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Abstract

A casting technique with methyl-methacrylate (MMA) was applied to the study of the osteon lacunar-
canalicular network of human and rabbit cortical bone. The MMA monomer infiltration inside the vascular
canals and from these into the lacunar-canalicular system was driven by capillarity, helped by evaporation and
the resulting negative pressure in a system of small pipes. There was uniform, centrifugal penetration of the
resin inside some osteons, but this was limited to a depth of four to five layers of lacunae. Moreover, not all of
the osteon population was infiltrated. This failure can be the result of one of two factors: the incomplete
removal of organic debris from the canal and canalicular systems, and lack of drainage at the osteon external
border. These data suggest that each secondary osteon is a closed system with a peripheral barrier (represented
by the reversal line). As the resin advances into the osteon, the air contained inside the canalicula is
compressed and its pressure increases until infiltration is stopped. The casts gave a reliable visualization of the
lacunar shape, position and connections between the lacunae without the need for manipulations such as
cutting or sawing. Two systems of canalicula could be distinguished, the equatorial, which connected the
lacunae (therefore the osteocytes) lying on the same concentric level, and the radial, which established
connections between different levels. The equatorial canalicula radiated from the lacunar border forming
ramifications on a planar surface around the lacuna, whereas the radial canalicula had a predominantly
straight direction perpendicular to the equatorial plane. The mean length of the radial canalicula was
40.12 +£ 10.26 um in rabbits and 38.4 + 7.35 um in human osteons; their mean diameter was 174.4 + 71.12 nm
and 195.7 £ 79.58 nm, respectively. The mean equatorial canalicula diameter was 237 + 66.04 nm in rabbit and
249.7 £ 73.78 nm in human bones, both significantly larger (P < 0.001) than the radial. There were no
significant differences between the two species. The lacunar surface measured on the equatorial plane was
higher in rabbit than in man, but the difference was not statistically significant. The cast of the lacunar-
canalicular network obtained with the reported technique allows a direct, 3-D representation of the system
architecture and illustrates how the connections between osteocytes are organized. The comparison with
models derived by the assumption of the role of hydraulic conductance and other mechanistic functions
provides descriptive, morphological data to the ongoing discussion on the Haversian system biology.
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Introduction

Several methods have been applied to the study of the osteo-
cyte lacunar-canalicular system using different imaging tech-
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niques (Ejiri & Ozawa, 1982; Kamioka et al., 2001; Hirose
et al, 2007). However, various experimental limitations
allowed for the assessment of only isolated or incom-
pletely interconnected osteocytes. Three-dimensional
reconstructions of the osteocyte morphological structure
have been obtained with confocal laser scanning micros-



copy (Sugawara et al., 2005) but only on the limited
thickness of the chick calvaria or with serial FIB/SEM
imaging (Schneider et al., 2011) in the mouse femur,
where a true system of secondary osteons is not present.

Resin-cast imaging of the lacunar-canalicular system has
been obtained in hound mandibles (Lu et al., 2007; Kubek
et al, 2010) or at the bone-bioactive glass interface
(Gorustovich, 2010), but in all these studies the imaging was
limited to a planar representation of a transverse section of
the osteon or to the plane surface of the neoformed bone
around bioglass particles.

Application of casting techniques to the study of the
osteon lacunar-canalicular system is difficult because of
the small size of the canalicula, which hampers the pene-
tration of the resin, as well as technical problems in the
cleaning, desiccation and etching of the bone specimens.

We present a casting technique that was applied to
human and rabbit cortical bone with the aim of
illustrating the 3-D organization of the osteon lacunar-
canalicular system. The decision to use specimens from
two different species (man and rabbit) was due to earlier
observations that the canal network intersections, the size
of the osteons, the osteocyte interconnections and conse-
quently the complexity of the lacunar-canalicular system
might be lower in rabbit than in man (Pazzaglia et al.,
2008). We supposed that the lacunar-canalicular system
analysis in the rabbit would therefore be less difficult
because of the less crowded vascular canal casts. How-
ever, the limited penetration of the resin within the can-
alicular system of both species osteons reduced any
benefit.

