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Abstract

Transformation of osteoblasts into osteocytes is marked by changes in volume and cell shape. The reduction of

volume and the entrapment process are correlated with the synthesis activity of the cell which decreases

consequently. This transformation process has been extensively investigated by transmission electron microscopy

(TEM) but no data have yet been published regarding osteoblast-osteocyte dynamic histomorphometry.

Scanning electron microscope (SEM) densitometric analysis was carried out to determine the osteoblast and

open osteocyte lacunae density in corresponding areas of a rabbit femur endosteal surface. The lining cell

density was 4900.1 � 30.03 n mm�2, the one of open osteocyte lacunae 72.89 � 22.55 n mm�2. This corresponds

to an index of entrapment of one cell every 67.23 osteoblasts (approximated by defect). The entrapment

sequence begins with flattening of the osteoblast and spreading of equatorial processes. At first these are

covered by the new apposed matrix and then also the whole cellular body of the osteocyte undergoing

entrapment. The dorsal aspect of the cell membrane suggests that closure of the osteocyte lacuna may be

partially carried out by the same osteoblast-osteocyte which developed a dorsal secretory territory. A significant

proportion of the endosteal surface was analysed by SEM, without observing any evidence of osteoblast mitotic

figures. This indicates that recruitment of the pool of osteogenic cells in cortical bone lamellar systems occurs

prior to the entrapment process. No further additions occurred once osteoblasts were positioned on the bone

surface and began lamellar apposition. The number of active osteoblasts on the endosteal surface exceeded that

of the cells which become incorporated as osteocytes (whose number was indicated by the number of osteocyte

lacunae). Therefore such a balance must be equilibrated by the osteoblasts’ transformation in resting lining cells

or by apoptosis. The current work characterised osteoblast shape changes throughout the entrapment process,

allowing approximate calculation of an osteoblast entrapment index in the rabbit endosteal cortex.
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Introduction

As bone apposition progresses in growing bones, osteo-

blasts transform into osteocytes on the external periosteal

surface, inside the cortical cutting cones and on the endos-

teal surface of long bones (Ham, 1957; Cooper et al. 1966;

Baud, 1968). Reduction in cell volume, and ergastoplasmic

reticulum, as well as osteoblast secretory territory adapta-

tion, has been documented in osteons by TEM (Marotti

et al. 1976; Palumbo et al. 1990). The secretory territory

extension was previously determined for parietal bones of

rats by Jones (1974) using SEM and a cell microdissection

technique with a tungsten needle. The entrapment model

developed by Marotti et al. (1992) suggested that transfor-

mation from osteoblast to osteocyte was initiated by

decreased cell synthesis activity. However, so far no quanti-

tative data have been described regarding the density of

osteoblasts that line growing bone surfaces or the fraction

of such cells undergoing transformation into osteocyte.

Whether the entrapment model applies to all sites of bone

apposition has not yet been investigated. However, the

bone apposition rate has been extensively investigated

using fluorescent markers (Lee et al. 1965; Manson &

Waters, 1965; Villanueva & Frost, 1970; Martin, 1994; Parfitt,

1994), revealing a link between the lamellar architecture of

collagen in secondary osteons and the number and position
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of osteogenic cells (Ascenzi & Bonucci, 1968; Reid, 1986;

Giraud-Guille, 1988; Kerschnitzki et al. 2011; Pazzaglia et al.

2011), as well as in the endosteal and the periosteal lamellar

systems. As such the entrapment process plays a key role in

the structural organisation of bone matrix, and osteocyte

lacunae topography is determined based on the final posi-

tion of osteoblasts that have been embedded into the

matrix (Pazzaglia et al. 2010).

This SEM study analysed the dynamic histomorphometry

of osteoblast-osteocyte transformation in an easy, accessible

system, the endosteal surface of the distal femur of a rabbit.

Specifically, densitometric analysis of the sheet of osteo-

blasts was performed and the proportion of cells undergo-

ing entrapment was evaluated. This provides further insight

into the entrapment process, which has not been previously

described in earlier studies using TEM.

The aim of the present study was to classify and quantify

changes in osteoblast shape throughout the entrapment

process, helping to elucidate how cortical framework is pro-

gressively built and how osteoblasts trapped in the calcified

matrix can maintain connections within this biological

scaffold.

