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Abstract

The activation step of bone remodeling remains poorly characterized. Activation

comprises determination of the site to be remodeled, osteoclast precursor

recruitment, their migration to the site of remodeling, and differentiation. These

actions involve different compartments and cell types. The aim of this study was to

investigate events and cell types involved during activation. We used a bone

remodeling model in rats where extractions of the upper jaw molars initiate

remodeling of the antagonist lower jaw (mandible) cortex along the periosteum. In

this model osteoclastic resorption peaks 4 days after extractions. We previously

reported that mast cell activation in the periosteum fibrous compartment is an early

event of activation, associated with recruitment of circulating monocyte osteoclast

precursors. By using immunohistochemistry, we observed 9 hours after induction a
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spatially oriented expression of InterCellular Adhesion Molecule-1 in the vessels

that was inhibited by antagonists of histamine receptors 1 and 2. It was followed at

12 hours by the recruitment of ED1+ monocytes. In parallel, at 9 hours, Vascular

Cellular Adhesion Molecule-1+ fibroblast-like cells scattered in the fibrous

compartment of the periosteum between the vessels and the osteogenic

compartment increased; these cells may be implicated in osteoclast precursor

migration. Receptor Activator of NF KappaB Ligand+ cells increased at 12 hours

in the osteogenic compartment and reached a peak at 18 hours. At 24 hours the

numbers of osteogenic cells and subjacent osteocytes expressing semaphorin 3a, a

repulsive for osteoclast precursors, decreased before returning to baseline at 48

hours. These data show that during activation the two periosteum compartments

and several cell types are coordinated to recruit and guide osteoclast precursors

towards the bone surface.

Keywords: Biological sciences, Cell biology, Physiology, Dentistry

1. Introduction

Bone remodeling involves a coordinated and highly regulated sequence of events

that include activation, resorption, reversal and formation [1, 2]. In contrast with

resorption and formation, which are well characterized and whose kinetics has

been extensively studied at the cellular and molecular levels [3, 4, 5], activation,

the step that initiates remodeling remains poorly characterized. Activation

comprises the emission of local signals at the site that will undergo remodeling,

recruitment of circulating osteoclast precursors, migration of the precursors toward

the bone surface, and their differentiation in preosteoclasts and osteoclasts [6].

These events imply that different but spatially related compartments are involved

in activation.

The signals that initiate activation emanate from the osteoblast lineage (osteogenic

cells and osteocytes) that expresses pro-resorbing factors [7, 8]. The main roles of

these signals, among which Receptor Activator of NF KappaB Ligand (RANKL)

has a central role, are to recruit circulating osteoclast precursors and induce their

differentiation into osteoclasts. Precursors adhere to activated endothelial cells,

cross the endothelium and migrate toward the osteogenic cells [9, 10]. Activated

endothelial cells express in vitro InterCellular Adhesion Molecule-1 (ICAM-1) [9,

11] to allow adhesion of osteoclast precursors to the vascular wall and migration

through the vessel wall [12, 13].

In a model of alveolar bone periosteum remodeling in rats, the extractions of the

upper jaw molars induce the extrusion of the lower (mandible) molars due to the

loss of mechanical stimulation of these teeth. It triggers bone remodeling along the

mandible cortex at the top of the alveolar crest [14]. Physiologically, this bone

surface is subjected to bone formation. Nine hours after induction (i.e., extractions
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of the upper molars) mast cells (MC) located in the outer fibrous layer of the

periosteum (referred to here as the non-osteogenic compartment), close to a

vascular network and sensory nerve fibers, are activated for a short time (their

basal condition is restored at 24 h) [15]. MC activation is rapidly followed by the

migration in the compartment of circulating monocytes expressing the ED1 marker

and polymorphonuclear leukocytes (PMNL) [16]. Monocyte recruitment reaches a

maximum at 12 hours [15, 16]. These cells go towards the bone surface after

penetrating the periosteum cambium layer (referred to here as the osteogenic

compartment). The osteogenic compartment, about 65 μm thick, functions as the

canopy described over the endosteal envelop [17] and is constituted by

mesenchymal progenitors, osteoprogenitors and secreting osteoblasts [18].

