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Abstract During bone remodeling osteoclasts resorb
bone, thus removing material, e.g., damaged by microcracks,
which arises as a result of physiological loading and could
reduce bone strength. Such a process needs targeted bone
resorption exactly at damaged sites. Osteocytic signaling
plays a key role in this process, but it is not excluded that
osteoclasts per se may possess toposensitivity to recognize
and resorb damaged bone since it has been shown that
resorption spaces are associated with microcracks. To
address this question, we used an in vitro setup of a pure
osteoclast culture and mineralized substrates with artificially
introduced microcracks and microscratches. Histomorpho-
metric analyses and statistical evaluation clearly showed that
these defects had no effect on osteoclast resorption behavior.
Osteoclasts did not resorb along microcracks, even when
resorption started right beside these damages. Furthermore,
quantification of resorption on three different mineralized
substrates, cortical bone, bleached bone (bone after partial
removal of the organic matrix), and dentin, revealed lowest
resorption on bone, significantly higher resorption on
bleached bone, and highest resorption on dentin. The
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difference between native and bleached bone may be inter-
preted as an inhibitory impact of the organic matrix. How-
ever, the collagen-based matrix could not be the responsible
part as resorption was highest on dentin, which contains
collagen. It seems that osteocytic proteins, stored in bone but
not present in dentin, affect osteoclastic action. This dem-
onstrates that osteoclasts per se do not possess a toposensi-
tivity to remove microcracks but may be influenced by
components of the organic bone matrix.

Keywords Osteoclast - Microcrack - Mineralized tissue -
Toposensitivity

Bone is a living tissue which is continuously renewed trough
the process of remodeling. This remodeling is crucial for
maintaining skeletal structure and function and the adapta-
tion of the skeleton to specific mechanical needs [1]. Even
normal physical activities may cause microcracks in the
skeleton, which then could reduce bone strength [2-8].
Therefore, it is in the interest of architectural stability to
remove cracks and, in so doing, to achieve two benefits: first,
microcracks cannot increase the risk of fracture due to their
accumulation and, second, it is speculated that the removal
of microcracks is an essential function of bone turnover [9—
11]. Thus, microcracks in bone may be “hot spots” for tar-
geted bone resorption by osteoclasts. Gefen and Neulander
[12] described, by computational experiments, that micro-
cracks with a minimal length of 48 um exhibit the potential
to initiate a remodeling process. This may happen via
mechanical signals, tissue geometry, or biochemical cou-
pling by cytokines secreted by various cell types in bone
[13]. However, no single mechanism has been shown to
dominate, but a role in the process of damage repair has
been shown for osteocytes. Osteocytes surrounding fatigue
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microcracks in vivo undergo apoptosis, which precede the
onset of osteoclastic resorption and colocalize with areas of
resorbed bone [14]. Furthermore, it is hypothesized that
osteoclasts fulfill a phagocytic role in bone guided by the rise
of apoptotic osteocytes. The tight spatial and temporal
coupling of osteocyte apoptosis and bone damage suggests
that osteocyte apoptosis is a key controlling step in targeted
osteoclastic resorption [15-17]. Beyond that mechanism,
osteoclasts may also be activated via geometric coupling due
to changes in tissue architecture. The fact that cells react to
topographical and architectural situations is known, e.g.,
from osteoblasts, which strongly respond to the local geo-
metric environment [18, 19].

Several in vivo studies have addressed the relationship
between microcracks and osteoclastic resorption activity
[20]. Bentolila et al. [21] and Herman et al. [11] showed
explicitly that linear microcracks with widths of 1.5-5 pm
and lengths of ~200 pum in cortical bone are associated
with resorption spaces. Burr and coworkers [10, 22, 23]
described in a dog model (by applying loading to limbs at
different time points before death) that microcracks are
associated significantly more often with resorption spaces
than would be expected by random remodeling processes
alone. By this they proved a significant increase in
remodeling sites occurring subsequent to microdamage
initiation. Unfortunately, it is difficult to study the rela-
tionship between microcracks and (boosted) remodeling in
vivo since the number of events of this type is relatively
low in any histological slide. Furthermore, it is not really
possible to verify the chronological appearance of cracks
and lacunae generated during in vivo bending experiments.
In addition, the result of in vivo experiments is always a
sum of numerous cell events and does not easily allow
differentiation of the specific functions of the particular cell
types [24]. This raises the question of whether targeted
bone remodeling is due to (1) a direct sensitivity of
osteoclasts to bone defects; (2) a sensitivity of osteoblasts,
which then signal to osteoclasts; or (3) a signaling to
osteoclasts from the osteocytic network.

For this reason, we undertook an in vitro study culturing
primary osteoclasts only so that possibilities (2) and (3) can
be excluded. Hence, our aim was to answer the question
whether osteoclasts per se possess toposensitivity and have
the intention to remove microcracks by targeted resorption
based on this ability.