Both the experimental observations related to the tech-
nique and the reproducible artifacts contributed to a 3-D
description of the canalicular network architecture. It was
compared with the theoretical models based on hydraulic
conductance and fluid flow within the canalicular system
(Mishra & Knothe Tate, 2003).

This study will enhance knowledge of the normal 3-D
organization and function of the Haversian lacunar-
canalicular system, expanding the anatomical basis for com-
parison with aging and metabolic bone diseases.

Materials and methods

Human cortical bone specimens of femur and tibia were obtained
from the subjects of an earlier research including three male,
healthy young males (Pazzaglia et al., 2012c). This study was
approved by the Ethic Committee of ‘Spedali Civili di Brescia’ and
by the Council of the Department of ‘Specialita Chirurgiche, Scienze
Radiologiche e Medico-forensi’ of Brescia University. The specimens
consisted of parallelepipeds of cortical bone 10 x 6 x 6 mm, which
included the periosteal and the endosteal surface. The specimens
could be easily oriented because the 10-mm height corresponded
to the longitudinal axis of the diaphysis. They had been stored in
buffered formaldehyde 4% until processed.

194 Cast imaging of osteon lacunar-canalicular system, U. E. Pazzaglia and T. Congiu

The rabbit bones used were specimens left over from a previous
experiment (Pazzaglia et al., 2008), consisting of a five segments of
the femur diaphysis, about 10 mm long, stored in buffered formal-
dehyde 4% until processed. The rabbits were White New Zealand,
each about 3.5 kg, 8 months of age and not submitted to any
treatment.

All the specimens were cleaned from soft tissues in a 40% solu-
tion of hydrogen peroxide for 30 days and dehydrated in an
ascending scale of ethanol; each step in the dehydration scale (70,
80, 95, 100 and 100%) was followed by ultrasonication for 30 min.
They were finally critical-point dried with CO, (Emitech K850, Emi-
tech Ltd, Ashford, Kent, UK) at 35-40 °C and 80 bar of pressure.

Liquid methyl-methacrylate resin after neutralization of hydro-
quinone with N,N-dimethyl-p-toluidine (1%), was mixed with
benzoyl peroxide (0.1 mg 1 mL™' of methyl-methacrylate) in a
Petri dish forming a layer of 3 mm of the fluid. Both the mono-
mer and the experimental set were kept at 7 °C. The dehy-
drated, un-decalcified specimens were then put on the flat
bottom of the Petri dish and oriented in such a way that the
longitudinal axis of each specimen was perpendicular to the
bottom of the dish, with the level of the resin reaching to
about one-third of the height of the specimens. Penetration of
the resin occurred by capillarity inside the vascular canals and
the lacunar-canalicular system. After methyl-methacrylate poly-
merization, the blocks with the base of resin were removed
from the Petri dish and the upper surface of the specimens
ground on sand paper (granularity 1000). The etching process to
remove the bone was carried out by immersing the blocks alter-
natively in 15% HCI solution (pH 0.79) to decalcify the matrix
and in 15% KOH solution (pH 13.82) to digest the organic frac-
tion of the matrix (Fig. 1); these passages were repeated several
times over a period of 60 days.

When the resin casts were sufficiently free of bone matrix, they
were again dehydrated in the ascending scale of ethanol, dried in
hexamethyldisilazane and coated with a thin layer of gold-

~

Fig. 1 Image of the cast during the processing phase of bone matrix
decalcification/maceration. Casts of the Haversian canals cleared from
the surrounding matrix come out perpendicularly from the MMA base.
Some of them are hollow (arrows) as a result of the slowed polymeri-
zation of the resin. The white material between canal casts (asterisks)
is as yet undigested bone matrix.
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palladium with a sputter Emitech 550. Observation was carried out
with a scanning electron microscope Philips XL30.