Osteoclast precursors differentiate in tartrate-resistant acid phosphatase+ pre-

osteoclasts only in the osteogenic compartment [16]. Osteoclastic resorption peaks

4 days after induction.

The role of histamine released by MC is emphasized by the use of histamine

receptor antagonists that drastically reduces ED1+ cell recruitment at 12 h and

osteoclast numbers 4 days later [15, 19]. Histamine induces vasodilation, increased

vascular permeability, expression of adhesion molecules by endothelial cells and

infiltration of inflammatory cells [20, 21].

Altogether, these data raise some questions: how do periosteal vessels react

following MC activation? How are the precursors guided to the bone surface? How

and when do osteogenic cells and osteocytes participate to activation events? The

objective of this in vivo immunohistochemical study was to identify cellular

changes taking place in the periosteum to favor bone resorption. To this aim, we

used a set of markers possibly involved in the trafficking of the osteoclast

precursors to the bone surface, including (1) InterCellular Adhesion Molecule-1

(ICAM-1) to evaluate vessel reactions, (2) Vascular Cellular Adhesion Molecule-1

(VCAM-1), a modulator of monocyte and macrophage trafficking [22, 23]

implicated in the early stages of osteoclast differentiation [24], (3) RANKL, and

(4) semaphorin 3a (sema3a), a repulsive for preosteoclasts and osteoclasts

expressed by the osteogenic cells and the osteocytes [25].

2. Material and methods

2.1. Ethics statement

This study was approved by the Animal Experimentation Ethics committee of

Université Paris Descartes (approval number CEEA34.MG.036.12) and complied

with European Union recommendations on laboratory animal care (EU directive

2010/63/EU). The animals were maintained in a temperature-controlled (25 °C)

facility with a 12 h light/dark cycle. Prior to tooth extraction and killing, rats were

anesthetized with xylazine (100 mg/kg b.w.) and ketamine (80 mg/kg b.w.) (both
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from Centravet, Maisons Alfort, France). After extraction the rats were

intraperitoneally injected with buprenorphine (0.02 mg/kg b.w.) to control post-

operative pain.

2.2. Experimental design

A total of 138 eight weeks old male Wistar rats (Iffa Credo, L’Arbresle, France)
weighing 200 ± 20 g rats were used. They were fed a standard diet for rodents

(M25 Extralabo; U.A.R., Villemoisson, France); food and water were given ad

libitum.

2.2.1. Time-course study

One hundred twenty rats were used in this study. Twenty rats were used as baseline

controls. The right maxilla (upper jaw) molars of the remaining animals were

extracted. Groups of 20 rats were constituted at random to be killed 9, 12 18, 24

and 48 hours after extractions.

2.2.2. Histamine receptors antagonism

Eighteen rats had their right maxillary molars extracted as previously. They were

treated systemically (6 per treatment) with intramuscular injection of saline

histamine receptor 1 (H1R) antagonist mepyramine solution (1.5 mg/kg/day),

saline H2R antagonist famotidine solution (10 mg/kg/day;) or normal saline,

beginning immediately after extractions (both from Sigma-Aldrich Corp, Lyon,

France). These rats were killed 12 hours after induction, i.e. when monocyte

recruitment reach a maximum.

2.3. Sample processing

The animals were killed by cardiac exsanguination. The right hemi-mandibles were

dissected out and fixed in either cold (4 °C) 70% ethanol (10 animals at each time

point) or 4% paraformaldehyde (10 animals at each time point). Samples from rats

treated with famotidine or mepyramine were fixed in paraformaldhehyde. After

washes in phosphate buffer, the bones were dehydrated in ethanol, immersed in

xylene (Sigma) and embedded without demineralization in methylmethacrylate

(Merck, Darmstadt, Germany) under vacuum. Polymerization was performed at

−20 °C for 48 h. Four micron-thick sections were cut in the horizontal plane (i.e.

perpendicular to the molar root axis) using a Polycut E microtome (Leica, Wetzlar,

Germany). Three series of 8 sections were taken at the top of the crest of the

alveolar process on a total height of about 100 μm where the resorption occurs

[14]. Before processing, the resin was dissolved in 2-methoxyethyl acetate (Carlo

Erba, Radano, Italy). The sections were sequentially stained with toluidine blue

(pH 3.8), or processed for enzymochemistry of alkaline phosphatase (ALP), or for
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immunohistochemistry. Toluidine blue was used for morphological observations.

