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ABSTRACT

Osteocytes are believed to be the mechanical sensor cells in bone. One potential physical
mechanism for the mechanosensing process is that osteocytes directly sense the deformation
of the substrate to which they are attached. However, there is a fundamental paradox in this
theory: tissue-level strains in whole bone are typically <0.2%, yet an extensive range of in
vitro experiments show that dynamic substrate strains must be at least an order of magni-
tude larger in order for intracellular biochemical responses to occur. Recently, a theoretical
model was developed (You et al. J. Biomech., 2001; 34:1375-1386) that provides a possible
mechanism by which mechanical loading-induced fluid flow in the lacuno-canalicular system,
under routine physical activity, can produce cellular-level strains on the osteocyte processes
that are at least one order of magnitude larger than bone tissue deformations. This would
resolve the fundamental paradox mentioned above. In this work we experimentally confirm
and quantify the essential ultrastructural elements in this model: 1) the presence of the
transverse elements that bridge the pericellular space surrounding the osteocyte process,
which interact with the fluid flow and lead to an outward hoop tension on the process; and 2)
the presence of bundled F-actin in the osteocyte processes, which resists the outward hoop
tension and limits the cell process membrane deformation. Morphological data to support
these assumptions are scant. Special staining techniques employing ruthenium III hexamine
trichloride (RHT) were developed to elucidate these structures in the humeri of adult mice.
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Bone is a biological system that continuously adjusts its
structure to adapt to its mechanical environment. Me-
chanical signals are critical for this adaptation process.
There are three types of bone cells: osteoblasts, osteocytes,
and osteoclasts. The osteocytes are believed to be the cells
that sense the mechanical load. These cells are embedded
in the bone matrix and are connected to each other by
slender cell processes located within the small bony tubes
of the canaliculi.

Although osteocytes are believed to be the mechanosen-
sor, it remains unknown how the mechanical load is trans-
duced from the bone tissue to these cells. Some investiga-
tors have suggested that osteocytes sense whole tissue
strains. However, this view leads to a fundamental para-
dox: the strains applied to whole bone (i.e., tissue-level
strains) in vivo are much smaller (0.04—0.3%) (Rubin and
Lanyon, 1984; Fritton et al., 2000) than the strains (1-
10%) (You et al., 2000) that are necessary to activate bone
cell signaling in cell cultures.

© 2004 WILEY-LISS, INC.

Recently, You et al. (2001) proposed a new strain am-
plification process and model to explain how mechanical
loading-induced fluid flow in the lacuno-canalicular sys-
tem, under routine physical activity, can produce defor-
mations of osteocyte processes that are at least one order
of magnitude larger than whole bone tissue deformations.
This new model provides a plausible explanation for the
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discrepancy in the fact that the larger strains needed to
stimulate bone cells cannot be derived from direct bone
matrix deformation, since they would cause bone fracture.
Briefly, the model assumes the existence of three basic
components: 1) an organic matrix that fills the entire
pericellular space surrounding the osteocyte body and the
osteocytic processes, 2) transverse elements that anchor
and center the osteocytic process within its canaliculus,
and 3) a cytoskeletal structure within the cell processes
that resists hoop tension and bending deformation. When
bone is loaded, fluid flow is induced in the pericellular
space of the lacuno-canalicular system in response to the
deformation-induced pressure gradient (Piekarski and
Munro, 1977; Weinbaum et al., 1994; Cowin et al., 1995;
Knothe Tate et al., 1998; Knothe Tate and Knothe, 2000).
You et al. (2001) proposed that the fluid drag on the
pericellular matrix is transmitted to the transverse teth-
ering elements in the pericellular space surrounding the
osteocytic process, which causes the elements to deform in
the shape of a catenary curve if the loading is uniform.
This produces a tensile force that is transmitted to the cell
process cytoskeleton by membrane-spanning proteins and
linker molecules that generate an outward hoop strain on
the osteocytic process membrane and the underlying cy-
toskeleton. The actin filament bundle in the osteocyte
process provides the major resistance to this hoop strain.
The balance of these two forces was shown by You et al.
(2001) to result in a deformation of the cell cytoskeleton
that is at least one order of magnitude larger than tissue-
level strain. Hence, the osteocyte can be subjected to sig-
nificant local mechanical loading through this coupling
mechanism even though the tissue-level strain is very
small.

