The 3 European Medical and Biological Engineering Conference
EMBEC'05

November 20 — 25, 2005
Prague, Czech Republic

DISRUPTION OF THE OSTEOCYTE CELLULAR NETWORK BY
MICROCRACKS: A POSSIBLE STIMULUS FOR BONE ADAPTATION

Jan G. Hazenberg™" , David Taylor , T. Clive Lee™"

" Trinity Centre for Bioengineering, Trinity College, Dublin 2, Ireland
Department of Anatomy, Royal College of Surgeons in Ireland, St. Stephen’s Green, Dublin 2,
Ireland

jhazenberg@recsi.ie

Abstract: Strenuous exercise undertaken by athletes,
various diseases such as osteoporosis and osteopenia,
or altered loading after joint replacements makes
our bones become more susceptible to microdamage
accumulation than those of normal human beings
[1]. Experimental studies have shown that bone
adaptation can be triggered by microdamage and
may result in increased cellular activity. In this
work, we investigated whether microcrack detection
is related to rupturing of the cellular material itself
due to crack face displacements. Using specific cell
staining techniques, it was confirmed that relative
crack displacements are capable of tearing cell
processes between neighbouring osteocytes. No
ruptured cell processes were found near the crack
tip where the displacements are less. Rupturing of
cell processes due to crack opening and shear
displacement is a feasible new mechanism by which
bone can detect and estimate the size of a
microcrack. Ruptured cell processes may directly
secrete passive and active components in the
extracellular matrix, triggering a repair response.

Introduction

Both modelling and remodelling are processes by which
changes in geometry, architecture and material
properties (e.g. bone mass and density) occur in
response to altered loading conditions and both
contribute to bone adaptation [2-7]. It has led
researchers to believe that the altered loading
environment causes passive and active cellular
responses by mechanotransduction. This is thought to
cause altered gene and protein expression (biochemical
signalling) [8-10]. Osteocytes with their fine cell-
processes radiating from the cell, are believed to fulfil
this function [3, 8, 11, 12]. It has been hypothesised that
transmission of mechanical signals to the osteocyte
skeleton via cell surface receptors [10] can occur
directly through the solid matrix of the tissue due to
load induced fluid flow [8, 13-16] as well as indirectly
via fluid pressure and shear stresses [3, 17-20] through
the lacuno-canalicular system. This network allows
communication and transport of organic and inorganic
matter between cells deep in the tissue and those located
in the vicinity of vascular canals and bone surfaces. All

this requires bone cells to be sensitive to mechanical
and chemical stimuli.

Besides mechanical and fluid flow induced adaptation
models, other models have been based on the idea that
bone adaptation is controlled by the level of fatigue
damage [21-25]. Fatigue damage, in the form of
numerous microcracks, has been suggested to be
targeted and act as a signal to regulate the bone
adaptation process, since the level of damage provides a
direct measure of the risk of failure [26-28]. If the
damage, and particularly its rate of increase, is greater
than can be repaired, failure will occur unless adaptation
is initiated to reduce the stress levels. Frost [29]
suggested that microdamage may trigger a remodelling
response via disruption of the canalicular network
surrounding the osteocytes. However, little is known of
the means by which bone detects damage and ‘decides’
to initiate adaptation and what the damage / crack length
threshold values are which trigger this cellular response.
We have proposed a theoretical model whereby
osteocyte cell processes, spanning a crack, rupture due
to relative crack-face opening and shear displacements
[30]. These displacements were calculated using the
theory of linear elastic fracture mechanics and thus an
estimate regarding the number of broken cell-processes
was made. At the maximum physiological stress [31,
32] a crack length of 91 um was predicted, which is
within the range of average crack lengths measured
experimentally [33-38]. For a 100 pm crack (a typical
crack length found in bone), processes begin to rupture
at a stress of 28 MPa, which is somewhat lower than the
normal maximum physiological stress [31, 39, 40].
Although the model was idealised, using homogeneous
transverse isotropic material properties, a uniform
distribution of osteocytes and cell processes, and a crack
growth direction similar to the fibre direction in the
bone but not considering the variability from one crack
to another, this analysis demonstrated quite accurately
that repair may be instigated by detecting the first
ruptures of cell processes.

While this theoretical model predicted that cell-
processes can be ruptured by crack-face displacements,
no experimental data were available to confirm this.
This paper discusses the experimental work carried out
to investigate whether propagating cracks can rupture
cell-processes in vitro. In order to assess this, cracks
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were grown in notched bone specimens. Histological
sections and image analysis software were used to
assess whether cellular material was damaged and how
bone microstructure affects crack propagation.
Furthermore, detailed finite element models were made
of the tested specimens, including the crack geometry,
to access whether linear elastic material properties could
be used to estimate crack displacements.

Materials and Methods

Bone samples were taken from the mid-diaphyses of
bovine femora and tibiae and immediately frozen (-
20°C). In total, 31 rectangular longitudinal specimens
were cut, using a diamond saw cutting wheel (Struers
Minitron, Copenhagen, Denmark). Notches were cut in
two different orientations: 1) Transverse notches and, I1)
Longitudinal notches. Specimens with longitudinal
notches had a thickness of 1 mm and measured 20x20
mm, specimens with transverse notches had a thickness
of 0.6mm and measured 35x15mm. The thickness
values of 0.6 and 1 mm were found to work best to
initiate stable crack growth: thicker sections made it
more difficult to control crack growth and resulted in
spontaneous cracking; thinner sections made it more
difficult to create the notch.