Materials and Methods
Osteoclast Cultures

Osteoclast precursor cells were generated from human
peripheral blood mononuclear cells obtained from healthy

donors, as previously described [25, 26]. The experiments
were approved by the Austrian Ethics Committee;
informed consent was obtained from all volunteers. Blood
from eight different donors was analyzed. Briefly, periph-
eral blood mononuclear cells were isolated by centrifuga-
tion over a Lymphoprep gradient and cultured in «MEM
(Sigma, St. Louis, MO) supplemented with 10% fetal calf
serum (FCS; Thermo Fisher, Geel, Belgium), 2 mM
L-glutamine, 20 ng/ml macrophage-colony stimulating
factor (M-CSF; R&D Systems, Wiesbaden-Nordenstadt,
Germany), and 30 pg/ml gentamycin. After 8-10 days in
culture, adherent cells were removed using trypsin, seeded
at a density of 6 x 10* cells/well into 48-well plates con-
taining bone or dentin slices, and cultured in «MEM sup-
plemented with 10% FCS, 2 mM L-glutamine, 30 pg/ml
gentamycin, 20 ng/ml M-CSF, and 2 ng/ml receptor acti-
vator of NF-kB ligand (RANKL). After 14 days (dentin) or
28 days (bone), slices were removed and prepared for
histomorphometric measurements, fixed for immunofluo-
rescence studies, or used for RNA isolation.

For migration experiments, osteoclast precursors were
seeded onto one-half of dentin slices, and the other half
was covered by silicone. Twenty-four hours later the sili-
cone covering was removed, nonadherent cells were
washed away, and incubation was continued by covering
the whole slice with medium for 14 days. During that time
preosteoclasts fuse and mature osteoclasts arise.

Preparation of Tissue Substrates

We chose three different mineralized substrates widely
used in the literature [27]: bone (bovine cortical bone),
bleached bone, and dentin (elephant ivory). Dentin of
elephant tusk (ivory) was kindly provided by German
Customs in accordance with international laws. Cortical
bone parts were removed from the mid-diaphyseal region
of femora, cleaned from soft tissue, and stored at —25°C
until cutting (devitalized bone). Slices of approximately
300 um thickness were obtained from bone and dentin
material by cutting with a diamond saw, followed by pol-
ishing with tissue loaded with diamond grains.

For macroscratch, microscratch, and microcrack exper-
iments, slices were polished completely. For migration
experiments, slices were half-polished because different
surface roughnesses allowed visualization of a defined
edge. This was necessary because one-half of those slices
were covered by silicone before seeding.

Macroscratches (with widths of 15-20 um) were intro-
duced along the complete surface using a scalpel blade.
These macroscratches ran in parallel with a distance of
300-500 pm.

Microscratches (very fine, superficial defects with
widths of >1 pm and lengths of a few hundred
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micrometers) were introduced onto the
scratching over the edge of a glass slide.

Sharp microcracks (with lengths up to 700 pum, widths
of about 3 pm) were introduced by using the indentation-
fracture method [28]. In our case, a Vickers microindenter
(Anton Paar GmbH, Graz, Austria) with a load up to 2 N
was used to produce long, sharp microcracks in a three-
point-bending setup.

Deproteinization of bone samples (“bleaching”) was
carried out according to Broz et al. [29]. Briefly, bone
slices were incubated with 5.5% aqueous sodium hypo-
chlorite (NaOCl) for 3 days at room temperature and
replaced with fresh solution every day. Afterward, speci-
mens were rinsed in distilled water for approximately
3 days, with fresh solution three times every day.

surface by

Immunofluorescence

Human osteoclasts were cultured on dentin slices and fixed
with 4% paraformaldehyde for 20 min after 14 days. Cells
were then permeabilized with 0.1% Triton X-100 for 5 min,
blocked in 10% FCS/PBS for 30 min, and incubated with
primary vitronectin receptor (VNR) antibody for 60 min.
Anti-VNR (CD51/CD61; SeroTec, Dusseldorf, Germany)
was used at 1:1,000. Cells were washed three times in PBS
and then incubated with Alexa-conjugated secondary anti-
body at 1:250 (Invitrogen, Life Technologies, Carlsbad,
CA). Images were obtained using a Nikon (Dusseldorf,
Germany) Eclipse 80i Fluorescence microscope.

Quantitative Real-Time PCR

Gene expression in osteoclast cultures was assessed by
real-time PCR. Total RNA was isolated from preosteoclast
cultures and from cultures grown for 14 days on dentin
slices (mature osteoclasts) using TRIzol reagent (Invitro-
gen, Life Technologies). RNA (1 pg) was reverse-tran-
scribed using the M-MLV Reverse Transcription Kit
(Invitrogen, Life Technologies). Quantitative real-time
PCR was performed with FastStart SYBR Green Master
Mix (Roche, Indianapolis, IN) and selected primers (see
below). We used 18S rRNA (TagMan probe; Applied
Biosystems, Foster City, CA) was used as a housekeeping
gene for normalization. All PCRs were performed
according to the following cycling program: 10 minutes of
initial denaturation at 95°C, followed by 60 cycles of 10-s
denaturation at 95°C, 45-s annealing at 60°C, and 30-s
extension at 72°C. Expression was quantified using the
comparative quantification method [30].

