densities on the
eroded surface and faster initiation of bone formation [146,160] -
which means faster coupling. In conclusion, the uncoupling that has
been previously suspected in some clinical situations (see Section 1) can
now be really interpreted in this way, because these situations show the
typical biological characteristics of uncoupling.

6.2. Origin of bone loss in aging: “uncoupling” and not “imbalance of
resorption and formation” in remodeling units

Uncoupling leads to bone loss by definition, since resorbed bone is
not replaced – but how much does uncoupling contribute to bone loss
compared to imbalance (as defined in Fig. 1)? Quantitative assessments
of bone loss are not always straightforward: bone loss cannot be strictly
measured in cancellous bone, since one cannot know how much bone
was there before it disappeared. In intra-cortical bone however, one can
take porosity as a record of the bone that was initially present thereby
truly quantifying bone loss – which is of great interest for mechanistic
investigations: by classifying the pores according to their type of surface
(quiescent surface, RvRs surface, formative surface), one can establish a
strict relation between bone loss and biological events responsible of
this loss. This type of analysis on a cohort of 35 women (age 17–78)

showed that enlargement of pores with RvRs surfaces contributed the
most to age-increased porosity, thereby demonstrating in a strict way
that delayed coupling or uncoupling contributes the most to age-in-
duced bone loss [107]. Furthermore, the pores with quiescent surfaces
did not contribute significantly to this increase [161]. These are the
pores representing the bone loss due to imbalance between resorption
and formation after completion of the remodeling cycle, which is the
parameter that receives much attention in assessments of bone loss
through conventional morphometry [2–5]. Thus, during aging, “lack of
initiation of bone formation” contributes more to intra-cortical bone
loss, than a “low amplitude of formation once formation has started”.
This is contrary to common belief [2–5] and emphasizes how critical it
is taking the RvRs events into account. This type of analysis should be
extended to other clinical conditions.

7. Conclusions and perspectives

The common drawings of bone remodeling show a team of resorbing
osteoclasts next to a team of bone forming osteoblasts in a “BMU”, but
they do not show how these teams join each other to work as a single
functional entity. The present information gives insight into how bone
formation can ensue from resorption in a natural continuum, so that
resorption and formation are inseparable. The key is an evolving
partnership between osteoclasts and osteoblast lineage cells, which al-
ready starts when bone remodeling is activated (Fig. 5). At the starting
point of remodeling, the osteoclasts are found in close proximity of low
cell density catabolic osteoblast lineage cells (i.e. BLCs, canopy cells,
reversal cells) which promote osteoclastic resorption (see Sections 2.1,
3.1, 3.2) and these osteoblast lineage cells are attracted in larger
numbers by osteoclasts, likely in the context of resorption (see Sections
4.3 and 4.4). As more osteoblast lineage cells are attracted from the
canopy and possibly from the vasculature onto the eroded surface (see
Section 3), the reversal cells lose their catabolic properties and change
to their high cell density anabolic phenotype, and above a critical cell
density start forming bone (see Sections 2.2 and 4.3). These reciprocal
interactions (osteoblast lineage cells supporting osteoclast resorption
and osteoclasts promoting osteoblast lineage cell expansion) influence
how fast resorption is reversed to formation, and determine as well
uncoupling if the critical density is not reached (see Section 6.2)
(Fig. 4B). This uncoupling contributes to bone loss in some pathophy-
siological situations (see Section 6). The findings reviewed herein de-
serve attention for therapy, bone morphometry, and further research on
the mechanism of remodeling and origins of bone loss.

7.1. Therapeutic considerations

The classical strategy for treating bone loss is either by inhibiting
resorption or stimulating formation [4,5]. The present information
makes one think of the possible benefit of treatment strategies based on
the combination of osteoclast and osteoblast modulators. In principle,
treatments should aim at reaching as fast as possible the threshold cell
density of osteoprogenitors for initiation of bone formation, at pro-
tecting the local osteoprogenitor reservoirs and at securing the presence
of enough osteoclasts exerting pro-osteogenic activity, but with reduced
resorption activity (since reduced resorption appears to boost the os-
teoprogenitor recruitment potential (see Section 4.4)). The well-known
beneficial effects of intermittent PTH and PTHrP treatments [162] may
relate to such mixed effects on osteoclasts and osteoblasts, and knowing
better the crosstalk between osteoclasts and osteoblasts may help im-
proving the way to use such agents. Other interesting agents fitting this
strategy may be those modifying the ratio of resorptive and osteogenic
activity of the osteoclasts, such as CatK inhibitors (see Section 4.4).
Good candidates may be the new generation of exosite inhibitors of
CatK, which specifically inhibit collagen degradation and therefore do
not appear to lead to the side effects of odanacatib [149].
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7.2. Morphometry considerations

