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Abstract
In order for osteocytes to perceive mechanical information and regulate bone remodeling
accordingly they must be anchored to their extracellular matrix (ECM). To date the nature of this
attachment is not understood. Osteocytes are embedded in mineralized bone matrix, but maintain a
pericellular space (50–80nm) to facilitate fluid flow and transport of metabolites. This provides a
spatial limit for their attachment to bone matrix. Integrins are cell adhesion proteins that may play
a role in osteocyte attachment. However, integrin attachments require proximity between the
ECM, cell membrane and cytoskeleton, which conflicts with the osteocytes requirement for a
pericellular fluid space. In this study we hypothesize that the challenge for osteocytes to attach to
surrounding bone matrix, while also maintaining fluid-filled pericellular space, requires different
“engineering” solutions than in other tissues that are not similarly constrained. Using novel rapid
fixation techniques, to improve cell membrane and matrix protein preservation, and Transmission
Electron Microscopy, the attachment of osteocyte processes to their canalicular boundaries are
quantified. We report that the canalicular wall is wave-like with periodic conical protrusions
extending into the pericellular space. By immunohistochemistry we identify that the integrin αvβ3
may play a role in attachment at these complexes; a punctate pattern of staining of β3 along the
canalicular wall was consistent with observations of periodic protrusions extending into the
pericellular space. We propose that during osteocyte attachment the pericellular space is
periodically interrupted by underlying collagen fibrils that attach directly to the cell process
membrane via integrin-attachments.
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Introduction
Bone modeling and remodeling take place throughout life to continuously adapt and renew
bone tissue. Osteocytes are thought to influence these processes in response to changes in
tissue strain and fluid flow that result from physiological loading [Rubin & Lanyon, 1985;
Lanyon, 1993; Klein-Nulend et al, 2003]; however, the mechanisms by which osteocytes
perceive and respond to mechanical information are not well defined. Mechano-
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responsiveness in many cell types is mediated by integrins, heterodimeric, signal-
transducing transmembrane glycoproteins that link extracellular matrix constituents and in
some cases co-receptors on adjoining cell surfaces to intracellular elements of the actin
cytoskeleton [Hynes, 1992, Yamada, 1997; Cary et al, 1999; Hynes, 2002]. All bone cell
types express integrins [Horton and Davies, 1989; Albelda and Buck, 1990; Watt and Jones,
1993], and osteocytes in particular were reported to express integrins of both β1 and β3
families [Hughes et al, 1993]. Yet how osteocyte integrins might participate in the response
to mechanical signaling remains an open question. Integrin-mediated adhesion (and
subsequent signal transduction) requires direct contact between the cell plasma membrane
and extracellular integrin ligands [Hynes, 1992, Yamada, 1997; Cary et al, 1999; Hynes,
2002]; however, osteocytes in vivo typically maintain a distance of 50–80 nm from the
lacunar and canalicular walls [You et al, 2004]. This space, which is essential to allow the
fluid flow and metabolite transport needed for cell viability [Cooper et al, 1966; Piekarski
and Munro, 1977; Ayasaka et al, 1992; Knothe-Tate et al, 1998], contains a loose
pericellular matrix that includes fibers bridging the gap between osteocyte processes and
canalicular walls [You et al, 2004; Han et al, 2004]. Such tethering fibers have been
proposed to participate in osteocyte mechanotransduction by amplifying fluid flow-induced
stresses on the osteocyte processes [You et al, 2001; Han et al, 2004]; however,
glycosaminoglycans are not considered major ligands for any integrin class, and so are
unlikely to participate in integrin-based mechanotransduction. Direct osteocyte-bone matrix
contacts of the type needed for integrin-mediated mechanotransduction have not been
clearly demonstrated.

Characterization of osteocytes in situ, especially their spatial relationships with the bone
matrix, has been particularly difficult because the mineralized matrix of bone slows fixation
using traditional approaches, often resulting in poor preservation of tissue structure. This
problem is further exacerbated in older, adult bone tissue, which has high density. We
developed a novel, rapid penetrating fixative to optimize preservation of osteocyte cell
membranes and surrounding bone matrix architecture and proteins for study using
transmission electron microscopy. This approach was designed to overcome many of the
well-known difficulties in fixation and ultrastructural studies of adult osteocytes. These cells
reside within the solid matrix of bone, are often located distant from the vasculature, and
exchange to and from osteocytes occurs via the narrow, proteoglycan-filled, pericellular
space separating the cells and their processes from the bony lacunar and canalicular walls.
For mature bone and osteocytes within, this space is only on the order of about 0.5–1 μm
surrounding the cell body and 75 nm in annular width surrounding the osteocyte process
[You et al, 2004]. In this study, we tested an acrolein-based perfusion fixation method to
improve tissue preservation in order to examine whether osteocytes in cortical bone
exhibited direct connections with their extracellular matrix that would be consistent with
integrin-mediated attachment. We related these findings to immunohistochemically
determined distributions of the two major integrin classes (β1 and β3) reportedly expressed
by osteocytes [Hughes et al, 1993].