Section preparation

Sections of bone were manually ground down between
two pieces of silicon carbide paper (400 and 1200 grade
successively) in a circular fashion using light pressure.
Sections were then stained for 24 hours using alizarin
(0.5x10° M, fluorescent dye, Sigma Aldrich, UK) in a
vacuum desiccator and stored in a freezer. Staining was
used to obtain better contrast between the bone and the
new formed crack. Two hours prior to testing, the
samples were taken out of the freezer (-20°C) and kept
at 4°C in saline, to prevent drying out.

Test rig

The rig design consisted of two grips, one attached to a
load cell to monitor the forces applied during testing
and one attached to a spindle in order to apply a load. A
C-shaped frame measuring 165x68mm, having a
thickness of 16 mm holds these components together.
The load cell (KD 40S, ME-MeRsyteme Germany),
measures tensile or compressive forces in the range of
0-2000N (sensitivity, +0.1%). These measured forces
were amplified (GSV-2, ME-Melisyteme Germany) and
directly read out to a PC. The spindle by which the
loads are applied is attached to the second grip. Both
grips slide in a longitudinal slot to prevent rotation and
ensure uniaxial loading

In order to assess whether osteocyte cell processes had
ruptured, two methods were used; Scanning Electron
Microscopy (SEM) and confocal microscopy.
Osteocytes and their lacunae are large enough to be
easily identified using optical microscopes. However,
the fine canaliculi, radiating from the osteocytes, are
less easily seen. The major problem in visually
observing canaliculi is that the spaces are too fine to be

identified by merely staining the surrounding tissue. As
such, high magnification (SEM) is required, or the use
of a second fluorescent agent providing enough contrast
between the canaliculi and the surrounding tissue
(confocal microscopy).

Testing procedure

The rig with specimen was positioned under a UV epi-
fluorescence microscope (100x mag., Nikon Eclipse
E800) which was focused on the notch tip. By using UV
light clearer and sharper images can be obtained
between the fluorescent dye, alizarin, and the bone. The
sample was loaded by rotating the nut; load was kept
constant during the test. Images were recorded at set
intervals (every 15 sec) and analysed using specialised
image analysis software (Lucia Measurement version
4.7.1.). Crack propagation was stopped once the crack
tip was outside the field of focus. The crack lengths
were measured from the origin (notch) to the crack tip.
The crack angles were measured with respect to the
loading direction. Once the specimens had been tested,
they were kept refrigerated at 4 °C. Ten randomly
chosen specimens (5 transverse notched and 5
longitudinal notched) were examined using a scanning
electron microscope (Hitachi S-3500N). The remaining
21 specimens were used for confocal microscopy
analysis.

The cell staining protocol

The bone samples were fixed on slides and washed
three times in PBS (Phosphate Buffer Solution). Cell
membranes were permeablised for 10 minutes using a
PBS solution containing 0.2% Triton X100, followed by
three washes. Phalloidin was used to stain filamentous
actin (F-actin) for 45 minutes in a vacuum desiccator
followed by three washes in PBS. Slides were mounted
with Dako Fluorescent mounting medium (DAKO
Corporation, CA, USA) under a cover slip and analysed
using confocal microscopy (Zeiss LSM 510 META,
Zeiss, Germany).

Results

Cracks were successfully propagated and monitored in
all 31 specimens. Crack length varied from 0 to 891 um
for longitudinal notches and from 0 to 1345 um for
transverse notches with crack angles varying between
9.4 and 36.4 degrees to the loading direction. These
cracks are well within the range of typical values found
in bone [37, 38, 41, 42]. Of the 31 specimens, 4 cracks
started kinking during the test. Kinking is the out-of-
plane growth of a pre-existing straight crack. Kinked
cracks appear if microstructural features deflect the
crack from the primary growth direction, or when a
crack was not formed in the primary growth direction
(see Figure 1).
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Figure 1: llustration of kinked crack under UV-
epifluorescence microscope (left) and SEM (right)

Scanning Electron Microscopy

Examination of the cracked specimens using SEM
showed fibres crossing the crack faces near the crack
tip. In regions where larger crack face displacements
occurred, further from the crack tip, fibres were not
found to cross the crack face, indicating complete
rupture. Strands of organic matter were found to cross
the crack, however no conclusions could be drawn as to
whether these are collagen fibres or osteocytes cell
processes. Furthermore, SEM examination can only
view the surface: it does not provide insight into the
three-dimensional  distribution  of  cell-processes
throughout the matrix.

Cell staining and confocal microscopy

In order to distinguish whether the fibres observed are
comprised of collagen or if they are part of the
cytoskeleton, specific staining techniques were applied.
The combination of cell staining and confocal
microscopy provides a non-destructive method for
scanning through the depth of a specimen. Figure 2
shows a confocal microscopy image of a crack and three
osteocytes (solid arrows).