Several anatomical parameter values for the osteocytic
process, pericellular matrix, and canalicular structure are
required in the model. These include the dimensions of the
osteocytic process and canaliculus, the dimensions of the
spacing between the transverse tethering elements, the
spacing between the axial actin filaments, and the spacing
of their cross-links. These structural components and
their parameter values are critical for the validity of the
model and its quantitative predictions. It is the very ex-
istence of these cell and matrix structures and their para-
metric values that motivated the current study.

While a number of experimental studies have investi-
gated various aspects of the ultrastructure of osteocytes
and their pericellular space (Weinger and Holtrop, 1974;
Holtrop, 1975; King and Holtrop, 1975; Sauren et al.,
1992; Shapiro et al., 1995; Bentolila et al., 1998), most of
these have provided (at best) unclear or (at worst) contra-
dictory information about the intimate relationship be-
tween the cell and its surrounding matrix, which is a key
issue in resolving the paradox of mechanical stimulation
outlined above. For example, even the fundamental ques-
tion regarding the existence of a pericellular space, a
space that is essential for all fluid flow-based theories of
lacunocanalicular transport and mechanotransduction,
remains unanswered. Almost all of these previous studies
were performed on recently formed osteocytes in tissue
from very young animals. It is not known whether osteo-
cytes in mature bone have the same cytoskeletal and
pericellular matrix structure as found in immature bone.
The current studies were designed to investigate the ul-
trastructure of mature bone samples to 1) verify the exis-
tence of the pericellular space and its matrix contents in
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the fluid annulus surrounding the cell process, and quan-
tify its dimensions; 2) investigate the existence of the
transverse tethering elements in the pericellular matrix;
3) examine the axial microfilaments inside the osteocyte
cell processes, and obtain initial estimates of their number
density and spacing; 4) quantify the cell process and can-
alicular diameters; and 5) quantify the spacing between
transverse elements in the pericellular matrix, and the
spacing between the actin filaments in the process. The
measurements for goals 4 and 5 will provide critical input
data regarding osteocyte ultrastructure that are impor-
tant for obtaining realistic quantitative predictions using
the theoretical model described by You et al. (2001). These
data are also important input for all theoretical models
examining interstitial fluid flow in the lacuno-canalicular
porosity in bone.

MATERIALS AND METHODS

Studies were performed on the humeri of 15-week-old
BalB/cBydJ female mice (n = 3, weight = 21-24 g). The
diaphysis was cut into 1-mm-thick cross sections with the
use of a diamond wafering saw cooled with phosphate-
buffered saline (PBS). The bone marrow was removed
manually, and the samples were immediately immersion-
fixed. It is widely assumed that a major component of the
pericellular material surrounding osteocyte processes is
proteoglycan (PG) (Sauren et al., 1992). These molecules
are notoriously difficult to fix for microscopy studies,
hence an improved technique in which the PG can be
preserved is required. Hunziker et al. (1982) showed that
the addition of ruthenium III hexamine trichloride (RHT)
to the primary aldehyde fixatives could greatly improve
the preservation of PGs in cartilage. This also resulted in
improved preservation of chondrocytes, since the charge
density of the tissue was maintained (Hunziker et al.,
1982). The principal advantage of using ruthenium-con-
taining fixatives in cartilage is that they avoid the cre-
ation of a pericellular lacunar space by preserving the
interconnected nature of the matrix PGs, and the integrity
of the latter with the chondrocyte plasma membrane and
matrix vesicle membranes. With RHT, the fixatives are
able to penetrate tissue blocks to a greater depth and in a
more homogenous manner than is achievable with ruthe-
nium red only. Thus, in the current ultrastructural stud-
ies, we combined RHT with standard fixative procedures
to assess whether this combination would provide new
information on the PG structure surrounding the osteo-
cytic process.