Materials and methods

Six male New Zealand rabbits (Bettinardi Giuseppe, Momo, Nov-

ara, Italy) weighing 2.5–3.0 kg and 5 months of age, which corre-

sponds approximately to the period when the longitudinal

growth of the metaphyseal plate slows down, were used in all

experiments. The animals were housed in a controlled environ-

ment (22 � 1 °C, 55 � 5% relative humidity, 12 h light/12 h dark

cycle), with free access to food and tap water. The study was

approved by the Animal Ethic Committee of the University of

Milan (protocol no. 18/2010) and it was carried out in accordance

with the Guide for the Care and Use of Laboratory Animals (NIH

Publication No. 85–23, revised 1996). At least 7 days were allowed

for animals to acclimatise before any experimental manipulations

began.

Rabbits were euthanised with an appropriate dose of ketamine

chlorhydrate (Imalgene�, Mevial Italia SpA, Assago, Italy) and

xylazine (Rompum�, Bayer AG, Leverkusen, Germany). Both left

and right femur was disarticulated at the level of the hip and

knee, then dissected from soft tissues. The distal half of femur

diaphysis (about 2 cm long) of the left and right side were sepa-

rated from the extremities using a hand saw and the cylinder

was split longitudinally into two hemidiaphyses (ventral and dor-

sal) using a chisel. The marrow was removed by gentle irrigation

with cacodylate buffer, which was applied using a syringe. Dorsal

hemicortex specimens from both the left and right femur were

fixed in a buffered solution of glutaraldehyde (2% in sodium cac-

odylate 0.1 mol) for 2 min, then stored at 4 °C until further pro-

cessing for SEM.

Left femur

Group A. Specimens were washed in phosphate-buffered saline

(PBS) and processed in a solution of 1% osmium tetraoxide and

1.25% potassium ferrocyanide for 2 h. They were then dehydrated

in ascending grades of acetone, subjected to critical point drying in

CO2 through five washings at temperatures between �5 °C and

5 °C. Finally, specimens were withdrawn in air at 40 °C, coated with

10 nm of gold palladium in an Emitech K550 vacuum sputter (Edax

Inc., Mahwah, NJ, USA) and then studied in direct mode with a Phi-

lips XL30 SEM-FEG scanning electron microscope (Philips, Eindho-

ven, Netherlands).

Group B. After assessment of osteoblast density was completed,

specimens were removed from the stabs, rehydrated and immersed

in a bath of 1% osmium tetraoxide and 1.25% potassium ferrocya-

nide for 6 h. They were then washed repeatedly in PBS, dehydrated

and again processed for SEM analysis.

Right femur

Group C. Similarly, right femur specimens were also washed in PBS

and kept in a solution of 1% osmium tetraoxide and 1.25% potas-

sium ferrocyanide for 2 h. They were washed again in PBS for

10 min, then transferred into an ultrasonic bath set to 30 kHz for

30 s to detach part of the cells adhering to the substrate and to

expose zones of the underlying matrix. Specimens were dehydrated

in ascending grades of ethanol, subjected to critical point drying

and processed for SEM as described earlier.

SEM morphometry

On each endosteal dorsal hemicortex of coated Group A specimens

a 5 9 2 mm rectangular area (Fig. 1) was marked with a thin scal-

pel using a stereoscopic microscope (259 magnification). This area

(module) corresponded to the mid-portion of the endosteal femur

surface, where the surface is almost flat and regular, with only the

Haversian canals of the cortex opening into the marrow canal as

previously described (Pazzaglia et al. 2009).

Keeping the electronic beam perpendicular to the surface under

examination, with a working distance of 10 mm and 15 kV, rectan-

gular fields at 2509 magnification (corresponding to an area of

0.489 9 0.368 mm = 0.180 mm2) were selected within a marked

rectangular module at regular distances from the borders and posi-

tioned similar to a chessboard. Of all 55 fields within each module,

25 were scanned (those including a complete sheet of cells) and the

corresponding images acquired. The total area of these fields corre-

sponded to an endosteal area of 4.5 mm2 (45% of the module

area). Using the images acquired, the number of lining cells was

counted and density was assessed.