Morphometry

The surface of the osteonal central canal was chosen as the
reference frame for the analysis of the osteocyte lacunar-
canalicular system (Fig. 2). Different levels of resin penetra-
tion from the central canal into the lacunar-canalicular net-
work were obtained: first, those where the resin infiltration
was limited to the vascular canal and to the first segment of
the canalicula which flowed into the canal lumen, and sec-
ondly, those where the resin seeped deeper into the lacu-
nar-canalicular system of the osteon, allowing the lacunae
lying on different levels and the frame of interconnecting
dendrites to be shown. In the second group it was possible
to distinguish casts including only the first lacunar layer
(mono-layer) and those displaying several layers (multi-
layer).

The morphometric evaluation was carried out on selected
fields and segments of the central canal casts because the
resin penetration was not uniform along the single canal in
either human or rabbit bones. The density of lacunar casts
for the first layer was assessed in mono-layered segments of
the central canal by measuring the hemi-canal segment sur-
face (z r. h) and counting the number of lacunar casts on
this surface. It was assumed that the transverse section of
the canal was a regular circumference (Fig. 2A,B).

The planar area of the lacunar cast bone face, the num-
ber of equatorial and radial dendrites (Fig. 3), and the geo-
metrical pattern of the lacunar systems were determined in
both the mono-layered and multi-layered casts. The equato-
rial canaliculi arose from the cone of emergence in the lacu-
nar cast wall.

An estimate of the radial canalicula length, and of the
equatorial and radial canalicula diameters was carried out
at a higher enlargement, selecting those casts where it was
possible to follow the whole canalicular course connecting
neighbouring lacunae. The mean diameter of equatorial
canalicula was measured at the mid-point between bifurca-
tions, and that of the radial at regular intervals of 20 um.

Fig. 2 (A) Vascular canal cast from a mono-
layer infiltration depth of the lacunar-
canalicular network. The light-blue tinted area
corresponds to a segment of the hemi-canal
surface used to estimate the density of the
lacunar cast first layer (n mm~2). (B) Diagram
illustrating the method of assessment of the
hemi-canal segment surface (nr.h). It was
assumed that the transverse section of the
canal was a regular circumference.
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Fig. 3 Osteocyte lacunar cast from a mono-layer infiltration depth of
the lacunar-canalicular network. The light-blue tinted area corresponds
to the measured, lacunar bone surface: it includes the spur cones of
the equatorial processes: they are numbered in blue and the radial in
red.

Eight independent samples (three from human bone and
five from rabbits) were analyzed. There were mono-layer
casts properly infiltrated by the resin for mean lacunar cast
density assessment in human bone and none in rabbit
femurs. The other parameters (lacunar surface area, equato-
rial and radial canalicula number, equatorial and radial can-
alicula diameter, and radial canalicula length) were
measured in selected fields where the electron beam was as
far as possible perpendicular to the examined surface.

The measurements were carried out with the program ceLL
(Soft Imaging System GmbH, Munster, Germany) and each
parameter was compared with Student’'s t-test between
specimens of human and rabbit bone.

Results

The resin inside the vascular canal formed a concentric layer
on the inner wall (Fig. 1) in both rabbit and human bone.
From the inside it infiltrated the osteocyte lacunae and the
canalicular network (Fig. 3). The depth of penetration into
the lacunar-canalicular network allowed the characteriza-
tion of three types of casts:




(i) Bare vascular canals, where the cast reproduced the
collagen fibrils pattern of the inner surface of the
central canal. The fibril bundles showed an ordered
parallel disposition with different angles to the
canal axis (Fig. 4A); they converged in an orderly
way in correspondence with canal ramifications. The
canalicular openings of the first layer of osteocyte
lacunae could be distinguished between the colla-
gen bundles as short processes sticking out from the
canal surface. Their distribution did not look uni-
form and they appeared denser in delimited zones
of circular or oval shape (Fig. 4B). No structural dif-
ferences were observed between rabbit and human
bone.

