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1 Understanding Bone Remodeling Requires Attention
for the Reversal Phase

Bone remodeling replaces the existing bone matrix with a new bone matrix. It is
achieved by local cell teams of osteoclasts resorbing bone and osteoblasts forming
new bone—which are called basic multicellular units (BMUs). Bone loss is com-
monly ascribed to an imbalance of these two activities within a BMU [1, 2]. Bone
resorption and formation are therefore a major research focus, whether in drug
design, development of clinical markers, bone morphometry, or investigation of
pathophysiological mechanisms.

However, common sense tells us that the conversion of a “resorption surface”
into a “formation surface” cannot just be fortuitous and must be driven by a specific
mechanism that also deserves attention. This conversion means that the bone sur-
face “calls in” osteoblast lineage cells after having “called in” osteoclasts. It is actu-
ally the event that enrolls the osteoblasts in the BMU team—and more specifically
those that will initiate bone formation, thereby coupling/reversing resorption to for-
mation. It is the expected site of action of the molecular factors involved in coupling
resorption and formation [3]. This central role is well demonstrated by the observa-
tions presented in Chap. 7 “Significance of Reversal Resorption Phase in Bone
Loss” indicating that coupling/reversal may actually fail, with the consequence that
initiation of bone formation does not occur, resulting in bone loss [4, 5]. Of note,
this origin of bone loss (absence of osteoblasts) is mechanistically different from
bone loss due to BMU imbalance (malfunction of the osteoclast-osteoblast team),
and may demand different diagnostic and therapeutic considerations. There is thus
a need for attention for the reversal mechanism—in addition to the current attention
for bone resorption and formation.

2 Early Observations on Reversal and the Need
for Appropriate Approaches to Understand
the Reversal Mechanism

The reversal phase of the bone remodeling cycle was first defined by Baron in the
1970s as an intermediate step occurring between osteoclast resorption and the onset
of bone matrix deposition [6]. Reversal was histologically characterized by the
elongated profiles of mono-nucleated cells lining the eroded surface [6, 7]. These
cells received the name of reversal cells, but their nature and role remained unknown
for many years as their characterization was mostly morphological (see below).
Reversal surfaces were found to represent on average as much as 80% of the eroded
surface in human bone [4, 8]. However, this value was shown to vary depending on
the pathophysiological condition [4, 8]. An increase in this value was suggested to
reflect delayed (or absent) onset of bone formation and thus delayed (or absent)
coupling. Situations suggesting uncoupling were repeatedly reported, but their
pathophysiological relevance did not receive the attention one would have expected
[3]. Only a few attempts to systematically investigate reversal were done during its
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early period of discovery: a rat model where a wave of remodeling was induced in
alveolar bone, showed that the prevalence of bone surfaces undergoing reversal
peaked later than those undergoing resorption and before those undergoing forma-
tion [9]. Also, the probability of detecting reversal cells at different excavation
depths in human bone was the highest at depths intermediate between those where
osteoclasts and osteoblasts were the most abundant [10]. These data contributed to
the well-known representations of a remodeling unit with the reversal phase posi-
tioned as a single continuous event occurring between a period of pure resorption
and onset of formation [11]. However, one should be aware that these drawings are
based on averages of measurements obtained over whole bone surfaces and then
aligned in a “logical” order, but they are not in the “real” order of the events within
a remodeling unit (see below).