After re-hydration of the same Group A specimens, they were

kept in a bath of osmium tetraoxide and potassium ferrocyanide

for 6 h to completely remove any soft tissue. Specimens were then

dehydrated in ascending grades of ethanol, critical point dried and

coated again for further SEM analysis. Referring to the previously

mentioned rectangular modules on the endosteal surface, the same

fields previously evaluated for density of lining cells were scanned

to assess open osteocyte lacunae (Group B).

The cell surface area was assessed in right femur dorsal hemicor-

tex (ultrasonicated group C). Approximately 40% of the original cell

layer had been detached by ultrasonication, thus exposing a large

area of underlying bone surface. In the remaining osteoblast popu-

lations adhering to the surface, two morphological types were

observed: those with a convex dome, marginal shrinkage and a

non-adhering cell border (type C1), and those which were flattened

on the bone surface with spreading equatorial, cytoplasmic pro-

cesses (type C2) (Fig. 3). A SEM 8009 enlargement of C1 and C2
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sample populations of 50 cells was randomly selected. The surface

area of the two osteoblast classes was measured using the software

CELL (Soft Imaging System, GmbH, Munster, Germany).

Statistical analysis

Mean osteoblast (Group A) and mean open lacunae (Group B) den-

sities on the endosteal surface of the six dorsal, left hemicortices

were calculated and compared using Student’s t-test. The average

surface of regular, domed osteoblasts (type C1) and that of the flat-

tened cells (type C2) in each right hemicortex were also compared.

Significance was defined at P < 0.05.

The numbers of osteoblasts and open osteocyte lacunae, and the

surface area of domed and flattened osteoblasts, were examined

independently by two observers (U.E.P. and T.C.). Repeated mea-

surements at 1-month intervals were performed for cells/open oste-

ocyte lacunae counting and assessment of the osteoblast surface

area. The resulting series of paired measurements and the differ-

ences of means analysis (Bland & Altman, 2010) were applied to

these datasets. The differences between each pair of measurements

(intra- and interobservers) were plotted against differences in the

density assessment of lining cells (Fig. 2) and the assessment of the

surface area of lining cells C1 and C2 (Fig. 3). By analysing the dif-

ference between the paired measurements, the only source of vari-

ability was the measurement error, which was likely to follow a

normal distribution. The variation of the differences in all the

interobserver data was wider than in the corresponding intraob-

server sets, but with an acceptable degree of agreement (within

� 2 SD) in both series.

Results

Left femur endosteal hemisurfaces were lined by a continu-

ous sheet of polygonal or fusiform cells with convex domes.

No adhesion between the border of adjoining cells or bone

surface was observed. Marginal overlapping of the cells was

an occasional finding. The osteoblast bone face could not

be analysed since it was below the cell body. The endosteal

cell sheet was continuous with osteoblasts lining the Haver-

sian canals, which opened into the marrow canal (Fig. 4A).

No mitotic figures were observed.

The average density of lining cells (osteoblasts) was signif-

icantly higher than the average density of open lacunae in

the corresponding fields (Table 1) after all the cells had

been removed by maceration with osmium tetraoxide and

potassium ferrocyanide (Fig. 4B). This corresponded to a

ratio of entrapment of one cell per 67.23 osteoblasts.

Ultrasonication of the right endosteal hemicortices

(Group C) left fields with a lower cell density or partially

cell-devoid spaces: this allowed us to document shape mod-

ulation and widening of the area covered by the expansion

of the cell. The average osteoblast surface area of popula-

tion C2 was significantly higher (P < 0.001) than the one of

population C1 (Table 1).

The entrapment process begins with the flattening and

spreading of equatorial processes of an osteoblast, which

changes the shape of the domed cells (Fig. 5). The entrap-

ment process was followed by coverage of the cell equato-

rial processes and cellular body by matrix. The plane of the

bone surface grew with advancement of the endosteal

apposition front. C1 osteoblasts were positioned around

the forming lacuna at a higher level of the cell undergoing

entrapment (Fig. 6A).