The 5th section of each series was processed for ALP by incubating the sections

with naphthol ASTR phosphate and fast blue RR (pH 9) to reveal osteogenic cells

(preosteoblasts and osteoblasts). Each marker staining was assigned a position

within the series on either side of the ALP-stained section, so that two sections

stained for a marker were 32 μm apart.

2.4. Immunohistochemistry

Mouse monoclonal antibodies against HIS48 (ref 554905, BD Biosciences

Pharmingen, San Diego, CA, USA: 1:100), ED1 (murine equivalent of CD68,

MAB1435, Chemicon, Temecula, CA, USA; 1:100), CD54 (ICAM-1, ref 554967,

BD Biosciences Pharmingen, 1:50) and rabbit polyclonal antibodies against

CD106 (VCAM-1, SC-8304, Santa Cruz Biotechnology, Santa Cruz, CA, USA;

1:50), RANKL (ref 3963, ProSci, Poway, CA, USA; 1/160), semaphorin 3a

(ab23393, Abcam, Cambridge, UK; 1:50), laminin (L9393, Sigma; 1:25) were

used. Ten percent normal horse serum (Eurobio, Les Ulis, France) (monoclonal

antibody), normal goat or rabbit sera (Eurobio) (polyclonal antibodies) in 0.1 M

PBS with 0.05% Tween 20 were used to reduce nonspecific background. The

sections were incubated overnight with primary antibodies and then with the

relevant secondary biotinylated antibody (Vector, Burlingame, CA, USA) with 3%

hydrogen peroxide and an avidin-biotin peroxidase complex (ABC Vectastain kit,

Vector). Diaminobenzidine tetrahydrochloride (Sigma) was the chromogen.

Negative controls were prepared by omitting the primary antibody, by replacing

the primary antibody with nonimmune serum at the same dilution, or by using an

irrelevant secondary antibody. Depending on the antibody used, the reaction was

processed on samples fixed with either ethanol or paraformaldehyde.

Double immunostaining was used to identify PMNL undergoing apoptosis.

Sections were incubated overnight with the monoclonal antibody (HIS48), the

secondary biotinylated antibody (horse anti-mouse IgG; Vector) and streptavidine

FP488 (Interchim, Montluçon, France; 1:200). The sections were then incubated in

the dark with polyclonal anti caspase-3 antibody (Biocarta, San Diego, CA, USA;

1:500) and with antirabbit secondary TRITC antibody (T6778, Sigma-Aldrich).

Negative control procedures were used as previously.

2.5. Morphometry

The sections were examined at a constant magnification (x 260) with a semi-

automatic image analyzer. The periosteal zone of interest extended along the

buccal cortex from the distal face of the mesial root of the first molar to the distal

face of its distal root. The ALP staining revealed a thick layer of ALP+ osteogenic

cells, separated from the mineralized bone surface by a layer of osteoid tissue. The
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ALP layer was used as a reference to divide the periosteum into osteogenic and

non-osteogenic compartments [14]. The ALP+ layer was outlined on the computer

screen and recorded. It was then superimposed on each section of the relevant

series. This allowed us to visualize the location of the ALP layer in the specifically

stained sections. The measurements were made on 2 sections per animal for each

marker.

The following parameters were recorded in the osteogenic compartment: length of

the reference bone segment, numbers of cells immunopositive for RANKL and

sema3a per mm of adjacent bone surface (N/mm), number of sema 3a+ osteocytes

in the first 60 μm from the bone surface [26].

In the non-osteogenic compartment, we quantified the number of vessel profiles

(vessels per millimeter of adjacent bone surface), their mean lumen area (in μm2),

the numbers of HIS48+ cells, ED1+ cells and VCAM-1 fibroblast-like cells (all per

millimeter of adjacent bone surface).

2.6. Statistics

The data were compared (7 samples per group and per fixation technique) using

nonparametric tests (Kruskal–Wallis test followed, if significant, by group

comparisons with the Mann–Whitney U-test). Differences were considered

significant at p < 0.05. Data are expressed as means ± SEM.