Methods
Transmission Electron Microscopy

In this study we compare two methods of bone tissue fixation, with the intention of
optimizing the fixation of bones cells and membranes to allow characterization of the
attachment of osteocytes to the surrounding bone matrix. Both fixatives were delivered by
perfusion as described below.

First a traditional Karnovsky’s fixative (2% Paraformaldehyde, 2.5% Glutaraldehyde) was
prepared in 0.12M sodium phosphate buffer; this fixative is typically used to take advantage
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of the combination of rapid penetration of paraformaldhyde and the high efficiency of the
glutaraldehyde. C57Bl/6 mice (10–20 weeks old, N=5) were anaesthetized using Avertin
and were perfused via the ascending aorta first with heparinized phosphate buffered saline
(PBS) at 37°C followed by the Karnovsky’s fixative for 2 hours (pH 7.4, 37°C). Perfusion
was performed at a pressure of 120mm Hg. All animal procedures were performed under
IACUC approval. Tibiae and femora were excised and immersed in fixative for 48 hours.
Mid-diaphyseal cross-sectional ring slices (~1mm thick) of cortical bone were then cut using
a low speed diamond blade saw. Bone slices were decalcified in EDTA in 0.1M TRIS-HCl
buffer for 6 weeks and processed for TEM analysis as described below.

Second we used an acrolein-based rapid penetrating fixative to optimize preservation of
osteocyte cell membranes, surrounding bone matrix architecture and proteins for study using
transmission electron microscopy. This approach was designed to overcome difficulties in
fixation and ultrastructural studies of adult osteocytes; they reside within the solid matrix of
bone, distant from the vasculature, and exchange occurs via the proteoglycan-filled
pericellular space, which is only 0.5–1 μm surrounding cell bodies and 75 nm surrounding
osteocyte processes [You et al, 2004]. To improve penetration and fixation efficiency, we
used an acrolein-based fixation approach. Acrolein, a very small aldehyde (CH2=CH-CHO),
was introduced as a fixative in the early 1960’s and has been demonstrated to penetrate
tissues and react several times faster than either formaldehyde or glutaraldehyde [Hayat,
1989]. As a result, there is very little cell shrinkage. Because of its extreme reactivity,
acrolein cannot be used alone. In the current studies, we found that combination of acrolein-
paraformaldehyde-glutaraldehyde (1% each in primary fixative (in 0.12M phosphate buffer)
and 2% each in secondary fixative (same buffer)) provided excellent preservation of
osteocyte structure. Accordingly, 10–20 week old C57Bl/6 mice (N=5) were anaesthetized
as described above and were perfused via the ascending aorta first with heparinized PBS
followed by the primary fixative (1% Acrolein, 1% Glutaraldehyde and 1%
Paraformaldehyde in 0.12M phosphate buffer (pH 7.4, 37°C) for 15 minutes and the
secondary fixative (2% Acrolein, 2% Glutaraldehyde and 2% Paraformaldehyde in the same
buffer) for 2 hours as described above. Tibiae and femora were excised and immersed in
secondary fixative for 48 hours. Mid-diaphyseal cross-sectional ring slices (~1mm thick) of
cortical bone were then cut as described above and decalcified in EDTA.

After decalcification, specimens were washed in a 1:1 solution of EDTA and 0.12M Sodium
Cacodylate Buffer (pH 7.4) for 30 mins, followed by a 30 min wash in the buffer alone.
Samples were then post-fixed for 3 hours each in 1% Osmium Tetroxide and 1% Tannic
Acid and then overnight in 1% Uranyl Acetate. Each post-fixing solution was prepared in
the same buffer of 0.12M Sodium Cacodylate. Samples were washed by agitation in cold
deionized water between post-fixing solutions. Samples (from each fixation technique) were
dehydrated in graded ethanol and propylene oxide. Samples were infiltrated with propylene
oxide, embedded in Epon 812 and polymerized at 60°C for 5 days. Ultrathin sections
(20nm) were cut using a Reichert Ultramicrotome equipped with a diamond knife and
mounted on Formvar grids. Sections were stained with 8% uranyl acetate solution in 50%
alcohol and lead citrate. Sections were viewed using a Philips 300 transmission electron
microscope. Images of osteocytes were acquired at 80,000–100,000× magnifications.