(ii) Mono-layer of osteocyte lacunar casts, with flattened
and roundish imprints of the cells. Equatorial den-
drites emerging from the perimeter formed a reticu-
lar network which connected all the lacunae casts
lying on the same plane. From the bone surface (that

Fig. 4 (A) Cast of a bare vascular canal where the resin penetrated
inside the first tract of the canalicula openings into the canal lumen.
The collagen fibril pattern is reproduced by the cast showing the
ordered, parallel disposition with different angles with the canal axis.
Scattered lacunae have been infiltrated by the progression of the resin
within the lacunar-canalicular system. (B) Detail of (A) showing the ini-
tial cast of the canalicula connecting the canal lumen with the intra-
osteonal system. The oval areas where they are more densely packed
correspond to the positions of the osteocyte not yet infiltrated by the
resin.
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facing the periphery of the osteon) emerged short
processes with rounded top ends, which indicated
the arrest of the resin penetration within the centrif-
ugal radial canalicula. In this type of cast (obtained
only in human specimens) it was possible to measure
the hemi-surface of the central canal, and the num-
ber of osteocyte lacunae and consequently their den-
sity (Fig. 2A,B). The area of the lacuna and the
number of equatorial dendrites was determined by
tracing the equatorial perimeter as described in
Materials and methods (Fig. 3). There were no signifi-
cant differences when the mean values of lacunar
surface area, equatorial and radial canalicular num-
ber (the latter limited to the hemi-surface) were com-
pared between rabbit and human bone specimens
(Table 1).

(iii) Multi-layer osteocyte lacunar casts revealed a denser
and more complex network because of the lacunar
layers overlapping and the interconnections
between osteocyte lacunae, which mixed equatorial
and radial processes (Fig. 5). The radial processes
consisted of a bundle of straight and basically paral-
lel filaments with no or very few ramifications and
fusions (Fig. 6). The dendrite density limited the pos-
sibility for observing the whole thickness of the
resin-injected sector of the osteonal canalicular sys-
tem. However, at least one underlying layer of lacu-
nar casts could be recognized through the network
of dendrites. The radial canalicular casts appeared
stretched along the central canal axis (Fig. 6) as an
effect of shrinkage of the injected part of the osteo-
nal cast (longitudinal shrinkage). The MMA scaffold,
however, withstood this deformation very well, as
no fractures of the thin filaments corresponding to
the canalicula were observed.

The concept of longitudinal shrinkage was confirmed in
the human specimens by the comparison of lacunar triangu-
lation between mono-layer and the most superficial net-
work of the multi-layered casts (Fig. 7A,B); in the latter, the
triangular meshes were observed to be more stretched
along the axis of the vascular canal. The triangulation was
carried out by tracing the shorter segment between triplets
of osteocyte lacunar casts. The choice of the triplets was
determined by the density of connections in such a way that
the triangulation resulted in the more accurate description
of the equatorial canalicula distribution in the mono-layer
casts, whereas in the multi-layered casts the pattern was also
conditioned by the radial canalicula.

Radial, single canalicula could be identified and followed
at higher magnification from one lacunar cast to the next,
either lying on the same plane or placed on sequential par-
allel planes (Fig. 8A,B). The mean diameter was measured
as reported in Material and methods. Equatorial canalicula
could be measured only in mono-layer osteocyte lacunar

© 2012 The Authors
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Fig. 5 Multi-layered cast: the canalicular network is formed by a mix-
ture of equatorial and radial processes. Longitudinal shrinkage has
stretched the radial canalicula along the axis of the central canal.
Between the meshes can be observed the lacunar casts of the underly-
ing layer.

Fig. 6 Detail of multi-layered cast: the canalicular network is formed
by a mixture of equatorial and radial processes. The latter have
been stretched by longitudinal shrinkage.

casts, but the radial canalicula could be measured in multi-
layer casts. The differences examined between equatorial
and radial canalicula were length, cone of emergence, rami-
fications, and the mean diameter (Table 1), and the results
showed larger equatorial canaliculi (P < 0.001).

The mean lacunar density of mono-layer casts in human
bone was 3215 + 548.7 n mm~Z it was not measurable in
rabbit bone specimens because there were no mono-layer
casts in this group. No significant differences were observed
between the other parameters pertaining to lacunae and
canalicula of human and rabbit bones (Table 1).