In the absence of knowledge about the functional mechanism of reversal and the
absence of appropriate methods to gain this knowledge, the place of reversal in
pathophysiology could not be appreciated and was mostly not considered. More
recently, however, the combination of different approaches allowed a breakthrough.
These approaches included (1) the use of markers revealing relevant features and
specific cell activities in histological sections [4, 12]; (2) the generation of histologi-
cal sections oriented along the operational axis of the remodeling events, making it
possible to capture in a continuum the successive events occurring between the
initial resorption episode up to the initiation of bone formation [13, 14]; (3) atten-
tion for tissue areas that are usually not taken into consideration, including the bone
marrow neighboring the bone surfaces [12, 15-19]; (4) taking advantage of intra-
cortical pores to measure strictly intracortical bone loss and relate this loss to the
specific biological events of this pore [5]; (v) comparing critical histological fea-
tures in diverse pathophysiological situations where bone remodeling is differently
affected (hyperparathyroidism, osteoporosis induced by age, menopause, glucocor-
ticoids, multiple myeloma) or challenged with drugs [3]. These approaches reveal
that the critical activity underlying reversal is osteoprogenitor recruitment. It occurs
during a period where resorption still occurs [14] and is supported by integrated
activities of osteoclasts, osteoblast lineage cells, capillaries, and maybe other cell
types [3]. Reversal appears at the heart of the decision of whether resorbed bone
should be further resorbed, left unreconstructed, or replaced by new bone. It can
now be understood how reversal impacts pathophysiology—which leads one to
revisit the classical views on bone remodeling and bone loss [13, 14]. The present
chapter focuses on the functional mechanism of reversal, thereby providing the
mechanistic background necessary to explain the relevance of reversal to bone loss
(Chap. 7 “Significance of Reversal Resorption Phase in Bone Loss”).

3 Reversal Cells Are Osteoprogenitors

The nature of the reversal cells has been a matter of debate, and especially the nature
of the reversal cells colonizing the eroded surface right after the osteoclast has
moved away, as reviewed earlier [3, 20]. These cells were proposed to be
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macrophage-like because they were observed to take up resorption debris left by the
osteoclasts in the resorption lacuna. It was also proposed they might be pre-
osteoclasts based on their TRAcP immunoreactivity, a typical osteoclast marker. It
is only when cell markers could systematically be analyzed in histological bone
sections, that the osteoblastic nature of reversal cells was revealed: they show
Runx2, alkaline phosphatase, type 3 collagen, and other markers [4, 14, 20]. Markers
also revealed the “maturing” nature of this osteoblast lineage cell population,
thereby explaining the reported phenotypic diversity of reversal cells [10]. (1) Those
next to osteoclasts most often correspond to early osteoprogenitors (high prevalence
of smooth muscle actin), are more elongated, and show catabolic characteristics
(phagocytosing resorption debris and rich in MMP13), thereby supporting osteo-
clastic resorption [4, 20, 21]. (2) Those next to osteoid-covered surfaces most often
appear more differentiated towards mature bone-forming osteoblasts (high preva-
lence of osterix) and are more plump [4, 20]. It is expected that the shift from cata-
bolic to anabolic characteristics of the reversal cells is a key in the control of bone
remodeling and deserves attention.

4 Osteoprogenitors Are Intermixed with Osteoclasts
on Eroded Surfaces: A Newly Recognized “Mixed
Reversal-Resorption” Phase

The current remodeling cycle models show reversal as one period of pure reversal
following a period of pure resorption, and preceding formation [11]. As mentioned
above, such models are only drawings and not pictures captured from a real BMU,
as conventional morphometry is based on randomly oriented sections and thus very
rarely oriented along the operational axis of the remodeling unit. Thus the real order
of the events occurring on the eroded surface remained uninvestigated for a long
time [13]. A recent study took advantage of the fact that the orientation of intracorti-
cal BMUs is mostly parallel to the long axis of the diaphysis of long bones, and
disclosed in real time the successive events connecting the initial resorption episode
to the onset of bone formation as a functional continuum [14]. These events occur
on the walls of the so-called cutting cone, which had remained poorly known in the
absence of the use of markers.