Immunohistochemistry
Immunohistochemistry (IHC) was used to test for the presence of specific integrin staining
along osteocyte process and cell bodies. Bones for IHC were fixed in 4% paraformaldehyde,
decalcified in EDTA, paraffin embedded and sectioned serially at 5 μm. We focussed on the
β1 and β3 integrin subunits that have previously been shown in bone cells [Hughes et al,
1993; Aarden et al, 1996; Bennett et al, 2001; Miyauchi et al, 2006]. Glass-mounted sections
were deparaffinized, re-hydrated and treated with 3% hydrogen peroxide for 20 minutes to
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inhibit endogenous peroxidase activity. A methanol-NaOH-based antigen retrieval system
(DeCal, Biogenex, San Ramon, CA) was applied for 30 minutes at room temperature, after
which samples were blocked using a universal protein block (Dako Cytomation, Carpinteria,
CA) for a further 30 minutes. Sections were incubated overnight at room temperature with
the anti-β1 integrin monoclonal antibody [1:100] or anti-β3 polyclonal antibody [1:50] (AB1
and AB2, respectively, Santa Cruz Biotechnology, San Ramon, CA). Detection was
performed using an Alexa-Fluor 488 labelled rabbit anti-goat IgG (1:100, Sigma) according
to the manufacturer’s protocol. Normal goat IgG was used as a negative control. Fibroblasts
and osteoblasts within the same sections provided a positive control for β1 integrin staining,
while osteoclasts at the growth plates of the same bones were used as positive control for β3
integrin staining. Immunostained sections were examined using fluorescence and confocal
microscopy.

Results
Transmission Electron Microscopy

TEM studies carried out according to the traditional Karnovsky’s fixation approach revealed
that osteocyte cell membranes and the surrounding bone matrix architecture were less well
preserved than in the Acrolein-based method. Cell shrinkage was strongly suggested by the
large pericellular space surrounding osteocyte processes and cell bodies (Fig 1).

TEM studies with the Acrolein-based fixation approach revealed that osteocyte cell
membranes and surrounding bone matrix architecture were very well preserved (Fig 2), and
that the pericellular space surrounding osteocyte processes and cell bodies was consistently
well-defined (Fig 3). Moreover, the protrusions from canalicular walls completely crossed
the pericellular space to contact the cell membrane of the osteocyte process (Fig 4). These
contact points were asymmetrically distributed, appearing on one side of the cell process but
not the other (Fig 4A). These projections were themselves axisymmetric, showing the same
profile geometry in transverse (Fig. 4C) as well as longitudinal sections (Fig. 4B), consistent
with a cone-like or hillock-like structure. Internally, these protrusions were composed of
matrix fibrils, identical in size and appearance to the collagen fibrils observed in the rest of
the bone matrix (Fig 4, Fig 7). Based on longitudinal sections along osteocyte processes
(N=100 processes), the apex to apex distance between neighboring protrusions was 131+/
−40 nm.

In contrast to osteocyte processes, osteocyte cell bodies did not appear to have comparable
direct attachments to the bony lacunar wall. Instead, osteocyte cell bodies were surrounded
by a pronounced (~0.5–1μm thick) layer of noncollagenous, glycocalyx-like pericellular
matrix (PCM) (Fig 3). Osteocyte cell bodies were not observed to attach or contact directly
to the bone lacunar wall. the cell membranes of osteocyte bodies were found to contact the
thickened surface layer of the PCM (arrow, Fig 3, left). The nature of these cellular
attachments to the pericellular matrix around osteocytes is currently obscure, but cell-to-
glycocalyx attachments in other cells (e.g., endothelial cells, dendritic cells) can involve
CD43, sialic acid, P-selectins and well as several other attachment molecules including α5β1
[Ingber, 2006]. The functional attributes of these attachments are not yet known, but
attachments between the cell body and the PCM will clearly be much less rigid and the local
forces much lower than for the attachments between the cell processes and their bony walls.
This has important implications for the transmission of hydrodynamic and strain induced
forces as discussed in the next section.