3. Results

The events occurring in the non-osteogenic compartment were studied at 0, 9, 12

and 18 h, and in the osteogenic compartment at 0, 12, 18, 24 and 48 h.

3.1. The non-osteogenic compartment

3.1.1. Vascular responses

Vessels were identified in toluidine blue-stained sections. To validate vessel

identification, adjacent sections were immunostained in some samples for laminin,

a marker of vessel basement membrane. We found good agreement between the

two staining methods (Fig. 1).

The mean number of vessel profiles per mm of adjacent bone surface did not

change. In contrast their mean caliber increased at 12 h (+ 58.5%; p < 0.03 vs 9 h)

and returned to baseline at 18 h (- 39%; p < 0.03 vs 12 h) (Fig. 2a).

At baseline only a few vessels were stained positive for ICAM-1; the staining was

thin and weak along the internal wall of the vessels (Fig. 2b). At 9 h and 12 h a

thick immunostaining of the luminal surface of the vessel oriented towards the
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bone surface was present; no staining was seen along the opposite side of these

vessels (Fig. 2c). At 18 h the immunostaining returned to baseline.

The effect of mepyramine (H1R antagonist) and famotidine (H2R antagonist) were

evaluated at 12 h on ICAM-1 expression. ICAM-1 was weakly expressed in the

two anti HR-treated groups (Fig. 2d and e), compared with their 12 h saline-treated

controls. The expression was close to that found in vessels from intact (baseline)

animals.

3.1.2. Recruitment of circulating cells

At baseline 10.1 ± 1.6 ED1+ cells resided in the non-osteogenic compartment,

mostly near the osteogenic compartment. They increased in the vascular

environment at 12 h (+290% vs baseline, p < 0.01) and persisted up to 18 h

(+310% vs baseline; p < 0.03) (Fig. 2f).

HIS48+ PMNL that were further identified by their morphology and ALP staining

[27] were scarcely present at baseline (0.45 ± 0.45). They increased at 9 h (67x at 9

h vs baseline; p < 0.0001), reached a peak at 12 h and remained stable until 18 h

(124x at 12 h vs baseline; p < 0.005) (Fig. 2f). Notably, PMNL morphology

differed at 12 h and 18 h: the immunostaining was strong and occupied a

significant part of the cells at 12 h (Fig. 2g), while it was weak and peripheral at 18

h (Fig. 2h). As PMNL are short-lived in the tissues, we assumed that they were

apoptotic. Co-localization of anti-caspase 3 and anti-granulocyte antibodies

confirmed that HIS48+ PMNL were apoptotic (Fig. 2i).

Elongated, fibroblast-like VCAM-1+ cells were scattered between the vessels and

the osteogenic layer (Fig. 3a). They increased as soon as 9 h (2.3x; p < 0.02 vs

baseline); they had returned to baseline at 18 h (Fig. 3b).

[(Fig._1)TD$FIG]

Fig. 1. Visualization of periosteum vessels in adjacent sections using two different staining techniques.

a Toluidine blue technique. b Immunostaining for laminin. Asterisks show corresponding vessels with

the two staining techniques. Arrows in a point out to mast cells. Arrowheads in b point out to the thin

laminin staining along vessel walls. Bar = 50 μm.
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3.2. The osteogenic compartment

Cells of the osteogenic compartment expressed VCAM-1. At baseline, immuno-

positive cells were scattered throughout the osteogenic compartment (Fig. 3c). At

[(Fig._2)TD$FIG]

Fig. 2. Changes in the non-osteogenic compartment (= fibrous layer) of the periosteum. a Changes in

vessel caliber. b to e: ICAM-1 expression in vessels. b At baseline (Bs), thin ICAM-1 immunostaining

underlines the wall of some periosteal vessels (arrows). c At 12 h, ICAM-1 expression is thick and

extends within the vessel lumen. Expression is polarized towards the bone surface. d ICAM-1

expression in a mepyramine (H1 receptor antagonist)-treated animal. e ICAM-1 expression in a

famotidine (H2 receptor antagonist)-treated animal. ICAM-1 expression is minimal with the two

treatments. The thick arrows in the right top corner point out towards the bone surface. The arrowheads

point out to mast cells close to the vessels. Counterstaining toluidine blue. Bar = 50 μm. f Kinetics of
HIS48+ polymorphonuclear leukocytes (PMNL) and ED1+ monocytes changes. g and h
Immunostaining for HIS48+ PMNL. g At 12 h. h At 18 h. Immunopositive cells were as numerous

at the two time points. While the immunostaining was strong and uniform at 12 h, it was weak and

irregular in most cells at 18 h. Bar = 30 μm. i Double immunofluorescence for HIS48 and caspase 3 in

an 18 h sample. Merging of the two images shows that HIS48+ PMNL were apoptotic at this time point.