The samples were fixed for 24 hr in one of the following
four groups of fixatives: 1) group G: primary fixation me-
dia with glutaraldehyde only (2% glutaraldehyde in 0.05
M cacodylate buffer at 7.4 pH); 2) group GR: primary
fixation media with glutaraldehyde and RHT (2% glutar-
aldehyde in 0.05 M cacodylate buffer at 7.4 pH containing
0.7% RHT); 3) group GP: primary fixation media with
glutaraldehyde and paraformaldehyde (2% glutaralde-
hyde and 4% paraformaldehyde in 0.05 M cacodylate
buffer at 7.4 pH); and 4) group GPR: primary fixation
media with glutaraldehyde, paraformaldehyde, and RHT
(2% glutaraldehyde and 4% paraformaldehyde in 0.05 M
cacodylate buffer with 0.7% RHT at 7.4 pH).

The specimens were then decalcified with 10% EDTA in
0.1 M Tris-HCL buffer for 2 weeks. Prior to postfixation,
the tissue blocks were washed for 3 X 5 min in the Tris
buffer. Postfixation was then carried out in 1% osmium
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Fig. 1. Electron photomicrograph showing several longitudinal and
transverse cross sections of osteocyte processes. The central position-
ing of the processes in the canaliculi is clearly visible. A: Longitudinal
section of a canaliculus with a cell process at its center. The black line
is the canalicular wall. B: Transverse cross section of a canaliculus with
a cell process at its center. The black line along the circle is the cana-
licular wall. Bar = 1 pm.

tetroxide in Tris buffer. During all of the processing steps,
the RHT concentration and identical pH were maintained.
The specimens were then washed in PBS, dehydrated in
graded ethanols, and infiltrated for 1 week in a mixture of
epon and propylene oxide (Weinger and Holtrop, 1974).
The specimens were embedded in epon with the longitu-
dinal axis of the bone parallel to the sectioning surface so
that optimal registration of cross or longitudinal sections
of osteocyte processes could be obtained. Ultrathin sec-
tions were cut with a diamond knife and stained with a
saturated solution of uranyl acetate in 50% ethanol fol-
lowed by 0.2% lead citrate. The sections were placed on
Parlodion-coated 200-mesh copper grids, and viewed with
a Philips EM 300 electron microscope.

All ultrastructural measurements were made directly
from micrographs and performed by a single investigator.
The data are shown as mean * standard deviation.

RESULTS
Comparison of Fixatives

The best preservation was obtained when the three
fixatives were employed together (group GPR). With this
group of fixatives, the pericellular matrix and the osteo-
cyte process itself were well preserved. Within the peri-
cellular space surrounding the process (Figs. 1 and 2),
transversely oriented fiber-like elements were observed
extending from the process membrane to the canalicular
wall. Microfilaments within the process were also clearly
observed. Fixation was not as good when RHT was com-
bined with glutaraldehyde alone: the pericellular matrix
was less well preserved, and the intracellular structure
was lost. When the glutaraldehyde was combined with the
highly-penetrating fixative (paraformaldehyde) but with-
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Fig. 2. Electron photomicrograph showing the cross section of an
osteocyte process, with a pericellular matrix surrounding the osteocyte
process. GPR-fixed. Bar = 100 nm.

out RHT, cellular structures, such as the cell membrane
and the cytoskeleton, were well preserved, but the peri-
cellular matrix was lost. Finally, glutaraldehyde alone
was unsuitable.