The specimens macerated in osmium tetraoxide and

potassium ferrocyanide (Group B) showed a flat lacunar

floor (Fig. 6B); the dorsal aspect (corresponding to the

dome) also now appeared flattened with an irregular mem-

brane wrinkled by crests and small vesicles (Fig. 6A). When

the lacunar roof had been completed, only thin fissures and

a small bump marked the original position of the osteocyte

(Fig. 7).

As observed in an earlier study (Pazzaglia et al. 2009), the

distal rabbit endosteal surface of the diaphysis is smooth

and regular, with only the openings of the Haversian canals

abutting the marrow canal. Only more distally (at the level

of the metaphysis) could endosteal resorption zones be

found (Fig. 8). In all, 136 fields of a total of 150 scanned in

the six dorsal hemi-sections of the distal femurs were cen-

tred on formative zones lined by the sheet of osteoblasts

described earlier. The remaining 14 fields at the more distal

level of the endosteal surface showed resorption zones

Fig. 1 Scheme showing the dorsal hemicortex of the rabbit distal

femur diaphysis. The central sector is nearly flat similar to that of the

ventral hemicortex. A rectangular module (5 9 2 mm) oriented along

the longitudinal axis was traced to mark the boundary of the central

fields used to assess osteoblasts and open osteocyte lacunae density.
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containing osteoclasts. They were characterised by conflu-

ent resorption pits (Fig. 8), where the femur flares at the

level of the metaphysis.

Discussion

The endosteal osteoblast sheet can be exposed in a rabbit

model by irrigation of the internal hemicortex. The marrow

cells were easily removed because the endosteal surface is

smooth and regular, unlike that of humans and other mam-

mals (Pazzaglia et al. 2009). It was assumed that the weak

irrigation pressure was not capable of detaching the osteo-

blasts from the bone surface; this was supported by the

observation that a complete sheet of cells was continuous

with cells lining the Haversian canals. Fixation and process-

ing led to cell shrinkage, which widened the gap between

the cells and facilitated counting by making cells appear to

be in a single layer (Fig. 4A). Density was calculated under

the assumption that the sheet of cells had no detachment

and was complete. Very few cell-free spots were observed

in each SEM field: as such, measurements of osteoblast den-

sity may have been slightly underestimated, but not

enough to influence the significant association between

osteoblast and open osteocyte lacunae densities. There was

no bias of this type in osmium tetraoxide and potassium

ferrocyanide-treated fields (Fig. 4B).

The field area is also conditioned by the concavity of the

endosteal surface, therefore density assessment in this study

was limited to the central fields of the ventral and dorsal

hemicortices since the rabbit distal midshafts are nearly flat.

Shrinkage altered the determination of the C1 osteoblast

surface area because cells were less adherent to the bone

surface. However, this parameter was not used for calcula-

tion of cell volume, but to illustrate the cellular adhesion
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Fig. 2 Scatterplots showing: (A) mean of paired measurements (intraobserver) plotted against differences in the density assessment of lining cells;

(B) mean of paired measurements (interobserver) plotted against differences in the density assessment of lining cells; (C) mean of paired measure-

ments (intraobserver) plotted against differences in the density assessment of open osteocyte lacunae; (D) mean of paired measurements (interob-

server) plotted against differences in the density assessment of open osteocyte lacunae.
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for the purpose of distinguishing the sequential steps of

the entrapment process.

Reduction of cell volume and depletion of the ergasto-

plasmic reticulum supported the hypothesis that osteoblasts

committed to being embedded within the matrix (pre-

osteocyte or osteoblast/osteocyte) also reduced their synthe-

sis activity (Palumbo, 1986; Palumbo et al. 1990; Marotti

et al. 1995). In addition to characterisation of intracytoplas-

mic structures and the polarisation of the secretory surface

of transforming osteoblasts, TEM has been used to describe

variations in cell shape and interconnections between bone

lining cells and marrow stromal cells (Miller et al. 1980,

1989; Bowman & Miller, 1986; Miller & Jee, 1987; Yamazaki

& Eyden, 1995). However, a wide extension of the endosteal

lining cells cannot be examined using this method and

densitometric assessment is not possible. However, spatial

distribution of cells over a large endosteal area can be

examined using SEM, allowing a densitometric determina-

tion.