Discussion

Visualization and appreciation of the three-dimensional
organization of the osteocyte lacunar system and of the
canalicular network in cortical compact bone is difficult to
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Fig. 7 (A) Triangulation of the lacunar network of the mono-layer
cast. (B) Triangulation of the lacunar network of multi-layer cast. The
triangular meshes are stretched along the central canal axis (longitudi-
nal shrinkage) because the lacunar-canalicular system was not sup-
ported and stiffened by the bone matrix scaffold after the
decalcification/maceration process.

study because of the small size of the system and the fact
that it is embedded within a densely mineralized matrix.
Different imaging techniques employing light micros-
copy, SEM, confocal SEM or serial FIB/SEM imaging have
been used to produce three-dimensional reconstructions of
this system (Ham, 1952; Ejiri & Ozawa, 1982; Kamioka et al.,
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Fig. 8 (A) Equatorial canalicula cast network: the canicula are formed
by processes emerging from a cone, with many ramifications which
form a network. (B) Radial canalicula casts are formed by elongated
and straight processes with no, or very few, ramifications; their origin
is from the convex bone or vascular surface of the lacunar cast or
from equatorial ramifications.

2001; Sugawara et al., 2005; Hirose et al., 2007; Schneider
et al, 2011; Pazzaglia et al., 2012a). Casting techniques
after infiltration of bone with methyl-methacrylate and
etching of the mineralized bone matrix have been used to
obtain a visualization of the osteocyte lacunae and the sys-
tem of canalicula (Marotti et al., 1985; Okada et al., 2002;
Feng et al., 2006; Lu et al., 2007; Gorustovich, 2010; Kubek
et al.,, 2010). However, the lacunar and canalicular spaces
evidenced were limited to single or thin layers of a cortical
section.

The casting technique we employed is new because the
advancement of the MMA monomer inside the vascular
canals and from these into the lacunar-canalicular system of
the corresponding osteon proceeded by capillarity from the
bottom to the top of the specimen. The force driving the
progression of the liquid monomer is capillarity, helped by
evaporation and the resultant negative pressure it can exert
when applied to a system of small pipes. The mechanism is
the same as that occurring in nature to regulate the circula-
tion of fluids in plants (Tyree & Ewers, 1991; Yang & Tyree,

© 2012 The Authors
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1994; Ennos, 1999). Several factors control the driving force,
e.g. the superficial tension, which is lower in MMA than in
H,0, and the volatility (evaporation), which conversely is
much higher in MMA. By acting on these factors it is possi-
ble to optimize the resin infiltration: for example, in this
study it was not carried out under vacuum as reported by
Kubek et al. (2010) and the temperature of the experimen-
tal environment was kept at 7 °C to slow down evapora-
tion. The resin infiltration proceeded centrifugally from the
central canal toward the periphery of the osteon with a
very good infilling of the canalicula, whereas the specimen
external surface was not covered by resin, which made pos-
sible the attack of the etching agents on the mineralized
matrix.

A further, necessary condition for a satisfactory impregna-
tion is the complete removal of soft tissues from inside the
lacunae and the canalicular network, which we obtained
with a prolonged soaking of the specimens in a concen-
trated solution of hydrogen peroxide, with dehydration/
delipidization in acetone and repeated ultrasonications.

The mechanism of centrifugal infiltration of the osteon
from the central canal was confirmed by observing the
specimen while rotating and tilting it in all directions. We
could control with a very high degree of approximation the
depth of resin penetration inside the lacunar-canalicular
system, determining the formation of bare vascular canals,
mono-layer and multi-layered osteocyte lacunar casts. These
casts allowed us to explore the inner organization of the
network without manipulations such as cutting or sawing,
which would have damaged its structure. The network of
canalicula was very delicate, with diameters varying from
73 to 480 nm, but in no point of the cast were interruptions
or fractures of the meshes observed. The radial canalicula
emerging from the lacunar bone face of the most superfi-
cial layer of lacunae, ended with a rounded cap, which sug-
gested an arrest of the resin progression rather than a
traumatic fracture.