Primer sequences were as follows: tartrate-resistant acid
phosphatase (TRAP) (forward) 5-GATCCTGGGTGCA
GACTTCA, (reverse) 5'-GCGCTTGGAGATCTTAGA
GT; cathepsin K (Cath.K) (forward) 5'-TGAGGCTTCT
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CTTGGTGTCCATAC-3', (reverse) 5'-AAAGGGTGTCA
TTACTGCGGG; calcitonin receptor (CTR) (forward)
5'-GACAACTGCTGGCTGAGTG-3/, (reverse) 5'-GAAG
CAGTAGATGGTCGCAA-3'.

Statistical analysis was done by ANOVA (Prism 4.0;
GraphPad Software, San Diego, CA), and data are repre-
sented as means & standard deviation (SD).

Histomorphometric Measurements

Preosteoclasts were seeded onto bone, bleached bone, and
dentin slices and kept in culture for 28 days for both bone
samples and for 14 days for dentin. Afterward, slices with
cells were put into water, sonicated for 10 min to remove
cells, and air-dried. Pictures were obtained by reflection light
microscopy (objective x 20) from the entire surface and
analyzed with standard image analysis software (Image],
rsbweb.nih.gov/ij/) [31]. For quantitative analysis, pit areas
were defined by an area of resorption surrounded by a margin
of unresorbed material. Statistical analysis was done by #-test
(Prism 4.0), and data are represented as means + SD.

Calculations of the Probability to Lie on a Microcrack/
Scratch

For each donor, pictures were taken from the whole surface
of the mineralized substrates as described above. The
number of pictures ranged from 9 to 16. In each picture we
analyzed what percentage of the resorbed area was lying on
the microcrack/scratch.

Based on the measured mean pit area (total pit area
divided by pit number), the theoretical probability for a pit
touching a microcrack or scratch was calculated according
to the following formula (which assumes that the osteo-
clasts resorb on completely random positions):

P L(b+2\/A/xn)

H =« B

where P is the probability (a number between 0 and 100%),
L is the length of the microcrack/scratch, b is the width of the
microcrack/scratch, A is the mean pit area (um?) roughly
approximated as a circle, and H * B is the size of the picture.

The theoretical values were then compared with experi-
mentally measured ones. Data are expressed as means =+
standard error, and statistical analyses were performed using
a paired ¢ test.

Results
Osteoclast Resorption Behavior on Mineralized Tissue

Preosteoclasts were isolated from human peripheral blood
mononuclear cells and seeded onto three mineralized
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materials exhibiting different characteristic features. The
resorption activity of the osteoclasts was evaluated and
revealed highly significant differences concerning the
resorbed areas. On (devitalized) cortical bone slices, the
osteoclasts resorbed 0.16% of the surface, whereas
resorption on bleached bone samples accounted for 1.45%
and osteoclasts seeded on dentin slices resorbed approxi-
mately 4.4% of the surface (Fig. 1).

Development of Mature Osteoclasts on Mineralized
Tissue

The differentiation of preosteoclasts to mature osteoclasts
was confirmed by cell culture on dentin slices, where cells
show the characteristic expression of VNR and the typical
actin belt formation within a cell, which represents the
resorbing organelle during the resorption process itself
(Fig. 2). In addition to VNR expression, cells cultured on
dentin exhibited very high expression levels of markers
characterizing mature osteoclasts, Cath.K, TRAP, and CTR
compared to preosteoclastic cells (Fig. 3).

Assessment of Osteoclastic Resorption

Furthermore, these mature osteoclasts were able to resorb
mineralized matrix, as demonstrated by pit formation.
Based on this fact, we asked the question, “Do osteoclasts
recognize a potential resorbable matrix at distances far
away, e.g., in the millimeter range?” The possibility of
moving over longer distances would be beneficial for tar-
geted resorption of neighboring “disturbances.” In general,
osteoclasts resorb on rough as well as polished surfaces

(data not shown). Surprisingly, verification of the
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Fig. 1 Osteoclastic resorption activity on three different mineralized
substrates: bone, bleached bone, and dentin. Bars represent
mean + SD; n = 6 different donors, from each of whom resorption
was analyzed in parallel on bone, bleached bone, and dentin samples.
##%kP < (0.001 (bleached bone vs. bone or dentin vs. bone)

Fig. 2 Immunofluorescence staining of osteoclast cultures on dentin
slices for vitronectin receptor (green) and actin (red)
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Fig. 3 TRAP, Cath.K, and CTR mRNA expression of preosteoclasts
(black bars) and mature osteoclast cultures (gray bars). The specific
gene expression was normalized to 18S rRNA expression. Bars
represent mean + SD (n = 3). ¥***P < (0.001 (mature osteoclasts vs.
preosteoclasts)

resorption activity showed that resorption of the mineral-
ized surface happened only on the side where cells were
seeded (Fig. 4). Mature osteoclasts did not move to the
other side of the dentin slice and resorbed only at the place
of initial seeding, and even the motivation to meet a
resorbable matrix could not encourage cells to move
beyond the immediate vicinity. The resorption process
itself, which is characterized by pit and trail formation, did
not show any preferred orientation and happened within the
micrometer range of the cell.