Using ultrathin sections conducted transversally to the

endosteal surface of rabbit femurs, Luk et al. (1974) were

able to distinguish between formative, resting and resorp-

tive areas. The criteria used to differentiate the first two

classes were osteoblast size and thickness, which correlated

with cell functional activity. Our observations in the same

experimental model (but visualised from above) allowed

the characterisation of changes in cell shape during the

transition from osteoblast to osteocyte. Adhesion of the

sheet of osteoblasts to the internal surface of the femur

medullary canal was able to withstand the mechanical stress

of irrigation, unlike other cell types of the endosteal mem-

brane. This is consistent with the presence of dendrites from
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Fig. 3 Scatterplots showing: (A) mean surface area of lining cells C1 paired measurements (intraobserver) plotted against differences in surface

area assessment; (B) mean surface area of lining cells C1 paired measurements (interobserver) plotted against differences in surface area assess-

ment; (C) mean surface area of lining cells C2 paired measurements (intraobserver) plotted against differences in surface area assessment; (D)

mean surface area of lining cells C2 paired measurements (interobserver) plotted against differences in surface area assessment.
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the bone face of the osteoblasts penetrating into the

underlying bone matrix. In attempts to explain the orienta-

tion of the fibrils in sequential lamellae, it was hypothesised

that there is a free degree of mobility of the apposing

osteoblasts (Boyde & Hobdel, 1969; Jones et al. 1975). How-

ever, more recently it has been suggested that osteoblasts

have very limited freedom or no freedom at all with regard

to lateral sliding. As such, inside a lamellar system they can

only move perpendicularly to the plane of apposition

(Pazzaglia et al. 2010, 2012a). During a more advanced cell

incapsulation phase (with the lacunar roof still open) fold-

ings in the dorsal membrane were observed, with differing

vesicles and filaments than those from the smooth dome of

a regular osteoblast sheet. These observations suggested

that the closure of the osteocyte lacuna may be partially

facilitated by the same osteoblast-osteocyte developing a

dorsal secretory territory. This hypothesis is consistent with

the widely shared belief that osteoblasts exhibit polarized

A

B

Fig. 4 (A) Scanning electron microscopy (SEM)/secondary electron

imaging (SEI) (magnification 2509). The groove on the left (between

empty arrows) corresponds to the border of the rectangular module

used as reference for densitometry. The sheet of endosteal lining cells

(osteoblasts) was exposed after marrow removal with cacodylate buf-

fer irrigation. The cells are homogeneously distributed on the endos-

teal surface and are continuous with those lining the cortical vascular

canals abutting the medullary canal (numbered from 1 to 5). Shrink-

age led to the observed intercellular gap and floating cell boundaries.

(B) SEM/SEI + OsO4 + K3[Fe(CN)6] (osmium tetraoxide and potassium

ferrocyanide) (magnification 2509). The same field after maceration

with osmium tetraoxide and potassium ferrocyanide shows the cortex

vascular canals opening into the medullary canal (numbered 1 to 5).

Osteocyte lacunae appear of different depth and correspond to a

more or less advanced phase of osteocyte entrapment (arrowheads).

The holes of the radial canalicula mark the boundary of the entrap-

ping cell territory. Smaller canalicula holes are homogeneously distrib-

uted on the whole endosteal surface corresponding to the dendrites

of full active osteoblasts (not committed to entrapment).

Table 1 Comparison of mean density of lining cells (osteoblasts) and open osteocyte lacunae in corresponding SEM endosteal modules and fields

(A). Comparison of mean surface area between lining cells type C1 and C2 (B).

A Left hemicortex n LINING CELLS (A) OPEN LACUNAE (B) P

Mean density (n mm�2) 6 4900.99 � 30.03 72.89 � 22.55 P ≤ 0.001

B n Lining cells (C1) n Lining cells (C2) P

Mean surface (lm2) 6 52.46 � 12.22 6 179.3 � 22.06 P ≤ 0.001

Fig. 5 SEM/SEI (magnification 8009). Endosteal surface of the right

femur hemicortex, after ultrasonication treatment which mechanically

detached a portion of lining cells. The lower cell surface density

allowed observation of the relationship of cells and their membrane

processes with the underlying bone substrate. The image illustrates

the shape modulation that is undergone during entrapment. Osteo-

blasts of population C2 (ostC2) had a flattened bone surface and

spread equatorial dendrites. The osteoblast population C1 (ostC1)

showed reduced marginal adhesion to the bone, and the mean sur-

face area was significantly lower than that of the C2 population. Dif-

ferent phases of entrapment are also evident in the top right and left

corner, as well as the top middle of the figure.

