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Activation of intracellular calcium signaling in
osteoblasts colocalizes with the formation of
post-yield diffuse microdamage in bone matrix
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Previous studies demonstrated that extracellular calcium efflux ([Ca® " ]g) originates from the regions of bone
extracellular matrix that are undergoing microdamage. Such [Ca® " ]g is reported to induce the activation of intracellular
calcium signaling ([Ca® *];) in MC3T3-E1 cells. The current study investigated the association between microdamage and
local activation of intracellular calcium signaling quantifiably in MC3T3-E1 cells. Cells were seeded on devitalized
notched bovine bone samples to induce damage controllably within the field of observation. A sequential staining
procedure was implemented to stain for intracellular calcium activation followed by staining for microdamage on the
same sample. The increase in [Ca“]. fluorescence in cells of mechanically loaded samples was greater than that of
unloaded negative control cells. The results showed that more than 80% of the cells with increased [Ca® * ], fluorescence
were located within the damage zone. In conclusion, the findings demonstrate that there are spatial proximity between
diffuse microdamage induction and the activation of intracellular calcium ([Ca®*],) signaling in MC3T3-E1 cells.
The downstream responses to the observed activation in future research may help understand how bone cells repair

microdamage.
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Introduction

Fatigue associated with daily activities or overload episodes
may induce microdamage in bone matrix." Such critically
loaded regions of bone are resorbed by osteoclasts and
replaced by new bone matrix via the action of osteoblasts.*
Microdamage in bone is categorized as linear microcracks and
diffuse microdamage.® Linear microcracks are mesoscale frank
ruptures in bone’s matrix.® Such cracks are reported to induce
osteocyte apoptosis by disrupting osteocyte network, which in
turn may trigger local repair response through the activation of
osteoclasts.” Onthe other hand, diffuse microdamage®?®, which
is defined as clouds of submicron cracks, does not appear to
affect osteocyte integrity.® The repair response to diffuse
damage is likely to take place by alternative mechanisms and
likely without the resorption of damaged matrix.’

Existing theories on how bone cells respond to mechanical
damage involve the effects of increased matrix strain'®~'2
or altered fluid flow."®'® An emerging theory is that
mechanochemical stimulus can activate repair response by
osteoblasts.'” lon-selective microelectrode measurements

have shown calcium efflux from regions of bone undergoing
diffuse microdamage to the pericellular space.'” Such efflux
increases the extracellular calcium concentration and
depolarizes voltage-gated calcium channels, resulting in the
entry of calcium ions from the extracellular niche to the
intracellular space ([Ca®*]) in osteoblasts.””'® We have
defined this effect as extracellular calcium-induced intracellular
calcium response.'®1° These findings suggest bone matrix as a
mechanochemical transducer, which converts mechanical
damage stimulus into a chemical signal to trigger cell response.
This study aimed to build on this past knowledge by
demonstrating the spatial proximity between mechanically
induced damage and the activation of [Ca®*], signaling in
MCS3T3-E1 preosteoblasts. Cells were seeded on notched
bone samples for spatially controlled induction of damage,
and the activation of calcium fluorescence was investigated
in registration with the labeling of diffuse damage. In addition
to the investigation of cells subjected to microdamage,
an unloaded control group and a mechanically loaded group
that is far-field to the damage zone were included in the study.
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Figure 1 Changes in intracellular calcium fluorescence following mechanically induced matrix damage. Percent changes in fluorescence for individual cells from three
specimens are pooled in these plots. (a) Negative control cells in the notched region that were not loaded, (b) cells outside the damage zone of mechanically loaded samples,
(c) Response of cells in the damage zone of mechanically loaded samples. The lines highlight the upper quartile, median and lower quartile from top to the bottom. Cells that
demonstrated more than 5% increase in fluorescence were classified as activated. (d) Cumulative histogram of all three results demonstrates that there is a shift to increased levels
of intracellular calcium fluorescence (x axis) with damage induction. (Blue line on the image represents Q1, median and Q3, respectively.)