The cast gave a reliable visualization of the lacunar shape
and position and of the connections between the cells. Two
systems of canalicula could be distinguished, the equatorial
evidenced by the mono-layer casts, which connected the
lacunae (therefore the osteocytes) lying on the same con-
centric level, and the radial, which established connections
between different levels. The radial systems were docu-
mented in multi-layered osteocyte lacunar casts as a bundle
of straight and basically parallel canalicular casts with no or
few ramifications and anastomoses. However, the two sys-
tems were not completely independent because radial can-
alicula originating from equatorial ramifications were also
observed.

There was an evident discrepancy between the image of
these casts and the structural pattern obtained by osteon
sectioning and reconstruction (Pazzaglia et al., 2012a). This
discrepancy is due to an artifact produced by collapse of the
canalicular network when the mineralized collagen matrix

© 2012 The Authors
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Fig. 9 Scheme of the equatorial canalicular network (red) in mono-

layer casts (A) and the complex pattern established by equatorial and
radial (blue) canalicular network in multi-layer casts (B) deformed by

longitudinal shrinkage.

was removed by maceration (longitudinal shrinkage).
However, because of the MMA elasticity, there were no
fractures of the canalicular network, which appeared
stretched and flattened along the central canal (Fig. 9). This
artifact in multi-layered casts evidenced the canalicular
radial systems and masked the equatorial, allowing length
and diameter measurements of the former.

The size of the canalicular diameter has been reported
variously as 150-350 nm (You et al., 2004), 700-100 nm
(Marotti et al., 1979; Marotti, 1990, 1996), 85-100 nm (Coo-
per et al., 1966), and 150-200 nm (Palumbo et al., 1990a,b;
Steflik et al., 1994). However, these measurements were
carried out with TEM on transverse sections of the canalicu-
la or on short longitudinal segments. The cast reproduction
of the canalicular system allowed the separation of single
canalicula extending from one osteocytic lacuna to the
neighbouring lacuna and the measurement of the length,
which is not accessible with techniques based on sectioning
such as TEM. The diameters were measured from the out-
side at regular intervals and for the whole length. The
mean length of radial canalicula assessed on casts was
38.45 + 7.35 pym in human specimens, with a good corre-
spondence with measurements carried out with light
microscopy in undecalcified, transverse sections of the
osteon (Pazzaglia et al., 2012a). The mean diameter was
195.7 £ 79.58 nm, within the range of previous determina-
tions carried out with TEM. Enlargements or swellings along
their course could be observed, which would be compatible
with an inter-dendritic connection through gap-junction
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when the processes of the two connecting cells may have
overlapped for a certain tract.

The osteon lacunar-canalicular system evidenced by this
cast technique was observed to be structured with radial
connections between osteocyte lacunae and the central
canal and with the equatorial network, which establishes a
communication among lacunae lying approximately on the
same concentric layer. This could suggest a link with the os-
teonal lamellar structure, but no evidence can be obtained
on this point by the casting technique because the whole
collagenic matrix was removed by maceration. The model
of this organization (Fig. 10) corresponds to the pattern of
osteon infilling and osteocyte radial domain presented in a
previous paper (Pazzaglia et al., 2012a). The active osteo-
blast morphology is characterized by a bundle of processes
emerging from the secretory surface of the cells as they
move along radial trajectories toward the central canal
(Pritchard, 1956; Ham, 1957; Schenk & Willenegger, 1967;
Palumbo et al., 1990a; Pazzaglia et al., 2010, 2012b),
whereas the equatorial system is formed when the synthetic
activity of the osteoblasts slows down and the cells flatten,
modulating their shape into that of the osteocytes (Marotti,
1990; Palumbo et al., 1990b).