How Do Osteoclasts Deal with Topographical
Discontinuity?

In a first approach to investigate the reaction of osteoclasts

to damage in tissue structure, we introduced macroscrat-
ches onto the surface of polished dentin slices as a model of
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Fig. 4 Osteoclasts resorbed at the place of initial seeding and do not
explore/migrate to neighborhood (millimeters of distance) areas. Cells
were seeded onto the left half of the dentin slice; after 14 days,

discontinuity in surface topography in mineralized tissue.
Qualitative analyses revealed that osteoclasts sense these
macroscratches and react to them by changing their
resorption direction. In general, osteoclastic resorption
took place mainly in between the present macroscratches
and showed a clear tendency to be deflected on their edges.
Figure 5 shows a typical deflection of osteoclastic resorp-
tion progression due to the presence of macroscratches.
Only a very low amount of resorption was also performed
directly on the macroscratches. Quantitative analyses of
this resorption behavior were done by calculating the the-
oretical probability for resorption pits to lie on a

Fig. 5 Osteoclasts recognize macroscratches and change their
resorption direction. Osteoclasts cultured on dentin containing
introduced artificial macroscratches (white arrows). Shown is a
typical pattern of resorption pits without scratch contact and of
deflected pits due to introduced artefacts (white asterisks). Scale
bar = 100 pm
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resorption pit formation could be observed only on that side, but none
happened on the other side. Shown is one representative experiment
out of five. Scale bar = 1,000 pm

macroscratch (assuming that there is no preferential
resorption anywhere) and to compare it to the experimen-
tally measured values. For all three donors, there was a
highly significant lower probability of finding osteoclastic
pits on macroscratches in comparison to the theoretical
probability of a random (independent) distribution of pits
on the surface. For donor 1 (s1), 29% of resorbed areas
should be found directly on macroscratches but, in reality,
only 8.2% of the pits were verified. For donor 2 (s2),
theoretically 25.7% but, in reality, only 3.9% of the
resorption pits were discovered on macroscratches. For
donor 3 (s3), 18.8% should be positioned directly on
macroscratches, but we found just 1.5% on them (Fig. 6),
which shows that osteoclasts are clearly deflected by these
discontinuities.

Furthermore, we introduced microscratches on osteo-
clasts. Qualitative analyses showed that osteoclastic
resorption happened near such introduced damages and
even directly on them. But when resorption started directly
on microscratch islands, it ended after the formation of

40

30 A

20 A *kk

Resorbed areas associated with defects (%)

wiE=0l ﬁ

0 Th=d BEN P
cl c2 m1 m2 m3 s1 s2 s3
Fig. 6 Theoretical and measured probability for osteoclasts to hit an
introduced damage. Plot shows the calculated (black line above the
appropriate bar) and measured (gray bar) probabilities of resorption
pits laying on an artificially introduced defect. c/, ¢2, Results for
microcracks; ml, m2, m3, results for microscratches; s/, s2, s3, results
for macroscratches. Each experiment derives from one donor. Gray
bars represent measured values & SE. *#*P > 0.001 (calculated vs.
measured values for each samples)
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single pits, with no tendency in pit formation progression
on the island, which would be absolutely necessary for its
removal (Fig. 7). Even more, when osteoclasts passed
microscratches during an active resorption process, the
progression direction was not changed or deflected due to
the presence of such scratches. For quantitative analyses
the same calculation as used in macroscratch analyses was
applied to this situation and revealed no statistically sig-
nificant difference between the calculated and measured
values. In detail, quantitative analysis for donor 4 (ml)
gave a theoretical probability of 4.5% for the resorption
pits lying on scratches, whereas the measured value was
3.9%. For donors 5 (m2) and 6 (m3), the calculated rates
for pits to lie on microscratches were 2.9 and 6.8%,
whereas the real values were found at 2.1 and 5.6%,
respectively (Fig. 6).

Macroscratches and microscratches were used to gen-
erally investigate the osteoclastic reaction to topographical
situations.

How Do Osteoclasts Deal with Microcracks?