Results

Basal variations of [Ca®*], in the absence of mechanical
damage and determination of the threshold for calcium
activation

The basal variation in [Ca® ], fluorescence from samples that
were not loaded mechanically displayed between —5.2% and
+3.4% (Figure 1, Table 1). On the basis of this, background
fluctuations in [Ca®*], fluorescence in the absence of any
effectors were estimated as 5%, because selection of the
higher value as the threshold is a safer choice to eliminate
inclusion of cells whose intracellular calcium levels are varying
at basal levels. Therefore, the cells that displayed greater than
5% increase in [Ca®*], fluorescence were accepted to be
activated.

Percent change in [Ca®*], fluorescence in activated cells
Percent change in [Ca® "], fluorescence of activated cells that
were located in the damage zone of loaded samples was
significantly greater than the far-field loaded group and damage
zone of the no-load group (Figure 1, Table 1, P<0.0001).

Association between [Ca® "], increase in the cell and
damaged area under mechanical loading

Cells with increased [Ca®*], fluorescence were closely
associated with the calcein blue-stained damage zone
(Figure 2). In all of the three samples tested, more than 80% of
activated cells were located within the calcein blue-stained
damage zone (Table 2).

Table 1 Fluorescence changes in the cells of three groups (%)

Q1 Median Q3
V-notch loaded sample 1.5 12.1 23.4
V-notch no-load controls —-5.2 0 3.4 (P<0.0001)
Far-field loaded controls -10 -4 29 (P<0.0001)

Discussion

In this paper, the spatial proximity between mechanically
induced diffuse microdamage and activation of [Ca®*]
signaling in cells local to microdamage was evaluated.
Unlike Fluo-4AM, which is a live-cell strain, calcein blue
may compromise cell viability. Therefore, calcein blue was
applied as the second stain after the [Ca® "], was obtained. The
presented approach enabled more clear analysis of damage
and intracellular calcium events than earlier reports.”'®

Although osteocytes are more commonly implicated to
be involved in responding to matrix damage,®?! the
study focused on preosteoblasts. Outer envelopes of bones
experience higher stresses due to bending or torsion; therefore,
osteoblasts are also likely to be in the vicinity of microdamage
and likely to be involved to damage stimulus. The effects of
diffuse damage on osteocytes were investigated®®?? in
prior literature; however, the effects of diffuse damage on
osteoblasts are poorly understood.
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Under mechanical loading, the samples can be exposed to
different types of mechanical stimuli besides mechanically
induced [Ca® " ]g, such as direct mechanical stretch or fluid
shear. So as to assess the potential role of substrate defor-
mations, previous research employed mechanically loaded
notched demineralized bone samples that not only lack matrix
calcium but also undergo substantially greater levels of matrix
deformation than bone specimens.’” Despite high levels of
deformation, it was observed that the intracellular calcium
signaling of cells was not activated on demineralized bone
specimens, indicating that damage-related calcium release
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Figure 2 Spatial proximity of [Ca? " ] increase and damage on bone matrix shown
for 3 specimens. (Brightly labeled area is the damaged region as labeled by calcein.
Yellow ‘O’: activated cells on the labeled damage. Red X’: activated cells outside
regions labeled for damage).

Table 2 Distribution of cells with increased [Ca® "], in and out of the damage zone
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from bone matrix overrides substrate strain in activating the
intracellular calcium signaling. So as to further supplement the
past research, we employed a control group in which cells
located far-field to the notched region to assess whether
substrate strain was responsible for intracellular calcium
activation. The absence of response in this group affirms that
substrate strain or fluid shear did not have a significant role in
terms of stimulating intracellular calcium response in our
experimental set up.

Previously, it has been shown that calcium efflux occurs from
notched regions of bone wafers ([Ca?*]g), which were
damaged in the absence of cells.!”” [Ca®*]¢ increase was
concomitant with the initiation of microdamage formation and
that the efflux subsided as soon as the samples were unloaded.
When these experiments were carried out in the presence
of cells, [Ca®"], was observed only after the emergence
of microdamage on bone matrix under critical loading.
Furthermore, when experiments were repeated with
demineralized notched samples, [Ca®*], was diminished.
These observations imply that the initial increase in extracellular
calcium concentration is associated with efflux from the
damaged matrix.

Earlier studies have shown [Ca®"], increase in MC3T3-E1
cells following the elevation of [Ca® * ¢ by a controlled diffusion
chamber.'®'® Measurements of membrane potential changes
in MC3T3-E1 cells indicated hyperpolarization of the cell
membrane by accumulation of calcium ion around the cells,
followed by membrane depolarization via the activation of the
voltage-activated calcium channels (VGCC).'® This mechanism
of [Ca®*]g-induced activation of VGCC was confirmed by
pharmaceutical VGCC-specific inhibitors for MC3T3-E1 cells.