Finally, in osteoid the osteocytes cell bodies and processes were observed to be in intimate
contact with the collagen fibrils of the recently deposited bone surrounding them (Fig 5).
The pericellular space and PCM around the cell body and process of mature osteocytes was
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not present in these osteoid osteocytes, indicating that this space develops after the cell is
embedded in the tissue, perhaps in association with the mineralization.

Immunohistochemistry studies reveal a differential pattern of the β1 and β3 integrins in
osteocytes. Strong β1 integrin staining was found at osteocyte cell bodies, lining cells along
the bone lining surface and only rarely and weakly along processes (Fig 6A). In contrast,
intense β3 integrin staining was observed only along osteocyte cell processes (Fig 6B and
C). Moreover, β3 integrin expression was not continuous along the process, but rather
showed punctate distributions along the canalicular wall; the mean distance between these
staining foci in confocal microscopy images was 180±42 nm.

Discussion
In this study, we used a new TEM fixation approach that improves osteocyte cell membrane
and bone matrix preservation. Using this approach we report that canalicular walls exhibit a
wave-like structure with regular, though infrequent, protrusions (“hillocks”) that extend
across the pericellular space to contact the plasma membrane of osteocyte processes.
Though these hillocks are built upon underlying bone collagen fibrils, details of their nature
and their precise origin remain obscure. The observation of close contact between the cell
processes and recently deposited collagen fibrils in the osteoid (Fig. 5) suggests that these
attachments may form before the tissue becomes mineralized, when the pericellular space
and PCM around the cell body and process, seen in mature osteocytes, was absent. Recent
data from Karsdal et al [2002] suggests that osteocytes employ proteolytic enzymes to create
the lacunar and canalicular spaces in which the cell process resides. In this context it seems
reasonable to speculate that the observed attachment foci are established before or during the
remodeling process, and remain undegraded during canalicular formation.

The distribution of osteocyte attachment sites along canalicular walls resembled the punctate
distribution of immunohistochemical staining for β3 integrins. The staining typically had
cross sectional dimensions of approximately 1μm, indicating that the identified structures
were bone canaliculi [Bell et al, 1999; Hirose et al, 2007; Hillier et al, 2007]. The punctate
distribution of staining suggests that cell-matrix adhesion along the osteocyte processes is
mediated, at least in part, by αVβ3 integrins (αV is the only partner for β3 except in
platelets). αVβ3 integrins have been implicated in a variety of matrix-invasive or migratory
processes including tumor cell invasion [Huang et al, 2000; Chatterjee and Chatterjee,
2001], vascular endothelial sprouting during angiogenesis [Liaw et al, 1995; Hotchkiss et al,
1998] and the formation of a sealing zone on bone surfaces by osteoclasts during bone
resorption [Horton et al, 1991; Clover et al, 1992; Engleman et al, 1997]. In this context,
αVβ3 integrins may play a role in establishing connections with neighboring cells when the
osteocyte processes extend through bone matrix. However, our finding that β3 integrins are
present in “mature” osteocyte processes demonstrates that this integrin can also function for
longer-term cell-substrate interactions such as adhesion of osteocyte processes to bone
matrix. However, αVβ3 integrins do not bind directly to collagen but rather recognize
proteins such as fibronectin, vitronectin, osteopontin, von Willebrand factor,
thrombospondins and bone sialprotein [Horton et al, 1991; Ross et al, 1993]. Of these,
osteopontin is found in abundance along the canalilcular wall [McKee and Nancy, 1996;
Devoll et al, 1997; Sodek and McKee, 2000; Noda et al, 2003] and therefore seems a likely
ligand for the αvβ3-based adhesion. Furthermore, osteopontin-deficient mice are resistant to
bone loss during disuse [Yoshitake et al, 1999], suggests that such an αVβ3-osteopontin
attachment may play a role osteocyte mechanical sensing and osteocyte function, as is
discussed further below.
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While β3 integrin staining was localized exclusively along osteocyte processes, we found
that β1 staining was overwhelmingly concentrated at osteocyte cell bodies. The β1 integrin
subunit is found ubiquitously in osteoblast lineage bone cells (osteoblasts, osteocytes, bone
lining cells) [Bennett et al, 2001] and is typically paired with the α5 subunit, though
combination with α1 and α2 have also been reported [Brighton and Albeda, 1992; Adams
and Watt, 1993; Grzeisk and Robey, 1994; Saito et al, 1994; Sinha and Tuan, 1996; Horton
and Davies, 1997; Gronthos et al, 1997]. β1 family integrins recognize a wide variety of
ligands including osteopontin, bone sialoprotein, fibronectin [Dalton et al, 1995] and
collagen type I [Clover et al, 1992; Brighton and Albeda, 1992; Saito et al, 1994; Gronthos
et al, 1997; Bennett et al, 2001]. Punctate foci of osteopontin staining along the canalicular
wall was observed by McKee and Nanci (1996). Perhaps most interestingly, β1 and also β5
integrins bind directly or indirectly to proteoglycans, like versican, syndecan, and
fibronectin [Woods and Couchman, 1994], some of which have been identified in osteocyte
lacunae [Cowles et al, 1998; Shibata et al, 2008] and may be present within the glycocalyx-
like material surrounding osteocyte cell bodies that we and others have observed [Weinger
and Holtrop, 1974; Holtrop, 1975; Palumbo, 1986; You et al, 2004; Marotti et al, 1990].