Bar = 10 μm. * p<0.01; ** p<0.005; *** p<0.0001 versus baseline. ° p<0.03 versus the preceding

time point.
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12 h the marker was preferentially expressed in cells at the periphery of the

compartment (Fig. 3d).

The number of RANKL+ cells (Fig. 4a–c) was increased at 12 h (+ 40% vs

baseline, p < 0.05) and reached a peak at 18 h (+ 63% vs baseline, p < 0.01). Then

they significantly decreased. The immunopositive cells were located throughout

the compartment. The osteocytes close to the bone surface did not express

RANKL.

In the osteogenic layer, the number of sema3a+ cells strongly decreased at 24 h (-

77%, p < 0.01 vs baseline); it returned to baseline at 48 h (5x, p < 0.02 vs 24 h).

The decrease in sema3a+ osteocytes in a 60 μm-deep layer of bone below the bone

surface was more precocious as it begun at 18 h (- 54%, p = 0.01 vs baseline),

continued to decline at 24 h (-72%, p < 0.005 vs baseline) and increased at 48 h (+

230%, p = 0.05 vs 24 h) (Fig. 4d–f).

4. Discussion

Cellular and molecular events occurring in the two compartments of the mandible

periosteum were associated with circulating monocyte recruitment, their migration

towards the osteogenic compartment where priming messages permitted their

differentiation in the osteoclastic lineage. Coordinated signals seem to allow

precursor migration to the bone surface.

[(Fig._3)TD$FIG]

Fig. 3. VCAM-1 expression in the periosteum. a Immunostaining of fibroblast-like cells in the non-

osteogenic compartment (arrows). Bar = 30 μm. b Changes with time in VCAM-1+ fibroblast-like

cells. c and d Osteogenic compartment (= cambium layer). At baseline (Bs), immunopositive cells are

evenly distributed within the compartment (c). Instead at 12 h (d) stained cells are preferentially located

at the periphery of the compartment. Bar = 50 μm. The double arrows delineate the osteogenic

compartment. * p<0.002 versus baseline °p<0.05 versus the preceding time point.
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As soon as 9 h after induction of the remodeling sequence, vessels strongly

expressed ICAM-1, and at 12 h a transient vasodilatation occurred. ICAM-1

expression was polarized, directing the ED1+ cells towards the bone surface.

Histamine up-regulates ICAM-1 expression early during inflammation [22, 23]

and ICAM-1 promotes adhesion and transendothelial migration of monocyte

osteoclast precursors [13]. Treating animals with H1R and H2R antagonists

inhibited ICAM-1 up-regulation, resulting in a decreased ED1+ cell recruitment at

12 h, and a deficit in osteoclasts at 48 h [19].

Parfitt (1998) stated that circulating osteoclast precursors are addressed to the

resorption site through an “area code” consisting of signals expressed by

circulating and endothelial cells so that only osteoclast precursors are recruited

[(Fig._4)TD$FIG]

Fig. 4. Osteogenic compartment. a and b: Immunostaining for RANKL. At baseline (Bs) a few

immunopositive cells are scattered within the compartment. At 18 h (b), RANKL+ cells were more

numerous. The staining was stronger than at baseline. Bar = 50 μm. c Changes with time in RANKL+

cells. d Variations in osteogenic cells and osteocytes expressing semaphorin3a. e and f Immunostaining

for semaphorin 3a. At baseline most osteogenic cells were immunopositive as were the osteocytes

(arrows) subjacent to the bone surface. At 24 h, only a few cells expressed the marker while the

osteocytes no longer expressed it. Bar = 50 μm. * p ≤ 0.05; ** p<0.01; *** p<0.005 versus baseline. °

p<0.02; °° p<0.003 versus 18 h. # p<0.05 versus 24 h.
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[28]. Here, not only ED1+ osteoclast precursors, but also PMNL entered the site,

as they can bind ICAM-1 [29]. PMNL were apoptotic at 18 h and rapidly vanished

[16]. Cell recruitment was thus not specific to osteoclast precursors.