The analysis of such cutting cones indicates that the remodeling cycle starts with
densely packed osteoclasts at the “tip” of the cutting cone, that osteoprogenitors
colonize the eroded surface as soon as the osteoclast moves away, and that sparsely
distributed osteoclasts occur all along the “wall” of the cutting cone—until forma-
tion starts [14]. Very important information provided by this study is that the rever-
sal cells and osteoclasts are intermixed on the eroded surface reflecting a “mixed
reversal-resorption period” (Fig. 1), which allows multiple loops of crosstalk
between osteoclasts and osteoprogenitors [13, 14]. This is in contrast with the two
single consecutive periods of resorption and reversal described in the textbooks—
which were leaving only little room for osteoclast-osteoprogenitor interactions [11].
Interestingly also, the length of the reversal-resorption phase was shown to vary a
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How is bone resorption reversed to formation during bone remodeling ?
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Fig. 1 Key features of the mechanism reversing bone resorption to formation. This cartoon
stresses (i) the existence of a mixed reversal-resorption phase allowing multiple osteoclast-
osteoprogenitor interactions; (ii) that recruitment of osteoprogenitors on the eroded surface is a
MUST to initiate bone formation and stop resorption; (iii) that a critical local source of osteopro-
genitors is the bone marrow envelope that forms a canopy above the bone remodeling site; (iv) that
capillaries in close contact with canopies are likely to contribute to the recruitment process

lot among different cutting cones (fivefold, 250-1250 pm in [14]), thus meaning
very different durations of osteoclast-osteoprogenitor interactions in different cut-
ting cones as discussed in [14].

5 The Reversal-Resorption Events: Bone Resorption,
Osteoprogenitor Recruitment, and Control
of Resorption by Osteoprogenitor Recruitment

In classical literature, osteoclasts at the tip of the cutting cones receive the most
attention. They appear responsible for initiating resorption and canal elongation.
Important, however, osteoclasts occurring on the walls of the cutting cone during
the reversal-resorption phase are responsible for widening the cutting cone and the
longer the reversal-resorption phase, the wider it becomes, in accordance with the
longer duration of exposure to osteoclasts [14]. Of note, the radial resorption of the
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reversal-resorption phase was found to account on average for 83% of the overall
resorption and is thus the main contributor to overall resorption [14].

Sections along the operational axis of BMUs made it possible to systematically
analyze the progressive changes occurring in the osteoprogenitor cell population
during the reversal-resorption phase. The most striking change proved to be cell
density [14]: cell densities of osteoprogenitors gradually increased during the
reversal-resorption phase and bone formation was never initiated below a given cell
density. This indicates the need for a threshold to allow the onset of bone formation
(Fig. 1). This demonstration is strengthened by the fact that this threshold is inde-
pendent of the length of the reversal-resorption zone—which furthermore reflects a
widespread variation in osteoprogenitor recruitment rates among different canals
[14]. This is a central observation, because it demonstrates that osteoprogenitor
recruitment on eroded surfaces is a permissive event for bone formation and that its
rate determines how soon formation is initiated.

As the rate of osteoprogenitor recruitment determines the waiting time for initia-
tion of bone formation and because resorption lasts during this whole waiting time,
the rate of osteoprogenitor recruitment also determines the extent of resorption
(Fig. 1) [14]. This remarkable property stresses that the extent of resorption is sub-
ordinated to osteoprogenitor recruitment: so, if recruitment does not reach the
threshold density, resorption may continue leading to pathological bone loss. This
explains why malfunction of reversal leads to bone loss and provides a mechanistic
basis for the observations presented in Chap. 7 “Significance of Reversal Resorption
Phase in Bone Loss”. The data supporting this mechanism are obtained in intracorti-
cal bone—which allows stringent analyses—but as discussed elsewhere [14], they
are very likely to hold true in cancellous bone.