Pericellular Space, and Dimensions of the
Osteocytic Processes, the Canaliculi, and the
Pericellular Space

In both longitudinal and transverse sections, the osteo-
cyte processes were always observed surrounded by a peri-
cellular space and symmetrically centered within the
canaliculi (Fig. 1). The presence of a uniformly distributed
pericellular matrix surrounding the osteocyte process and
filling the entire space suggests that the pericellular space
is indeed a real space and not a shrinkage artifact. An
enlarged cross section of an osteocyte process is shown in
Figure 2, group GPR. One can see that the pericellular
matrix surrounds the process, and the canalicular wall is
darkly stained by the RHT. If the pericellular space re-
sulted from shrinkage, no matrix would be observed in
this space. Measurements of the dimensions of the pro-
cesses, the canaliculi, and the pericellular space were
made on transverse sections of canaliculi. We measured
the diameters of the osteocytic processes and the canalic-
uli directly from the cross sections of the canaliculi. The
results are summarized in Figure 3. The osteocytic process
diameters varied from 50 to 410 nm, and the canalicular
diameters varied from 80 to 710 nm. The measured aver-
age diameter of the canaliculi was 259 = 129 nm. The
reason for the variability of these values is not clear. One
possibility is that the dimensions of the canaliculi and
process are position-dependent. We found that the process
and the canaliculi are always wide when they are close to
the cell body. Thus, we speculate that the position of the
measurement taken may have contributed to the variation
in the dimension of the structures. The average diameter
of the cell process was 104 = 69 nm. Using these data, the
average width of the pericellular annulus or space around
the osteocyte process was 78 + 38 nm.
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Fig. 3. Measurements of osteocyte process and canalicular diame-
ters: (A) process diameter, n = 137; (B) canalicular diameter, n = 137.

Transverse Tethering Elements and the
Spacing Between Them

Transverse elements were found spanning the entire
pericellular space from the osteocyte process membrane to
the canalicular wall. They were visible in both transverse
and longitudinal sections. These elements were dense and
arranged in a periodic fashion (Figs. 4 and 5). Measure-
ments of the spacing between these transverse elements
were made on both longitudinal and transverse sections of
canaliculi. The transverse elements can be clearly seen in
the pericellular space surrounding the osteocytic process.
The number of transverse elements was counted. We es-
timated the spacing between the transverse elements by
dividing the length or cell membrane perimeter in the
section by the number of transverse elements contained in
the portion of the longitudinal/transverse section. The re-
sults are summarized in Figure 6. The spacing varies from
12 to 76 nm in the longitudinal direction, and from 20 to
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Fig. 4. Electron photomicrograph of a longitudinal section through an
osteocyte process: (A) cell process, (B) canalicular wall, (C) transverse
elements connecting the process to the canalicular wall, and (D) peri-
cellular matrix filling the annular space. GPR-fixed. Bar = 200 nm.

Fig. 5. Electron photomicrograph showing the longitudinal section of
an osteocyte process. Numerous transverse elements (arrows) can be
seen extending from the cell process to the bony wall. GPR-fixed. Bar =
300 nm.

115 nm in the cross-sectional direction. The mean value
for this spacing was 38 * 21 nm for longitudinal sections,
and 41 = 24 nm for transverse sections. There was no
significant difference in the spacing in the longitudinal
and transverse directions (ANOVA, P > 0.05). Exact mea-
surements of transverse element spacing cannot be ob-
tained from the current studies, as these measurements
include some volume projection effects due to the thick-
ness of the section. However, one can estimate a section-
thickness correction, and correct the counts assuming that
the distances between the transverse elements are the
same in both the longitudinal and transverse sections
(Weibel, 1980). With this correction, the average spacing
is increased by about 20%. There is great variation in the
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Fig. 6. Measurements of spacing between transverse elements in the
pericellular space surrounding the osteocytic process: (A) cross section,
n = 53; (B) longitudinal section, n = 84.

measurements of the spacing between the transverse ele-
ments. However, in the microscopic pictures of each pro-
cess we observed, the transverse elements were always
regularly spaced. Therefore, we speculate that this vari-
ability may be due to volume projection effects caused by
the section thickness, or to the staining technique used
(i.e., some of the transverse elements did not stain
strongly enough for visual detection).