© 2013 Anatomical Society

The osteoblast-osteocyte transformation, U. E. Pazzaglia et al. 137



secretory activity, but with collagen extrusion directed

towards the lacunar roof. It is also consistent with the con-

cept that osteocyte domain is derived from the architecture

of the osteonal lacunar-canalicular system (Pazzaglia et al.

2012a,b; Pazzaglia & Congiu, 2013). However, when a com-

plete roof for the lacuna has been built, any further apposi-

tion outside of the lacuna by the osteocyte itself is not

possible. At this point, the cell can only implement an inter-

nal matrix apposition by shrinking the size of the cellular

body. Lacunar roof thickness can only be increased exter-

nally by osteoblasts remaining on the endosteal surface.

The morphology and systemic/local regulation of bone

remodelling has been reviewed recently by Hadjidakis and

Androulakis (2006). They reported 15% entrapment of

mature osteoblasts in new matrix. However, previously this

percentage has been only approximated. In the present

study, the estimated osteoblast density was much higher

than that of counted osteocyte lacunae in the correspond-

ing fields after surface maceration. This technique allowed

quantitative evaluation corresponding to an entrapment

index of one cell every 67.23 osteoblasts in the interval nec-

essary to complete the passages from the flattening of the

pre-osteocyte to the closure of the lacuna. This implies a

more substantial role for apoptosis in bone remodelling to

provide a balance between the number of recruited osteo-

blasts against the number of osteocytes and resting surface

cells within the lamellae system. The observed densities and

entrapment index were measured on the endosteal apposi-

tional zone of the femur’s marrow canal. Due to continuity

between the sheet of osteoblasts lining the endosteum and

that of the intracortical canals, which opened into the mar-

row, it was possible to extrapolate that the entrapment

A

B

Fig. 6 (A) SEM/SEI (magnification 65009). Progression of osteocyte

entrapment, which occurs centripetally as the basal floor of the endos-

teal surface grows upwards. The dorsal osteocyte membrane pos-

sessed crests and vesicles, suggesting development of a dorsal

secretory territory during this phase of entrapment. (B) SEM/SEI OsO3

+ K3[Fe(CN)6] (magnification 20009). Detail of two unfinished osteo-

cyte lacunae after maceration with osmium tetraoxide and potassium

ferrocyanide. The floor of the lacuna is almost flat, with the openings

of the radial canalicula of the osteocyte undergoing entrapment. The

lacunar edges appear undermined due to entrapment process centrip-

etal progression. The holes on the bone surface correspond to open-

ings of canalicula left by dendrites of the regular osteoblast layer

(removed by maceration).

Fig. 7 SEM/SEI (magnification 25009). Detail of an osteocyte lacuna

which has almost completed coverage of the roof. The endosteal sur-

face is flat, but a small bump and fissures reveal the position of the

recently closed lacuna.

Fig. 8 SEM/SEI OsO4 + K3[Fe(CN)6] (magnification 3509) An endos-

teal resorption zone after maceration with osmium tetraoxyde and

potassium ferrocyanide illustrating the superficial and confluent

resorption pits produced by the osteoclasts in the distal metaphysis.
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process follows the same modulation process as osteon

refilling. This does not imply that the endosteal entrapment

index calculated in rabbit femur would be the same inside

cortical osteons or human bones, since geometric parame-

ters differ (Pazzaglia et al. 2012b,c; Pazzaglia & Congiu,

2013). Likewise, there is no evidence that the bone apposi-

tion rate would be the same in all the other sites of tubular

bones, such as the periosteum, endosteum and cortical cut-

ting cones (Rauch et al. 2007). During computation of the

endosteal entrapment index, osteoblasts that had flattened

on the bone surface but not yet formed a banked edge of

the lacuna were not counted. As a result, the index should

be considered an approximation. Even with these limita-

tions, the entrapment index gives a rough estimate of the

percentage of osteoblasts that have transformed into osteo-

cytes which, to the best of our knowledge, has not been

previously reported.