Standard morphometry presupposes coupling [3,4], i.e. that every
local resorption activity is followed soon or late by formation activity.
As a consequence, the analysis of bone formation activities is commonly
judged sufficient for evaluating the quality of replenishment of resorbed
bone, and so, endpoints like wall thickness and dynamic parameters of
bone formation are the usual focus. However, as stressed earlier [19],
these standard evaluations miss the lack of replenishment that origi-
nates from the absence of initiation of bone formation - which happens
in clinical situations (see Section 6) – and so, the risk of bone loss due to
uncoupling is disregarded. A challenge for morphometry is thus to find
how to evaluate the events upstream of initiation of formation [163].
Therefore reversal surfaces should receive attention in current practice:
all eroded surfaces should be thoroughly identified (through broken
lamellae in polarized light – and not merely as “scalloped” surfaces),
they should be quantified while discriminating osteoclast and reversal
surface, and they should be characterized with respect with cell density
and canopy coverage (both proven to be associated with coupling). In
any case, interpretations of the existing morphometric indices should
take into account that coupling cannot be taken as granted. This holds
true for the so-called “activation frequency of bone remodeling” which
is based on bone formation parameters [22] and actually represents the
activation frequency of bone formation. It is only in situations of cou-
pling that this parameter corresponds to the official name it received.

7.3. Mechanistic considerations

Fig. 5 stresses an evolving osteoblast lineage cell population first
promoting resorption and progressively re-programmed for initiation of
formation. This evolution is at the heart of the coupling process
[42,43]. Success of initiation of formation thus depends on the triggers
of this re-programming and on the ability of the osteoblast lineage cells
to respond.

Regarding triggers, It would be of value to identify the factors in-
volved in osteoclast-osteoblast crosstalk [13] along the chain of os-
teoclast-osteoblast interactions – including when challenged in specific
clinical situations. However, also all non-osteoclastic determinants of
osteoprogenitor recruitment deserve much attention. The contribution
of vasculature, which is commonly investigated at the level of bone
formation surfaces (see Section 3.3), should be extended to eroded
surfaces [143,164,165], since it is recruitment on eroded surfaces that
conditions coupling. The same holds true for autocrine factors
[25,26,125] and nerve factors [60,63,94,122,128]. Another point of
interest is the possible contribution of osteocytes to the successive pro-
resorptive and pro-osteogenic activities occurring during remodeling.
Here one should mention that osteocytes can support osteoclastic re-
sorption by producing RANKL [166] (just like do BLCs, reversal and
canopy cells (see Sections 2.1 and 3.2)) and by sending MMP13 through
their canaliculi [167]. Conversely, osteocytes are reported to lower
their anti-bone formation activity in response to osteoclast factors [13].

One should also consider how to preserve the BME/canopies, which
prove to contribute so critically to osteoprogenitor recruitment (see
Section 3.2). In this respect, the possible influence of cell senescence
should be addressed, since cell senescence is proposed to contribute to
bone loss during aging [168,169]. The BME may also become com-
promised due to miss-regulation of adipogenesis vs. osteogenesis, as the
BME is absent in fatty bone marrow [158,159]. Also remaining to be
explored is the role of the BME/canopy beyond that of a reservoir of
osteoprogenitors [170]. Together with BLCs, it is forming a “blood-bone
barrier” mediating the communication between bone and the systemic
environment. Features reflecting this communication are the presence
of PTH receptors [102], capillary contacts [18,46,105], and proximity
of nerve endings [128].

Last but not least, this review advocates for taking into account the
spatiotemporal details of bone remodeling to fully understand the

complex cell-cell communications involved in its mechanism [171]. The
need for addressing the structure-function relationship to understand a
machinery is a universal principle. This holds true for bone remodeling.
Spatial transciptomics appears a promising approach for reaching this
goal [172].
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