The origins of damage-induced calcium efflux in bone matrix
remain to be determined. Various mechanisms can be
proposed on the emergence of calcium from bone matrix as a
result of microdamage. Induction of microdamage introduces
submicroscopic cracks, which in turn increase the effective
surface area from which the calcium diffusion is occurring.?®
Calcium that is bound to non-collagenous proteins may also
become available by disruption of sacrificial bonds.?* Another
possible mechanism may be interfibrillar sliding. Small angle
X-ray scattering studies of bone underloading showed that
collagenfibrils stayed at a constant strain after yield, suggesting
sliding of mineralized collagen fibril after decoupling from the
interfibrillar matrix.2° Such frictional sliding may result in crystal
debris formation, acting as a source of [Ca® ¢ efflux.

In this study, microdamage and intracellular calcium
fluorescence images were overlapped and analyzed to evaluate
the proximity of [Ca?*], increase with matrix damage. It was
observed that the cells with increased [Ca®*], fluorescence
were in the damage process zone highlighted by calcein blue.
Anumber of cells with activated intracellular calcium levels were
located in the outer demarcations of the damage process zone.

Sample 1 Sample 2 Sample 3
Total number of cells with increased fluorescence 73 144 92
The fraction of cells with increased fluorescence within the damage zone 60 (82%) 124 (86%) 78 (85%)
The fraction of cells with increased fluorescence out of the damage zone 13 (18%) 20 (14%) 14 (15%)
BoneKEy Reports | MARCH 2016 3
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Figure 3 Sample preparation. Bone blocks were prepared from bovine femur,
followed by machining of a V-notch in the center of the block. Notched bone blocks were
sliced into thin bone wafers (0.2 mm) and polished with 800 and 1200 grade polishing
paper and then with 0.3 um alumina powder.

It is possible that such peripheral cells might be responding to
[Ca® "] from the nascent microdamage occurring at the fringes
of the damage process zone, or the [Ca® g in the damage
process may have diffused laterally to activate the cells
peripheral to the damage zone. Overall, it is possible that all the
activated cells may be associated with damage.

The results showed that not all cells display increased
intracellular fluorescence in response to damage. There may be
various reasons for that. The first reason may be that the
duration of our experiments (90s) was not long enough to
capture late responding cells. For some cells, it may have taken
longer than this duration to attain the extracellular calcium
threshold sufficient to activate the voltage-gated calcium
channels. Another reason for unresponsive cells may be the
heterogeneity of the distribution of diffuse damage on bone
matrix,2® such that not every cell may have had damage
process taking place in its immediate vicinity. Finally, it is also
possible that the sensitivity of cells to extracellular calcium may
vary within the cell population. Differences in sensitivities of
cells to [Ca® " g may induce late or less pronounced [Ca®*],
response.?®

Intracellular calcium signaling activates various downstream
pathways, some of which may relate to damage repair. It has
been reported that increased intracellular calcium levels affect
viability, proliferation, differentiation and matrix synthesis by
osteoblasts or their progenitors.?’3 Intracellular calcium
activates the synthesis of bone-associated proteins such as
OPN, BSN and CaMK2.3"%2 |ncreased intracellular calcium
enhances downstream signaling pathways for Runx2 through
the Ras—MAPK pathway.333* Activated Runx2 controls many
osteogenic genes through this multicomponent complex, which
can interact with the promoter regions of the osteoblast-
specific genes such as osteocalcin, osteopontin, collagen |,
collagenase 3(matrix metalloproteinase 1), bone sialoprotein
alkaline phosphatase (ALP), TGFp receptor 1 and RANKL
(receptor activator of nuclear factor kappa B ligand).3™%°
Osterix, a zinc finger-containing transcription factor, is an
osteoblast-specific transcription factor that regulates osteo-
blast differentiation and mineralization.*! Calcium activates
cox-2,*? followed by regulation of Osterix levels by cox-2
in osteoblasts.*® Activated intracellular calcium signaling
modulates the Camk-II-DIx5 pathway, which regulates the
Osterix level in osteoblast.** Future work will explore the
activation of such downstream pathways of intracellular

calcium signaling, in association with mechanically induced
[Ca® " e efflux.