The secretory territory of rat osteoblast in parietal bones

has been estimated to be 143 � 33 lm with an approxi-

mate daily matrix production (measured with a tetracycline

label) of 470 lm3 per osteoblast (Jones, 1974). Other values

of appositional bone rate were obtained in other animal

models or humans by measuring the linear separation

between two tetracycline bone markers and the area of

interposed bone (Harris, 1960; Marotti, 1963; Lee et al.

1965; Manson & Waters, 1965; Villanueva & Frost, 1970;

Melsen & Mosekilde, 1978; Martin, 1994). The rate of depo-

sition seems to be related to age, single bones and different

skeletal sites in the same bone.

By using tritiated thymidine, Owen & MacPherson (1963a,

b) examined the rate of movement of cells from the pre-

osteoblast to the osteoblast and osteocyte compartments of

the periosteum of rabbits during its most active period on

the periosteal surface. It was estimated that an osteoblast

produced approximately two or three times its own volume

of matrix before becoming either an osteocyte or a rela-

tively inactive osteoblast lining a Haversian canal.

The method employed throughout the current study did

not allow application of a time scale. Yet, occurrence of

sequential steps was documented by observing the top to

bottom position of the cells (Fig. 9). We hypothesise that

the cell sheet lining the endosteal surface was formed by

previously differentiated osteoblasts with varying degrees

of adhesion to bone substrate. Therefore, the dynamic his-

tomorphometry we examined exclusively concerned the

osteoblast-osteocyte transformation in the endosteal lamel-

lar system. This is consistent with the observation by Owen

&MacPherson (1963a) that incorporation of osteoblasts into

the bone was not a random process, but regulated by sys-

temic, local and mechanical factors (Ali et al. 1990; Guignan-

don et al. 1997, 2003; Zhang et al. 2011). The changes in

osteoblast shape that accompanied the entrapment process

may be interpreted as part of ‘adaptation’ in bones that

occurs during an individual’s lifetime (Currey, 2003). Cer-

tainly, these changes primarily determine the lacunar-

canalicular system geometry and, secondarily, nutrition,

mineral homeostasis and mechanical behaviour of the

bone.

Conclusion

This study provides the first report that the number of os-

teoblasts active on the endosteal surface of rabbit femur

exceeds the number of cells that become incorporated as

osteocytes. As such, the balance should be equilibrated by

osteoblasts transforming in resting lining cells or undergo-

ing apoptosis. If the entrapment index is correlated to bone

apposition rate, which varies according to species, the spe-

cific bone, age of individuals and even geometrical con-

straint of a closed lamellar system such as an osteon, this

suggests that the entrapment index will be different at the

level of the endosteum, periosteum and within the second-

ary osteons.

The application of SEM provided a novel morphological

and quantitative approach to examine the osteoblast-

Fig. 9 Scheme illustrating the sequential steps of osteoblast-osteocyte

transformation and cell entrapment, based on SEM surface observa-

tions from the current study. The left column shows the surface as

seen from the top: sequential steps t0 and t1 correspond to osmium

tetraoxide/ferrocyanide macerated surfaces, used to show the canali-

cula holes; t3 and t4 schematise the bone surface after removal of the

osteoblast superficial layer. The dotted circles indicate the perimeters

of entrapping or entrapped osteocytes. The right column represents

the corresponding top to deep position of the cells with respect to the

endosteal surface of the femur.
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osteocyte transition, enriching previous TEM studies

(Palumbo et al. 1990; Marotti et al. 1992). Our results are

consistent with the ‘osteoblastic formative areas’ described

by Luk et al. (1974) in the same young adult rabbit model.

Polarisation of the osteoblast secretory territory towards

the lacunar roof in the final phase of entrapment provides

new insight on the formation of the lacunar-canalicular sys-

tem. These data may contribute to a better understanding

of osteoblast/osteocyte shape modulation and lacunar-

canalicular development in both normal bone remodelling

and metabolic bone diseases.
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