6 Where Do the “Osteoprogenitors Colonizing the Eroded
Surface” Come from? Bone Lining Cells, Bone Marrow
Envelope/Canopy Cells, Capillaries

Bone lining cells (BLCs) defined as the cells in strict contact with the quiescent
bone matrix, are very likely contributors to the generation of the reversal cell popu-
lation, since BLCs pre-exist on the bone surface and were identified as osteopro-
genitors in several cell tracing models [22-24]. They are believed to retract upon
passage of the resorbing osteoclast [25-27] and to spread on the eroded surface after
its passage (attracted by chemotactic- and haptotactic factors generated by the
osteoclast: see below). However, these cells are too few to allow initiation of bone
formation, and the proliferation index assessed on reversal surfaces is rather low, so
that “importation” is mandatory [18]. As reviewed elsewhere, insight into the impor-
tation route was gained by comparing cell proliferation, cell densities, and differen-
tiation markers in the immediate environment of reversal surfaces of human
cancellous bone [3]. The bone marrow envelope (BME) appears to play an impor-
tant role in this importation [3, 18, 28, 29]. The BME is defined as a layer of CD271+
cells surrounding the bone marrow [30, 31]. At the level of the quiescent surface, it
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is interposed between the BLCs and the bone marrow. This envelope is easily over-
looked because its thinness does not allow detection at the light microscope level,
and at the electron microscopy level, BME cells appear very similar to BLCs, with
long cell extensions aligned parallel to the bone surface [18]. On the other hand,
however, BME cells have their own specific characteristics suggesting that they may
represent a distinct cell category [3, 18]. (1) Whereas BLCs are believed to be post-
differentiated osteoblasts, the BME cells might correspond to a subpopulation of
reticular adventitial cells that colonized the periphery of the primitive bone marrow
cavity during development [32]. (2) Whereas BLCs are in direct contact with the
bone matrix, the BME cells are not, and dissociate from BLCs when taking a bone
marrow plug [28] or when lifted by osteoclasts at the onset of the bone remodeling
cycle [18]. Accordingly, at remodeling sites, the BME appears as a canopy (Fig. 1)
that covers all the bone surface cells involved in remodeling, thereby delineating a
so-called bone remodeling compartment [3, 12, 18]. (3) The transition from quies-
cent to remodeling surfaces induces distinct molecular characteristics in the canopy
layer compared to the bone surface [30]. First, canopy cells show a 2-3 times higher
proliferation index compared with the cells sitting on the eroded surface [18, 30]. Of
note, this greater proliferation does not lead to increased cell densities at the canopy
level, while instead the cell densities on the reversal surface are increased despite a
low proliferation [18, 30]. This opposite behavior of cell densities and proliferation
at the canopy and reversal surface-level points to the canopy as the main contributor
to the increased number of osteoprogenitors, which then translocate to the bone
surface. Second, the canopy shows a high prevalence of early osteoblast differentia-
tion markers like smooth muscle actin and tenascin, whereas the opposite is true for
the later osteoblast lineage marker osterix. Runx2, however, is present in the major-
ity of canopy and reversal cells [18, 30].

The critical role of the canopy in osteoprogenitor recruitment on eroded surfaces
is also convincingly shown by pathophysiological situations where canopy cover-
age of eroded surfaces is deficient (including aging, postmenopausal and glucocor-
ticoid osteoporosis, myeloma), as canopy deficiency repeatedly coincides with
deficient osteoprogenitor recruitment and deficient initiation of bone formation [12,
15-17, 33]. This repetitive coincidence in several diverse situations taken together
with the close proximity of the canopy to the eroded surface and the assessments of
cell markers, proliferation index and cell densities, strongly suggests a critical con-
tribution of canopy cells to the recruitment of osteoprogenitors on eroded surfaces
(Fig. 1) [3]. The triggers of these molecular changes were discussed elsewhere and
were related to the changes in cell-cell and cell-matrix interaction at the onset of
bone remodeling [3]. Of special importance is the generation of numerous contacts
between canopy cells and both osteoclasts and capillaries (Fig. 1)—because the lat-
ter two are sources of coupling/osteogenic/proliferation factors [3, 12, 18, 19].