Microfilaments in Cell Processes, and Spacing
Between the Filaments

Microfilaments were observed in the osteocyte process
in both longitudinal sections (where they appear as axial
filaments (Fig. 4)) and transverse sections (where they
appear as small darker spots inside the process (Figs. 2
and 7)). The diameters of the microfilaments within the
osteocyte process were measured directly from electron
photomicrographs. The results are shown in Figure 8. The
diameters varied from 2 to 13 nm, and the mean value of
the measurements for the microfilament diameters was
7.3 nm. The spacing between the axial microfilaments was
evaluated from transverse sections of osteocytic processes.
The diameters of the osteocytic processes were measured,
and the cross-sectional areas were calculated based on

Fig. 7. Electron photomicrograph showing a cross section of an
osteocyte process. Darkened circular spots (see arrow) are cross sec-
tions of cytoskeletal filaments ~6-8 nm in diameter, consistent with the
size of actin filaments. Bar = 100 nm.
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Fig. 8. Measurements of the diameter of the microfilaments in the
osteocyte processes. n = 127.

these diameters, assuming a circular profile. The number
of the actin filaments in each cross section was counted.
By dividing the cross-sectional area of the osteocytic pro-
cess by the number of the microfilaments within the cross
section, we obtained the average area surrounding each
microfilament. The diameter of this effective circular area
can be taken as the spacing between the microfilaments.
We calculated the actual spacing by dividing the effective
diameter by the corresponding magnification. The results
are shown in Figure 9. The values varied from 20 to 80 nm,
and the mean value of the measurements for the spacing
between the microfilaments was 32 = 14 nm.

DISCUSSION

These experimental studies confirm the existence of the
fundamental microstructural features needed for strain
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Fig. 9. Measurements of spacing between the microfilaments in the
osteocyte processes. n = 27.

amplification to occur in loaded bone. In addition, these
measurements for the essential structural dimensions are
in reasonable agreement with the assumed parameter
values in our theoretical model (You et al., 2001).

The ultrastructural features assumed in the theoretical
model described by You et al. (2001) are 1) the existence of
the pericellular space, 2) the presence of a space-filling
pericellular matrix, 3) the existence of transverse tether-
ing elements in the pericellular space, and 4) the presence
of a space-filling actin filament bundle in the cell process.
The essential geometrical parameters required in the the-
oretical model are 1) the dimensions of the canaliculi, the
osteocytic processes, and the pericellular space; 2) the
spacing between the transverse tethering elements; and 3)
the spacing between the axially-oriented microfilaments.
These assumptions and parameter values are discussed
below.

While most researchers believe there is a pericellular
space surrounding the osteocytic process in the canalicu-
lus, there is no complete agreement on this issue. Many
theoretical models involving fluid flow in the lacuno-can-
alicular system have been constructed based on the as-
sumption that the cell process is surrounded by a pericel-
lular space (Salzstein et al., 1987; Weinbaum et al., 1994;
Zeng et al., 1994; Cowin et al., 1995; Wang et al., 1999,
2000). Indirect evidence was obtained from experimental
studies (Knothe Tate et al., 1998, 2001; Knothe Tate and
Knothe, 2000; Wang et al., 2004) in which the penetration
of different-sized (<10 nm) molecular tracers into the
lacuno-canalicular system was observed after the tracer
was injected into an animal’s vascular system.

However, some investigators have expressed concern as
to whether the pericellular spaces observed in bone are
artifacts resulting from shrinkage due to fixation (Was-
sermann and Yaeger, 1965; Weinger and Holtrop, 1974;
Shapiro et al., 1995). These previous studies were per-
formed on osteocytes in immature bone that had only
recently been entombed in the matrix and were thus much
larger than mature osteocytes, and appeared to be more
closely applied to the bony lacunar and canalicular walls.
Since all of the previous studies regarding the pericellular
space were conducted on young animals, the question also
remained as to whether this space exists in mature ani-
mals.