To continue the investigation of whether there exists a kind
of toposensitivity in osteoclasts, we addressed the more
significant question in vivo, i.e., the main question of this
project, “Do osteoclasts, on their own and without inter-
action with other cell types, have the potential to sense
microcracks and to remove/resorb them in mineralized
tissue?”, since it is suggested that targeted bone remodel-
ing (which must be preceded by a targeted resorption
process) is initiated by microcracks. To address this issue,
microcracks were introduced into dentin slices and intro-
duced to preosteoclasts. Qualitative examination showed
that osteoclastic resorption was randomly distributed

throughout the substrate and even started directly on
microcracks themselves. But there was no directed
resorption along the microcracks, which would be an
absolute prerequisite for their removal. Thus, we did not
observe any hint of a targeted elimination of these damages
in the tissue architecture due to resorption progression
(Fig. 8). Quantitative analyses using the same calculations
as used for microscratches revealed a theoretical proba-
bility for resorption pits to lie on microcracks of 3.3% for
donor 7 (c1) compared to a real value of 2.6%. For donor 8
(c2), the calculated probability was 4.1%, whereas in
reality 5.7% of the resorption pits were found on micro-
cracks (Fig. 6). In both cases there was no statistically
significant difference between the theoretical calculations
and the experimental values.

Fig. 8 Osteoclast resorption activity in correlation to microcrack
position (white arrow). Osteoclasts by themselves behave in a
stochastic manner and do not preferentially resorb microcracks. Scale
bar = 100 pm

Fig. 7 Osteoclast resorption behavior is not influenced by the
presence of microscratches. Osteoclast resorption activity on dentin
surface containing fine superficial scratches. a An island of very fine

scratches (white arrow). b Single fine scratches and passing resorption
trails (white arrows). Scale bar = 100 pm
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Discussion

It was the aim of this project to determine whether osteo-
clasts possess toposensitivity to recognize microcracks in
tissue architecture just by their physical presence.

To choose the optimal substrate, we introduced three
different mineralized tissues to osteoclasts: bone, bleached
bone, and dentin. Quantitative resorption analyses on flat
surfaces of these three mineralized materials revealed
lowest resorption on bone, significantly higher resorption
on bleached bone (nine times), and highest resorption on
dentin (27 times higher than on bone). The difference
between bleached and untreated bone may be interpreted as
an inhibitory impact of the bone organic matrix. However,
the collagen-based matrix itself is not likely to be respon-
sible since resorption is highest on dentin, which consists
of collagen and mineral but lacks osteocytic proteins.
Hence, we hypothesize that proteins secreted by osteocytes
(not present in dentin) and stored in bone matrix could play
a role in the inhibition of osteoclast action. These obser-
vations are supported by the literature, where it is sug-
gested that (targeted) bone remodeling is controlled
through signals from osteocytes [15, 32, 33]. Living
osteocytes are able to prevent bone resorption, and damage
of the osteocytic canalicular connections is suggested to be
the main stimulus to initiate remodeling because large
numbers of atypical osteocytes and increased osteocyte
apoptosis were found in association with fatigue cracks
[14, 21]. In contrast, blocking of osteocyte apoptosis
resulted in blocked osteoclastic resorption [15]. In case of
apoptosis, factors may be released, which then abrogate the
effect of the present proteins from osteocytes [34]. Fur-
thermore, resorption on vital calvarial slices is extremely
low compared to devitalized slices [32].

Moreover, it is well known that in vivo mineralized
tissue is coated with osteopontin before resorption occurs
[35]. In particular, McKee et al. [36] reported that osteo-
pontin covering of particles from bone fracture is a pre-
requisite for their resorption. The extremely low resorption
on bone in our in vitro experiments may also be due to a
missing coating, which would otherwise seal the potential
inhibitors in the bone matrix and act as a substrate for
osteoclast binding. Therefore, we chose dentin as a
resorption model to test for the influence of macroscrat-
ches, microscratches, and microcracks because it is very
similar to bone in chemical composition and structural
organization at the micrometer and nanometer levels [37]
but allows good osteoclastic resorption.

Preosteoclasts seeded onto dentin slices undergo fusion
to mature osteoclasts, which then express typical marker
genes (VNR, Cath.K, CTR, and TRAP). Interestingly,
these cells showed no intention for active movement over
long distances in the millimeter range. Instead, osteoclast
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resorption took place right at that position where fusion of
precursor cells occurred and movement was restricted to
normal resorption progression in the immediate neighbor-
hood. This suggests that targeted bone resorption requires
guidance by controling the fusion site, rather than the
motility of resorbing cells.