Once in the perivascular space, ED1+ osteoclast precursors have to reach the

osteogenic compartment (a distance of about 100 μm) where they differentiate into

preosteoclasts. VCAM-1 expressed by fibroblast-like cells residing in the non-

osteogenic compartment may guide them towards the osteogenic compartment

whose cells express VCAM-1. VCAM-1 is a modulator of monocyte and

macrophage trafficking [22, 30] and its induction in fibroblasts is histamine-

dependent [31]. In the early stages of osteoclast differentiation, prior to RANKL

signaling [32], interactions of osteoclast precursors with VCAM-1-expressing cells

are critical [24]. Moreover, VCAM-1 expressed by osteogenic cells enhances

osteoclast precursor penetration in the site of bone remodeling [32]. Although we

did not observe an increase in VCAM-1+ cells in the osteogenic compartment, a

redistribution of the marker occurred: at 12 h VCAM-1 was preferentially

expressed in cells at the periphery of the compartment. This may allow the

trafficking of the osteoclast precursors from a compartment to the other.

RANKL was constitutively expressed throughout the osteogenic compartment, as

it is essential to the survival of the few preosteoclasts present [16]. The number of

RANKL+ cells increased as soon as 12 h, peaked at 18 h and decreased afterwards

below baseline values. The increase in RANKL+ cells may be related to the

attraction and transit of ED1+ cells from the non-osteogenic compartment to the

osteogenic compartment. RANKL “consumption” by the increased pool of

migrating precursors and preosteoclasts may cause the subsequent decrease. In

contradiction with the current opinion that osteocytes are the main source of

RANKL in osteoclastogenesis [8, 34, 35], neighboring osteocytes did not express

RANKL. Several observations may explain it: (1) RANKL-expressing osteocytes

are associated with the endosteal and endocortical surfaces of the appendicular and

axial skeletons [33, 34]; (2) osteoclast-driven tooth eruption is not disturbed by the

conditional deletion in osteocytes of the Tnfsf11 gene that encodes RANKL [34];

(3) contacts between osteoclast precursors and osteocyte dendritic processes are

required for RANKL signaling [35], in this model the thickness of the osteogenic

compartment prevents such contacts.

Sema3a is primarily a repulsive for sympathetic and sensitive nerve fibers [36, 37].

It also repulses monocytes [38], inhibits osteoclast differentiation upstream

RANKL signaling, and is a repellent for osteoclast precursors [26, 39]. In the

mandible periosteum osteogenic cells and osteocytes express sema3a [27]. At 24 h

the number of sema3a+ cells decreased. This likely relieved the inhibition of

osteoclast precursor migration within the osteogenic compartment. Sema3a

expression recovery at 48 h may indicate that the number of precursors required
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for resorption had been recruited in the compartment and that inhibition was

restored. In fact a fixed number of osteoclast precursors invades the osteogenic

compartment during activation [16]; this number was possibly reached at 48 h.

From this study, it is not possible to determine how activation is initially triggered.

Changes in mechanical loading in the mandible after maxilla teeth extraction likely

induce the release of pro-resorption signals by the osteogenic cells and/or the

osteocytes. MC histamine appears to have a central role in the recruitment and

possibly guidance of the precursors towards the osteogenic compartment, as its

inactivation inhibits the sequence [15, 19]. Since MC form a functional unit with

sensory nerves [40], the nervous system may relay the triggering signals to the

non-osteogenic compartment via the efferent sympathetic system and the afferent

sensory system. Indeed, in this model, sympathectomy [41] and inactivation of the

sensory system [42] strongly affect osteoclast precursor recruitment and resorption.

In conclusion, a coordinated sequence of events allowed the recruitment and

migration of osteoclast precursors to the mandible cortical bone surface (Fig. 5).

This sequence involved the two compartments of the mandible periosteum and

several cell types.
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