In the current studies, the existence of the pericellular
space surrounding osteocytes is clearly demonstrated in
mature animal bone. The pericellular space observed in
our study appears to exist in the living state and is not a
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shrinkage artifact. If the space was an artifact due to
shrinkage, it would appear empty on the micrographs. In
our study, the pericellular space was always filled with
matrix, which was particularly well preserved by a com-
bination of highly-penetrating fixative (GP) and cationic
fixative (RHT). The addition of RHT preserves the PG
matrix content of the pericellular space. This observation
strongly supports the view that the PGs are a major con-
stituent of the pericellular matrix (Hunziker et al., 1982).
The existence of the pericellular space is an essential
assumption in all theoretical models involving fluid flow in
the lacuno-canalicular system of bone.

These studies clearly demonstrate for the first time the
existence of the transverse tethering elements that con-
nect the osteocytic process to the canalicular wall. Both
the transverse and longitudinal sections of the canaliculi
indicated that osteocytic processes are nearly always lo-
cated in the center of the canaliculi. If there were no
connections between the osteocytic processes and the can-
alicular wall, the processes would be located randomly
inside the canaliculi instead of always being centered
within the canaliculi. This strongly suggests that the os-
teocytic processes are tethered in their central position,
since the canaliculi are often curved, as shown in Figure 4,
and the cell processes still centrally adjust to this curva-
ture. In the current studies, the transverse tethering ele-
ments can be clearly observed in both the longitudinal and
transverse sections of the canaliculi. Prior to the present
study, the existence of transverse elements was men-
tioned only anecdotally by Shapiro et al. (1995). You et al.
(2001) inferred the existence of transverse tethering ele-
ments from a functional viewpoint based on the ubiqui-
tous centering of the cell processes, without direct sup-
porting histological evidence for the existence of the
tethering filaments.

An important observation with respect to the theoretical
model of You et al. (2001) is that the transverse fibers
span the entire pericellular space, and thus provide direct
linkage of the osteocyte process with the canalicular wall.
With this structure, the drag forces exerted on the peri-
cellular matrix can be transmitted by the transverse teth-
ering elements to the actin filament bundle within the cell
process, and induce cell deformations that are of sufficient
magnitude to elicit an intracellular signaling response.

While our current studies indicate that the osteocytes
are tethered to the canalicular wall by means of the trans-
verse elements, the identity of these transverse elements
and their connections to the intracellular structure re-
mains unclear. Possible candidates for the attachment
molecules for this tethering include CD44, laminin, and
various integrins. CD44, which is a cell surface receptor of
hyaluronic acid (HA), has been found on the surface of
osteocytes (Hughes et al., 1994; Nakamura et al., 1995;
Jamal and Aubin, 1996; Nakamura and Ozawa, 1996;
Noonan et al., 1996). Specifically, Noonan et al. (1996)
labeled both HA and CD44 along the canaliculi.

The present study is the first to observe the transverse
elements with sufficient clarity to measure this spacing
quantitatively. The length of these filaments is approxi-
mately 80 nm, which is also the width of the pericellular
space surrounding the cell process. The average measured
spacing is 38 nm in a longitudinal section, and 41 nm in a
cross section. Since the spacing of PG binding sites along
HA has been reported to be on the order of 30—40 nm
(Lodish, 1999; Hascall, 2000; McDonald and Hascall,
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TABLE 1A. Estimated values for the diameters of the canaliculi and the osteocyte processes taken from EM
micrographs in the literature

Osteocyte Width of
Canalicular process pericellular

diameter® diameter® annulus®
Bone (nm) (nm) (nm) References
Human tibia, various ages ~T700 Figs. 6, 7 (Marotti et al., 1979)
15 day old chick ~400 ~200 ~100 Fig. 3.22 (Palumbo, 1986)
New born rabbit ~125 Fig. 1 (Palumbo et al., 1990a)
New born rabbit ~200 Fig. 10 (Palumbo et al., 1990b)
Human compact bone ~100 Fig. 19a (Marotti, 1996)
Human compact bone ~200 Fig. 19b (Marotti, 1996)
Human compact bone ~300 Fig. 20 (Marotti, 1996)

Estimated value of the canalicular diameter.
PEstimated value of the osteocyte process diameter.