CD44, a receptor for hyaluronan [Culty et al, 1990] and osteopontin [Weber et al, 1996], has
previously been suggested as the putative transmembrane protein linking tethering fibers in
the pericellular space to the actin cytoskeleton of osteocytes [Lacey and Underhill, 1987;
You et al, 2001; Han et al, 2004]. However, integrins have been extensively studied and are
commonly accepted to play a role in cellular mechanosensation by facilitating adhesion
between extracellular ligands and the cytoskeleton, with its associated signal transduction
molecules and membrane channels. Integrin-based adhesion occurs at focal adhesion
complexes, containing clusters of integrins, termini of actin filaments and intracellular
molecules like vinculin, talin and paxillin, which help to stabilize cytoskeletal interactions or
facilitate downstream signalling through focal adhesion kinase (FAK) and small GTPases of
the Ras family (rac, rho, cd42). Integrin-mediated signalling impinges on many intracellular
pathways, including the MAP kinase pathway that has been implicated in osteoblastic
response to oscillatory flow [You et al, 2001]. Furthermore, both β1 and β3 integrin classes
can transduce mechanical stimuli [Hughes et al, 1993, Aarden et al, 1996; Bennett et al,
2001; Miyauchi et al, 2006], suggesting that these integrins may play a role in osteocyte
mechanosensation. However, our finding that osteocytes express β1 integrins on cell bodies
where they interact with a loose pericellular matrix, while expressing β3 integrins along cell
processes, where they may contact bone matrix directly, indicate that osteocyte
mechanotransduction may differ considerably at those sites. Indeed a recent demonstration
of paxillin on osteocyte cell bodies but not cell processes [Vatsa et al, 2008] suggests that
cytoplasmic elements of the mechanical signal transduction pathways in osteocytes is
spatially partitioned in accordance with the organization of the actin cytoskeleton, as noted
previously.

How integrin-mediated cell-matrix attachments along cell processes will influence osteocyte
mechanotransduction has yet to be experimentally determined, but Wang et al [2007]
recently developed a mathematical model to estimate its effects on the mechanical stimuli
perceived by osteocytes. They found that β3 integrin “spot-welds” between the cell process
and the rigid lacunar wall will dramatically increase focal strains (i.e., “stress
concentrations”) due to load-induced fluid flow near membrane attachment sites of
osteocyte processes, even at small global tissue strains. These strains are an order of
magnitude larger than the hoop strains predicted in the strain amplification model of You et
al [2001] and Han et al [2004], due to the tensile forces acting on the fibers that tether the
processes to the canalicular wall. Similar strain amplification would not occur at cell body
attachments, for several reasons. First, cell bodies interact with a loose matrix, rather than a
rigid, bony substratum; second, cell bodies lack the highly organized cytoskeleton present in
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cell processes; and finally, cell bodies are subjected to substantially lower fluid velocity/
pressure gradients than cell processes. Thus focal attachment complexes along osteocyte
processes, by inducing high focal strain concentrations, can amplify small overall bone
tissue strains and provide a mechanism for osteocyte excitation at low tissue loading
magnitudes. This paradigm suggests that tethering fibers [Fig. 7] may function to center the
dendritic processes in the canaliculi to facilitate fluid flow, but the initiation of signaling that
leads to the release of either ATP or PGE2 [Reich and Frangos, 1991; Klein-Nulend et al,
1997; Genetos et al, 2007] is associated with the large local deformations associated with the
high stress concentrations around integrin attachment sites. Although Nicollela et al. [2006]
have proposed that large deformations can occur in the lacunar wall near the polar axis of
the lacunae it is not clear how these strains can be transmitted across the much wider
pericellular space surrounding the cell body since there are neither “hillock” like
protuberances or tethering fibers.