Figure 2: A confocal microscopy image of a crack and
three osteocytes (solid arrows). The crack (A) has
travelled through the lacuna of one osteocyte (B), which
appears to have remained intact. The majority of the cell
processes are broken by the crack, but some processes
seem to cross the crack faces (circle)

The crack (A) has travelled through the lacuna of one
osteocyte (B), which appears to have remained intact.
However, the majority of the cell processes are broken
by the crack, although some processes seem to cross the
crack faces (circle). This pattern was seen in all slides
examined. Near the origin of the crack (at the notch), all
canaliculi were found to be broken, whereas near the
crack tip the majority of the processes were still intact.

Discussion

In order to assess if crack face displacements can
rupture cellular material a total of 31 specimens were
analysed. Furthermore, a method was developed which
does not require bone samples to be decalcified,
allowing the use of a secondary fluorescent agent to
create enough contrast to detect osteocyte cell processes
near microcracks.

Observations were made of organic matter crossing the
crack faces wusing confocal microscopy. Similar
observations have been reported by other researchers
[43-45], however they have failed to establish the nature
of the organic matter crossing between the cracks faces.
In this work we have shown that microcracks in bone
cause damage to the cellular material, in the form of
rupturing of cell processes due to crack opening and
shear displacements by using specific cell stains. This
damage to living material might act as a cellular
transducing mechanism in bone. The number of broken
cell processes may be a means by which bone is able to
estimate the crack size and orchestrate its response
either by remodelling or by bone deposition on the outer
surface. Near the crack tips, cell processes remained
intact and were observed spanning the crack. Crack face
displacements in this region were clearly not sufficient
to cause rupture of cell processes. This shows that not
all cell processes break due to crack face displacements.
The transition point between cell process rupture and
the region where they remained intact could not be
established precisely by the method used. This was due
to constant changes in crack propagation rates, crack
opening and crack shear displacements. As the
propagation rate decreased, an increase in crack opening
and shear displacement occurred. Once the crack
continues to propagate, crack displacements decrease.
This type of crack growth is typical of brittle materials
and has been extensively described in the literature [46-
48]. The mechanism, as proposed by Scott et al. [49], is
stick-slip. Stick-slip occurs when sharp cracks under
low stresses start to blunt as the stresses rise. When the
crack radius is deformed to a relatively large extent, a
new sharp crack suddenly develops at the crack tip and
rapidly increases in length. Subsequently, the crack
becomes dormant due to microstructural barriers. This
process is repeated once stress levels increase again.

Recent data from You et al. [50] showed that the
diameter of cell processes may vary between 50 to 410
nm and could be position dependent. In our previous
analysis [30], failure criteria were set at 200 nm for
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crack opening or shear displacement. As such, it is
difficult to estimate how much strain is required for
process failure. However, the crack displacements were
successfully predicted using linear elastic material
properties, without taking the dynamic nature of a
propagating crack into account. Better estimations were
made for transverse notches than for longitudinal
notches, which can be further improved if one takes the
fibre direction into account.

The mechanism by which cell processes are broken due
to crack opening and shear displacements may explain
observations of osteocyte death. Process ruptures may
interfere with nutrient and waste exchange and may
alter the stimulus caused by fluid shear flow. Some
scientists have proposed that osteocytes continuously
send out an inhibitory signal, preventing osteoclastic
activity [27, 51]. Our theory [30], regarding cell process
rupture, which might induce osteocyte death
(apoptosis/necrosis) or a signalling response (passive or
active) may explain why Bentolila et al. [25] observed
BMU activity in rats which had microdamage and why
no remodelling was found in those that had no
microdamage in their bone cortex. However, to what
extent this affects the osteocyte-canalicular network and
at what distance from the source of the trauma remains
unknown. In other words, if rupture of cell processes
triggers a response (chemically, or by necrosis/
apoptosis of osteocytes), how is this ‘message’
distributed through the cellular network?
Mechanotransduction may not be necessary if ruptured
cell processes, due to relative crack face displacements,
provide the stimulus for bone adaptation. Ruptured cell
processes secreting active and passive compounds (e.g.
cytokines and growth factors [52-54]) in the
extracellular matrix, which could diffuse through the
matrix, may trigger a cellular response of the osteoblasts
and osteoclasts. The existing mechanotransduction
theory assumes that bone responds to altered load,
causing altered gene expression followed by alterations
in protein expression. Several proteins, linked to cell
damage repair have been identified, however that they
might be released directly in the extracellular matrix
after rupture has not been considered. This mechanism
looks very plausible since osteocytes contain numerous
cell processes, suggesting that damage to the processes
occurs on a regular basis. Signal transmission through
direct cell-to-cell contact or by diffusion provides a
much simpler mechanism to regulate bone adaptation
compared to the existing mechanotransduction theory.

As part of an ongoing project, further research will be
conducted in order to quantify the effects of ruptured
cell processes and to determine how many broken cell
processes are required to surpass the response threshold.
This might provide more insight into whether ruptured
cell processes cause osteocyte death and what
alterations in protein expression are triggered.
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