‘Width is determined by subtracting the osteocyte process diameter from the canalicular diameter and dividing by two.

2002), which is nearly the same as the average spacing of
the tethering filaments, it is reasonable to speculate that
the HA is attached along the membrane by the extracel-
lular loops of the CD44, and that the PGs are the trans-
verse elements that span the pericellular space. A possible
candidate for the adhesion molecule at the canalicular
wall is laminin.

A number of studies have demonstrated the presence of
microfilament bundles within the osteocytic process in
young animals (Weinger and Holtrop, 1974; Holtrop, 1975;
King and Holtrop, 1975). In 1998, an in vitro immunohis-
tochemical study by Tanaka-Kamioka et al. (1998) showed
the existence of an actin filament bundle in the osteocytic
process, with fimbrin and a-actinin serving as linker mol-
ecules between the actin filaments. However, questions
remained as to why this extensive cytoskeletal structure
is needed, and whether it exists in mature osteocytes. In
their mechanotransduction model, You et al. (2001) con-
cluded that a significantly stiffer cytoskeletal structure
(compared to the cell body) must exist inside the osteocyte
process to balance the strong fluid flow-induced drag force
transmitted from the pericellular matrix to the cytoskel-
eton, in order for reasonable deformations of the cell pro-
cess to be obtained. Our observations of microfilaments
inside the process confirm the existence of an axial fila-
ment bundle structure in mature osteocytes. The micro-
filaments we measured were 7.3 nm in diameter, which is
typical of the diameter of F-actin. However, an immuno-
histochemical study is needed before a definitive identifi-
cation can be made.

With regard to the spacing between the axial microfila-
ments in the cell process, there is no previous mention of
this parameter in the literature. The only related data we
could find were regarding similar structures in the mi-
crovilli in the kidney and intestine, and in the hair cells of
the inner ear (Weinbaum et al., 2001). All three of these
structures have axial actin filament bundles as their cen-
tral cytoskeleton, with fimbrin, villin, or actinin as the
common linker molecules between the actin filaments.
The spacing between the actin filaments varies from 12
nm in stereocilia to 25 nm in kidney microvilli. Both of
these values are smaller than the typical 32-nm spacing
we measured in the osteocytic process. However, this es-
timate of microfilament spacing neglects the facts that the
actin filament bundle is confined to the central region of
the process, and there are no microfilaments in the imme-

diate vicinity of the membrane. This is consistent with
electron micrographic studies of intestinal microvilli that
demonstrated a filament-free region of approximately
20-nm thickness surrounding the actin filament bundle.
In intestinal microvilli, this region contains a helical spi-
ral of brush border myosin I that forms a cortex on which
the cell membrane rests (Mooseker and Tilney, 1975).
Therefore, given that the actin filaments are uniformly
distributed only in the center part of the process, the
spacing between the filaments should be calculated as the
center area (occupied by actin filaments), instead of the
entire area of the process, divided by the number of actin
filaments, which will lead to the value of the spacing of the
actin filaments in the process be reduced to 19.7 nm. The
25-nm spacing assumed by You et al. (2001) in their model
is therefore a reasonable estimate. With our current stain-
ing technique, we were unable to assess the three-dimen-
sional arrangement of the actin filaments and their linker
molecules (fimbrin and «-actinin).