Osteoclasts seem to be able to react to large topographical
discontinuities, such as mounds accumulated on the side of
macroscratches, which they cannot cross. However, intro-
duction of microcracks and microscratches into mineralized
tissue did not produce mounds acting as physical barriers
but, rather, defects from the smooth surface into the depth.
The microcracks in our experiments exhibited dimensions
(Iengths up to 700 pm and widths of about 3 pm) also gen-
erated during in vivo experiments from various groups.
George and Vashishth [38] generated linear microcracks of
up to 300 pm length and 8 pm width by conducting fatigue
tests on human cortical bone specimens. Burr et al. [2, 22]
and Kennedy et al. [39] investigated microcracks with
lengths of 200-800 um and widths of 6-10 um in canine
femurs and human bones, respectively. Diab and Vashishth
[5] created microcracks of about 200 um length and about
3 um width, whereas Wasserman et al. [40] described
microcracks of up to 1,000 um length and about 7 pm width
in human bone. Additionally, introduction of linear micro-
cracks produced areas of diffuse damage in our samples,
which normally also arise in in vivo experiments [2, 41, 42];
but osteoclasts did not show any preference to resorb these
areas either (data not shown). Beyond those visible micro-
cracks, it could be possible that tiny cracks, invisible under
the bright field microscope, may be present also; however,
these could not be investigated.

However, introduction of microdefects, such as micros-
cratches and microcracks, did not influence the resorption
behavior of osteoclasts, as revealed by image analysis and
statistical evaluation. Furthermore, the physical/architec-
tural presence of microcracks does not have any potential to
initiate or to deflect osteoclastic resorption progression in a
pure osteoclast culture system, lacking communication
signals from other cells. Besides, it has been reported that
microcracks, in addition to their talent to initiate remodeling,
have the potential to steer already existing basic multicel-
lular units (BMUSs). Martin [43] described a directed move-
ment of osteoclasts in BMUs toward microcracks and
assumed involvement of the osteocytic system in this pro-
cess. Our observations are also in line with the ideas of Da
Costa Gomez et al. [44], who showed that targeted bone
remodeling in racehorses is not exclusively connected to
microcracks. Nevertheless, targeted bone remodeling is
described in the literature to be the in vivo tool for removal of
microcracks in the skeleton. Burretal. [10, 22, 23] showed in
dog long bones that microcracks are associated more often
with resorption spaces after loading than expected randomly,
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thus confirming that this microdamage could initiate bone
remodeling. Experimental studies in canine bone after cyclic
loading also showed increased remodeling events associated
with microcracks [10]. Even in human bone it was demon-
strated that cracks are associated with higher cortical
remodeling [39]. Furthermore, Herman et al. [11] and Ben-
tolila et al. [21] showed that microcracks in cortical bone of
lengths of approximately 200 pm and widths up to 5 pm
(dimensions also used in our experiments) are associated
with resorption spaces and that microdamage has the
potential to activate intracortical remodeling in rats, which
normally do not have intracortical bone remodeling. Thus,
these data confirm that targeted bone remodeling in vivo
happens due to microcracks. Moreover, our data show that
osteoclasts per se do not possess a toposensitivity to recog-
nize microcracks due to their physical presence, which fur-
ther indicates that targeted resorption is based on the
communication of osteoclasts with other cells, most likely
with osteocytes. Noble et al. [17] suggested that microcracks
finally always destroy some osteocytes, which then induce a
cascade ending in osteoclastic activity at those sites. Thus,
living osteocytes seem to send a kind of nonresorbing signal
to osteoclasts, and when this signaling stops osteoclasts can
resorb. Beyond osteocytes, also osteoblasts play an impor-
tant role in the resorption process and osteoclastogenesis, via
direct and indirect cell-cell communications. Osteoblasts
are connected to osteocytes via gap junctions [45], and it is
suggested that osteoblasts sense osteocyte cell death via
gap junctional intercellular communication, followed by
expression of adhesion molecules affecting migration of
osteoclast precursors [34]. At the same time, soluble and
membrane-bound factors from osteoblasts affect the differ-
entiation of osteoclast precursor cells as well as the osteo-
clastogenic phenotype [46].

Beyond these records, we showed that osteoclasts per se
do not possess a toposensitivity which would allow them to
recognize the physical presence of microcracks. Our data
complete existing in vivo data and shed new light on the
complex process of targeted bone remodeling by excluding
one possible mechanism in defect recognition, namely,
osteoclastic toposensitivity. This emphasizes the key role
of osteocytes and, perhaps, osteoblastic lining cells in this
process. Thus, in case of targeted bone remodeling,
osteoclasts need to be guided to resorption places via
biochemical information or via direct cell-cell contact
from other cell types since they do not recognize micro-
cracks due to their physical presence.

Conclusion

Osteoclasts are deflected by large discontinuities, but they
do not possess a toposensitivity which would allow them to

directly react to the physical presence of architectural
defects like microcracks.