In relation to this dense network of canopy-associated capillaries above eroded
surfaces, one should also mention the existence of circulating osteoblast-lineage
cells [34], as well as the suggested role of osteoprogenitor-bearing transition vessels
in osteoblast recruitment to bone formation sites in mouse [35, 36]. Thus, in the
same way, eroded surfaces may recruit osteoprogenitors from capillaries, and this
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may occur through translocation across the canopy as suggested by electron micros-
copy observations [19]. Recruitment from capillaries may also be relevant to intra-
cortical remodeling as it appears the only possible importation route.

7 Site-Specific Targeting of Osteoprogenitors and Other
Features Possibly Associated to Reversal

Reversal does not only demand proliferation and differentiation of osteoprogenitors
as reviewed above, but also precise targeting of osteoprogenitors to the site where
resorbed bone has to be reconstructed. Chemotaxis exerted by factors generated
during osteoclast resorption has received much attention. A series of reports con-
cern soluble factors able to attract osteoprogenitors from the deep bone marrow to
the bone surfaces. Examples are TGF-§ [37], IGF [37], PDGF [38-40], S1P [41].
Other studies stress the strength of immobilized factors for inducing osteogenesis in
an even more ‘“‘site-restricted” way. Examples are factors bound to the eroded
matrix, such as TRAcP [43] and demineralized collagen remnants [21, 44] and
fibronectin [44] or EphrinB2 bound to the osteoclast membrane [42]. Obviously,
these immobilized factors are relevant for haptotaxis of the osteoprogenitors already
positioned right next to the eroded surface, such as BLCs and canopy cells.

Another intriguing question is whether osteocytes play a role specifically during
reversal. There is no clear answer, but osteoclastic factors like LIF [45] and car-
diotrophin [46] were reported to make osteocytes produce less sclerostin—which
should thus favor bone formation. Osteocytes are also speculated to respond to the
changes in a mechanical strain that are generated by the presence of resorption lacu-
nae [47].

A well-known hallmark of the reversal surface is the cement line [48]. It consists
of basophilic material deposited on eroded surfaces and is rich in mucopolysaccha-
rides and osteopontin. It is mostly ascribed a role in cell adhesion and in connecting
new bone matrix packages to pre-existing ones. However, it remains unknown
whether the cement line plays a role in the activation of osteogenesis.

8 Consequences of the New Knowledge About Reversal
for Treatment of Bone Loss and Routine Morphometry

This new knowledge of the reversal mechanism highlights that the reversal phase
must be taken into account to appropriately address bone remodeling. First, it is
now clear that reversal may fail, resulting in uncoupling of resorption from forma-
tion, although standard morphometry presupposes coupling as a rule. This uncou-
pling represents a mechanism of bone loss with a distinct etiology, i.e., absence of
osteoblasts (thus abortion of the remodeling cycle and no BMU generation) instead
of malfunction of the osteoclast-osteoblast team within the BMUs as commonly
stated. Obviously, this origin of bone loss should be taken into account when search-
ing for treatment strategies to prevent it. Second, routine morphometry should
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therefore include assessment of reversal. This may be challenging, but some of the
features that have been used to unravel the reversal mechanism are worthwhile to
consider: i.e., thorough identification of all eroded surfaces (broken lamellae), their
quantification discriminating osteoclast and reversal surface, and characterization
of the reversal surface with respect to cell density and canopy coverage. Furthermore,
standard morphometric indices should be interpreted cautiously: for example, the
so-called activation frequency of bone remodeling can be interpreted as such only
in coupled remodeling, as this parameter is actually the activation frequency of bone
formation (and would be more safely called this way). Third, during the mixed
reversal-resorption phase, osteoclasts appear to make the osteoprogenitor activity
shifting from catabolic (promoting resorption) to anabolic (osteoblastogenesis).
This remarkable property should guide further research to understand how bone
mass and structure are maintained throughout adult life, despite continuous
remodeling.
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