We compared our model of the osteon lacunar-canalicu-
lar system with that proposed by Mishra & Knothe Tate
(2003) because the architecture of the canalicular network

Fig. 10 3-D scheme of the lacunar-canalicular system organization.
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they deduced from theoretical assumptions looked very
similar to that derived from the osteon casts: in fact, their
pattern reproduced rhomboidal meshes, but they did not
consider the coplanar connections established between
osteocyte lacunae by the equatorial canalicula, which
would transform the network pattern into one based on tri-
angular meshes. In this model, the authors assumed that
the architecture of the osteonal canalicular system was
defined by the pericellular fluid space to optimize the trans-
port of fluids and solutes between the blood supply and
bone cells. Their analysis assigned to the hydraulic conduc-
tance a critical role in determining the structural organiza-
tion of the canalicular system. The basic assumptions
consisted in:

(i) a flow of the pericellular fluid within the canalicular
system;
(ii) the flow direction from the Haversian canal to the
periphery of the osteon;
(iii) the increment of the canalicula sectional area
(through the rise of their number) with the increas-
ing distance from the blood supply.

Well established anatomical data disagree with these
assumptions because the formation of the secondary ost-
eons always proceeds from the reversal line toward the cen-
tral canal in the opposite direction (centripetal) to that of
the hypothesized fluid flow and consequently the canalicu-
lar system in its development is convergent rather than
divergent.

A further observation is that interconnections between
the osteocyte lacunae are limited to the environment of the
secondary osteon, whereas connections between neigh-
bouring osteons are practically non-existent and the rever-
sal line (or the reversal cylinder in 3D) represents a barrier
between individual osteonal systems.

Hydrostatic permeability of the osteon has been tested by
Guoping et al. (1987); they documented a fluid flow
through the cortex from the endosteal to the periosteal sur-
face driven by high pressure. However, their model shows
the flow through the Haversian and the Volkmann’ canals,
and not in the canalicular system.

The mechanism of an intracanalicular flow necessarily
requires a liquid drain, which in the model suggested by Pie-
karski & Munro (1977) and later theorized on a mathemati-
cal basis by Petrov & Pollack (2003) was assigned to
inversion of the flow direction induced by the cyclic load,
not dissimilar to that inside the articular cartilage.

The casting technique we applied to the cortical bone
lacunar-canalicular system supported the hypothesis of a
very low permeability of the outer osteon surface (corre-
sponding to the reversal line), as even the air inside the can-
alicula could not escape under the pressure of the
infiltrating MMA. These observations together with the
rigid osteonal, lamellar scaffold, in this respect very differ-
ent from the joint cartilage, give rise to doubts about
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assumptions of a flow or stream along the spaces of the
lacunar-canalicular system. The architecture of the cast
model is consistent with the hypothesis of a rather static
bone pericellular fluid or, in any case, of a very slow rate of
exchange with the perivascular fluid of the central canal.
lons, oxygen and metabolites are small soluble molecules,
therefore once they are added to a volume of fluid they
balance into the whole fluid volume without flow or
stream of liquid.

That the osteocyte/dendrite network surface is wet by
interstitial fluid is an ascertained fact and membrane trans-
port mechanisms can convey metabolites into the cells
(Shapiro, 1988; Kusuzaki et al., 2000). Connections between
bone cells through gap junctions were documented with
transmission electron microscopy and atomic force micros-
copy (Weiniger & Holtrop, 1974; Pawlicki, 1975; Stanka,
1975; Doty, 1981; Larsen, 1983). The osteocyte processes stay
in the centre of the canalicula, with a gap between the cel-
lular membrane and the canalicular wall (You et al., 2004):
this suggests that extracellular fluid can pass through the
system in an intracanalicular but extracellular/extra-pro-
cesses position (Doty, 1981; Shapiro, 1988). Conversely,
these gaps have also been interpreted as artifacts due to
shrinkage of the cell protoplasm, which would imply that
metabolite transport occurs within the cell membrane (We-
iniger & Holtrop, 1974). The question is still unanswered
and no definitive evidence has been produced so far in
favour of the first or the second hypothesis; however, in
both cases, the bone intracanalicular fluid flow is not a nec-
essary condition for the nutrition of the cells.

The casting technique of the osteonal canalicular systems
we presented, even if limited to the inner layers and with
some artifacts produced by the MMA plasticity, gave a
direct, 3-D description of the system in normal bone. Future
studies can improve the quality and the accuracy of the
scaffold reproduction and extend the observations to varia-
tions induced by age and bone diseases.
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