Acknowledgment This research was funded by the Austrian Sci-
ence Fund (P21524-B12). The authors thank Prof. Mike Rogers
(University of Aberdeen, Institute of Medical Sciences) for providing
help and guidance in the culturing of human osteoclasts. Furthermore,
we acknowledge Dr. Alfred Sauer for his collaboration in this project.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

1. Parfitt AM (1982) The coupling of bone formation to bone
resorption: a critical analysis of the concept and of its relevance
to the pathogenesis of osteoporosis. Metab Bone Dis Relat Res
4:1-6

2. Burr DB, Turner CH, Naick P, Forwood MR, Ambrosius W,
Hasan MS, Pidaparti R (1998) Does microdamage accumulation
affect the mechanical properties of bone? J Biomech 31:337-345

3. Schaffler MB, Radin EL, Burr DB (1989) Mechanical and mor-
phological effects of strain rate on fatigue of compact bone. Bone
10:207-214

4. Zioupos P, Gresle M, Winwood K (2008) Fatigue strength of
human cortical bone: age, physical, and material heterogeneity
effects. J Biomed Mater Res A 86:627-636

5. Diab T, Vashishth D (2007) Morphology, localization and
accumulation of in vivo microdamage in human cortical bone.
Bone 40:612-618

6. Martin B (1993) Aging and strength of bone as a structural
material. Calcif Tissue Int 53(suppl 1):S34-S40

7. Kummari SR, Davis AJ, Vega LA, Ahn N, Cassinelli EH, Her-
nandez CJ (2009) Trabecular microfracture precedes cortical
shell failure in the rat caudal vertebra under cyclic overloading.
Calcif Tissue Int 85:127-133

8. Akkus O, Knott DF, Jepsen KJ, Davy DT, Rimnac CM (2003)
Relationship between damage accumulation and mechanical
property degradation in cortical bone: microcrack orientation is
important. J] Biomed Mater Res A 65:482-488

9. Parfitt AM (2002) Targeted and nontargeted bone remodeling:
relationship to basic multicellular unit origination and progres-
sion. Bone 30:5-7

10. Burr DB, Martin RB, Schaffler MB, Radin EL (1985) Bone
remodeling in response to in vivo fatigue microdamage. J Bio-
mech 18:189-200

11. Herman BC, Cardoso L, Majeska RJ, Jepsen KJ, Schaffler MB
(2010) Activation of bone remodeling after fatigue: differential
response to linear microcracks and diffuse damage. Bone
47:766-772

12. Gefen A, Neulander R (2007) Computational determination of
the critical microcrack size that causes a remodeling response in a
trabecula: a feasibility study. J Appl Biomech 23:230-237

13. Vaananen HK, Zhao H, Mulari M, Halleen JM (2000) The cell
biology of osteoclast function. J Cell Sci 113(Pt 3):377-381

14. Verborgt O, Gibson GJ, Schaffler MB (2000) Loss of osteocyte
integrity in association with microdamage and bone remodeling
after fatigue in vivo. J Bone Miner Res 15:60-67

15. Cardoso L, Herman BC, Verborgt O, Laudier D, Majeska RIJ,
Schaffler MB (2009) Osteocyte apoptosis controls activation of

@ Springer



238

M. Rumpler et al.: Osteoclasts and Microcracks

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

intracortical resorption in response to bone fatigue. J] Bone Miner
Res 24:597-605

Emerton KB, Hu B, Woo AA, Sinofsky A, Hernandez C, Majeska
RJ, Jepsen KJ, Schaffler MB (2010) Osteocyte apoptosis and
control of bone resorption following ovariectomy in mice. Bone
46:577-583

Noble BS, Peet N, Stevens HY, Brabbs A, Mosley JR, Reilly GC,
Reeve J, Skerry TM, Lanyon LE (2003) Mechanical loading:
biphasic osteocyte survival and targeting of osteoclasts for bone
destruction in rat cortical bone. Am J Physiol Cell Physiol
284:C934-C943

Rumpler M, Woesz A, Varga F, Manjubala I, Klaushofer K,
Fratzl P (2007) Three-dimensional growth behavior of osteoblasts
on biomimetic hydroxylapatite scaffolds. J Biomed Mater Res A
81:40-50

Rumpler M, Woesz A, Dunlop JW, van Dongen JT, Fratzl P
(2008) The effect of geometry on three-dimensional tissue
growth. J R Soc Interface 5:1173-1180

Diab T, Condon KW, Burr DB, Vashishth D (2006) Age-related
change in the damage morphology of human cortical bone and its
role in bone fragility. Bone 38:427-431

Bentolila V, Boyce TM, Fyhrie DP, Drumb R, Skerry TM,
Schaffler MB (1998) Intracortical remodeling in adult rat long
bones after fatigue loading. Bone 23:275-281

Burr DB, Forwood MR, Fyhrie DP, Martin RB, Schaffler MB,
Turner CH (1997) Bone microdamage and skeletal fragility in
osteoporotic and stress fractures. J Bone Miner Res 12:6-15
Mori S, Burr DB (1993) Increased intracortical remodeling fol-
lowing fatigue damage. Bone 14:103—-109

Martin RB, Yeh OC, Fyhrie DP (2007) On sampling bones for
microcracks. Bone 40:1159-1165