We speculate that integrin-mediated strain amplification would be most effective if
mechanosensitive membrane channels were localized at adhesion sites, and several lines of
evidence indicate that integrins can regulate channel activity. Forces transmitted through
integrins to channel elements, either directly or through the cytoskeleton, can activate stress-
activated ion channels on the cell surface [Ingber, 2006], while many mechanosensitive ion
channels lose their normal activities if the integrins are disrupted or the membrane separates
from the underlying cortical cytoskeleton [Zhang et al, 2000; Howard and Bechstedt, 2004;
Gui et al, 2006; Wu et al, 2001; Charras et al, 2004]. Similar results have now been observed
in cultured osteocytic cells, where Miyauchi et al [2006] recently reported that the activity of
volume-sensitive calcium channels was potentiated by the αvβ3 ligand osteopontin, while
stretch activation of calcium signalling could be suppressed by the β3 antagonist echistatin.
Finally, Charras et al [2004] found that the cell level mechanical strains needed to open half
of the mechanosensitive channels on bone cells were of the same order that we expect at
focal attachment sites based of the theoretical predictions of Wang et al [2007].

Conclusions
Osteocytes interact with the bone that surrounds them in a complex manner reflected in a
distinctive spatial distribution of integrins. Cell bodies are immediately surrounded by a
layer of pericellular matrix resembling a glycocalyx and do not contact the walls of their
lacunae directly. In contrast, osteocyte processes contact walls of canaliculi, but only at
discrete spots where specialized protrusions (“hillocks”) bulge from the mineralized matrix.
Osteocyte cell bodies express β1 integrins while cell processes express β3 integrins, the
latter in a punctate distribution similar to matrix attachment sites but involving far fewer
integrins. These findings argue that osteocytes are highly specialized in terms of their
interactions with extracellular matrix, and that these specializations likely have
physiological consequences for mechanosensitivity.
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Figure 1.
TEM images showing the results of the fixation using the traditional Karnovsky’s approach.
The cell (OC) has significantly shrunken back from the lacunar wall (LW), cell membranes
and pericellular matrix organization are poorly preserved.
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Figure 2.
TEM images showing the results of osteocyte fixation using the Acrolein-based fixative,
demonstrating markedly improved osteocyte cell membrane and bone matrix protein
preservation.
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Figure 3.
TEM images showing the results of osteocyte fixation using the Acrolein-based fixative.
Arrow in the enlargement at right shows the pericellular matrix that occupies the space
between the cell body and the lacunar wall
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Figure 4.
TEM photomicrograph of osteoctye (A) shows osteocyte and enlarged longitudinal (B) and
cross-sections (C) of cell process showing that the bony wall of the canaliculus has
protrusions projecting from the wall completely across the pericellular space to contact the
cell membrane of the osteocyte process. These protrusions were internally composed of
collagen fibrils, identical in size and appearance to other collagen fibrils observed in the
bone. That these protrusions have similar profiles in longitudinal and transverse orientations
indicates a axisymmetrical structure like a small hillock.
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Figure 5.
TEM image of osteocyte in osteoid (Acrolein-based fixation) showing that in newly formed
bone matrix, collagen fibrils are in intimate contact with the cell membrane along the entire
osteocyte cell body and process.
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Figure 6.
Fluorescence photomicrographs showing the different distributions of β1 and β3 integrin
staining in osteocytes and canaliculi in cortical bone. Image A1 demonstrates staining for β1
integrin at osteocyte cell bodies and lacunae (arrows; A2 shows non-immune serum negative
control). Images B1 and C show intense staining for β3 integrin along osteocyte processes
throughout the bone (double arrows), with the staining in a punctate, “string of pearls”
distribution (B2 shows non-immune serum negative control).
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Figure 7.
TEM image of cell process in osteocyte canaliculus; enlargements demonstrate the collagen
“hillocks” versus tethering fibers that occupy the space between the cell process and the
lacunar wall
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