The essential geometric parameters in all of the theo-
retical models that involve fluid flow in the lacuno-cana-
licular porosity are the dimensions of the canaliculi, the
osteocytic processes, and the pericellular space surround-
ing the osteocytic process. These parameters greatly in-
fluence the results of calculations (e.g., the shear stress on
the osteocyte process membrane, and the streaming po-
tential). Although many ultrastructural studies have
shown micrographs of osteocyte processes in canaliculi, no
systematic quantitative study has been conducted on
these parameters. Moreover, there is a lack of agreement
between researchers on the reported values of these pa-
rameters. For the purpose of comparison, we examined
canaliculi and processes taken from the literature, using
either published measurements or our own measurements
derived from published photographs (Table 1). Given that
the fixation techniques exploited in previous studies were
different from ours, one should exercise caution when
interpreting the measurements from these studies in com-
parison with the current results. From the data in the
literature (Table 1), it appears that the diameters of cell
processes and canaliculi vary depending on the species
and the age of the animals. The values of these parame-
ters were also predicted in some theoretical models from a
functional viewpoint. In presenting their theoretical
model Kufahl and Saha (1990), pointed out that the can-
alicular diameter should fall within the range of 100—800
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TABLE 1B. Summary of the values of the dimensions of the canaliculi, the osteocyte processes, and the
pericellular space appearing in the literature

Process Pericellular space
Canalicular (diam.) (diam.) (width) References
85-100 nm 14-100 nm Cooper et al., 1966
150-550 nm Marotti, 1990
150-550 nm 80-100 nm 25-235 nm Marotti et al., 1990
150-200 nm Figs. 11, 13 (Steflik et al., 1994)

nm. Their calculations suggest that the canalicular diam-
eter should be ~200 nm to satisfy metabolic requirements.
However, their model of the canaliculus neglected the
presence of the cell process.

From the above analysis, one can conclude that the size
of the canaliculi and the osteocytic process may depend
greatly on the species and the age of the animal. However,
none of the previous studies were observational or quan-
titative. Therefore, we performed a detailed quantitative
investigation of these geometric parameters in one animal
species (adult mice). Additional studies are needed to ex-
amine the effects of animal age and species on these pa-
rameters.

To our knowledge, this is the first time that RHT has
been utilized for the primary fixation of bone tissue. We
found that in addition to improving fixation of the matrix
in the pericellular space, RHT provides a very pronounced
staining of the canalicular wall, which appears as a con-
densed dark region. We believe this dense region is due to
the aggregation of the PGs along the canalicular wall,
consistent with the crystalline staining of GAGs at this
surface that has been observed with the use of cuprolinic
blue (Sauren et al., 1992). The width of the fluid annulus
surrounding the cell process would be nearly the same in
traditional and RHT staining methods if the thickness of
this condensed black line were taken into account. The
average measured canalicular diameter was 259 nm. The
average measured process diameter was 104 nm. From
these two values, one can calculate the width of the peri-
cellular space, which is 78 nm. Comparing these results
with the corresponding parameter values assumed by You
et al. (2001) (200 nm for the canalicular diameter, 100 nm
for the process diameter, and 50 nm for the pericellular
space), and considering the sensitivity analysis shown in
Table 1 in You et al. (2001), one can conclude that the
parameter values used in the theoretical model are rea-
sonable, although the assumed width of the pericellular
space is on the low side.

In conclusion, the current study reveals a complex ul-
trastructural architecture within osteocyte processes and,
perhaps more significantly, the pericellular space sur-
rounding the process. These observations demonstrate un-
equivocally that the osteocyte cell process is not a free-
floating structure within the canaliculi, but rather is
tethered to the canalicular wall. The existence of this
structured pericellular matrix is consistent with that pos-
tulated by You et al. (2001) to give rise to drag and con-
sequent hoop strains when the transverse tethering ele-
ments are placed in tension due to flow-induced drag
forces on the pericellular matrix, resulting in an amplifi-
cation of membrane strains by an order of magnitude.
These observations show that osteocytes are contained
within a pericellular matrix, which by virtue of its struc-

ture can affect the way that osteocytes experience their
mechanical environment. That is, osteocyte processes and
their surrounding matrix possess a range of ultrastruc-
tural elements, which, according to our previous theoret-
ical model (You et al., 2001), should allow for a dramatic
amplification of cellular-level strains.
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