Crockett JC, Schutze N, Tosh D, Jatzke S, Duthie A, Jakob F,
Rogers MJ (2007) The matricellular protein CYRG61 inhibits
osteoclastogenesis by a mechanism independent of alphavbeta3
and alphavbeta5. Endocrinology 148:5761-5768

Taylor A, Rogers MJ, Tosh D, Coxon FP (2007) A novel method
for efficient generation of transfected human osteoclasts. Calcif
Tissue Int 80:132-136

Schilling AF, Linhart W, Filke S, Gebauer M, Schinke T, Rueger
JM, Amling M (2004) Resorbability of bone substitute bioma-
terials by human osteoclasts. Biomaterials 25:3963-3972

Lawn B, Wilshaw R (1975) Indentation fracture: principles and
applications. J Mater Sci 10:1049-1081

Broz JJ, Simske SJ, Corley WD, Greenberg AR (1997) Effects of
deproteinization and ashing on site-specific properties of cortical
bone. J Mater Sci Mater Med 8:395-401

Pfaffi MW (2001) A new mathematical model for relative
quantification in real-time RT-PCR. Nucleic Acids Res 29:e45
Abramoff MD, Magelhaes PJ, Ram SJ (2004) Image processing
with Image. J. Biophotonics Int 11:36

@ Springer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Gu G, Mulari M, Peng Z, Hentunen TA, Vaananen HK (2005)
Death of osteocytes turns off the inhibition of osteoclasts and
triggers local bone resorption. Biochem Biophys Res Commun
335:1095-1101

Noble B (2003) Bone microdamage and cell apoptosis. Eur Cell
Mater 6:46-55

Nakahama KI (2010) Cellular communications in bone homeo-
stasis and repair. Cell Mol Life Sci 67:4001-4009

Miyauchi A, Alvarez J, Greenfield EM, Teti A, Grano M, Colucci
S, Zambonin-Zallone A, Ross FP, Teitelbaum SL, Cheresh D et al
(1993) Binding of osteopontin to the osteoclast integrin alp-
havbeta3. Osteoporos Int 3(suppl 1):132-135

Pedraza CE, Nikolcheva LG, Kaartinen MT, Barralet JE, McKee
MD (2008) Osteopontin functions as an opsonin and facilitates
phagocytosis by macrophages of hydroxyapatite-coated micro-
spheres: implications for bone wound healing. Bone 43:708-716
Su XW, Cui FZ (1999) Hierarchical structure of ivory: from
nanometer to centimeter. Mater Sci Eng C 7:19-29

George WT, Vashishth D (2006) Susceptibility of aging human
bone to mixed-mode fracture increases bone fragility. Bone
38:105-111

Kennedy OD, Brennan O, Mauer P, Rackard SM, O’Brien FJ,
Taylor D, Lee TC (2008) The effects of increased intracortical
remodeling on microcrack behaviour in compact bone. Bone
43:889-893

Wasserman N, Brydges B, Searles S, Akkus O (2008) In vivo
linear microcracks of human femoral cortical bone remain par-
allel to osteons during aging. Bone 43:856-861

Boyce TM, Fyhrie DP, Glotkowski MC, Radin EL, Schaffler MB
(1998) Damage type and strain mode associations in human
compact bone bending fatigue. J Orthop Res 16:322-329
Vashishth D, Koontz J, Qiu SJ, Lundin-Cannon D, Yeni YN,
Schaffler MB, Fyhrie DP (2000) In vivo diffuse damage in human
vertebral trabecular bone. Bone 26:147-152

Martin RB (2007) Targeted bone remodeling involves BMU
steering as well as activation. Bone 40:1574-1580

Da Costa Gomez TM, Barrett JG, Sample SJ, Radtke CL,
Kalscheur VL, Lu Y, Markel MD, Santschi EM, Scollay MC,
Muir P (2005) Up-regulation of site-specific remodeling without
accumulation of microcracking and loss of osteocytes. Bone
37:16-24

Donahue HJ (2000) Gap junctions and biophysical regulation of
bone cell differentiation. Bone 26:417-422

Hofbauer LC, Khosla S, Dunstan CR, Lacey DL, Boyle WJ,
Riggs BL (2000) The roles of osteoprotegerin and osteoproteg-
erin ligand in the paracrine regulation of bone resorption. J Bone
Miner Res 15:2-12



	Microcracks and Osteoclast Resorption Activity In Vitro
	Abstract
	Materials and Methods
	Osteoclast Cultures
	Preparation of Tissue Substrates
	Immunofluorescence
	Quantitative Real-Time PCR
	Histomorphometric Measurements
	Calculations of the Probability to Lie on a Microcrack/Scratch

	Results
	Osteoclast Resorption Behavior on Mineralized Tissue
	Development of Mature Osteoclasts on Mineralized Tissue
	Assessment of Osteoclastic Resorption
	How Do Osteoclasts Deal with Topographical Discontinuity?
	How Do Osteoclasts Deal with Microcracks?

	Discussion
	Conclusion
	Acknowledgment
	References