Conclusion

This study confirms spatial proximity between bone matrix
damage and intracellular calcium signaling. The results indicate
that matrix damage-related chemical alterations in the peri-
cellular space are transduced to the cell as a biological signal.
Future studies will focus on downstream pathways of damage
repair in response to increased levels of activation of [Ca® "],
due to microdamage.

Materials and Methods

Chemicals

Minimum essential alpha medium (a-MEM), phenol red-free
o-MEM (phenol-free o-MEM), penicillin/streptomycin, trypsin/EDTA,
HBSS, HEPES and Fluo-4AM were obtained from Invitrogen (Frederick,
MD, USA). Fetal bovine serum (FBS) was purchased from Sigma-Aldrich
(St Louis, MO, USA).

Preparation of bone samples

Notched bone wafers were used to introduce damage controllably at a
defined location within the field of view. Bovine femurs from
~18-month-old cows were procured from a local butcher in a fresh
frozen form. Bone blocks were prepared from bovine femur diaphysis
using a milling machine (Series 5400, Sherline, Vista, CA, USA) and a
polisher (Buehler Ltd., Lake Bluff, IL, USA; Figure 3). A V-notch was
introduced in the center of the block using the milling machine and a
suitably shaped end mill. Root radius of V-notch was about 50 pm, which
was intentionally kept blunt to increase the size of the damage zone.
Notched bone blocks were then sliced into thin bone wafers using a low-
speed diamond blade saw (Buehler Ltd.) and both surfaces of the
wafers were polished with 800 and 1200 grade polishing paper and then
with 0.3 um alumina powder (Buehler Ltd.). After final polishing with
alumina powder, samples were sonicated to remove polishing debris.
The final dimensions of the wafers were 45 x 4 x 0.2 mm with 1.5mm
depth V-notchin the center. Prior to cell seeding, V-notched bone wafers
were kept in 70% ethanol solution overnight for disinfection. Samples
were rehydrated in ample amount of sterile phosphate-buffered saline
to remove the ethanol prior to cell seeding.

Assessment of [Ca® "], activation by mechanically induced
[Ca%*]e efflux

MC3T3-E1 preosteoblasts (ATCC, Manassas, VA, USA, passage 22,
sub-clone 4) were used to evaluate the activation of [Ca® "], signaling
response to damage induction. This cell line was created from C57BL/6
mouse calvaria and differentiated into osteoblasts. Selected sub-clone
(sub-clone 4) expressed high levels of alkaline phosphatase and could
synthesize mineralized nodules.*®* MC3T3-E1 cells were seeded in
monolayer on sterilized V-notched bone wafers at a density of 20,000
cells per cm? and cultured overnight with o-MEM supplemented with
10% FBS and 100Uml~" penicillin/streptomycin, in 37 °C, 5% CO..

Changes in cytoplasmic [Ca® *], concentration were observed by
staining the cell with calcium fluorescent dye, Fluo4-AM (Ex/Em:
494/506 nm). One mM Fluo-4AM was diluted into 5 pm in imaging media
(phenol-free a-MEM supplemented with 1% FBS), and cells on the bone
slide were incubated in the media with 5 um Fluo-4AM for 90 minin 37 °C,
5% CO,. After incubation, cells were washed three times with the
imaging media to remove the leftover Fluo-4AM and cultured for an
additional 30 min in 37 °C, 5% CO,, for de-esterification.

Prior research demonstrated the controlled induction of damage
using notched bovine bone slices.?® Briefly, the damage extended to a
region of about 0.5x0.5mm at the notch tip. The damage was
discernable as an opaque zone under transmission imaging, and the
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(a) Loading history and experimental design for applying stains for sequential imaging of intracellular calcium fluorescence and matrix damage on the same sample.

(b) Representative images obtained from dual staining. MC3T3-E1 cells were stained with Fluo4-AM for evaluating intracellular calcium signaling, and damage in bone matrix was

stained with calcein blue. (c) Study groups.

resultant damage was in the form of extensive diffuse microdamage.
Cell-seeded notched bone wafers were mounted on a miniaturized
tensile test device (Ernest F Fullam, Inc., Albany, NY, USA) fixed on
the stage of a light microscope (BX51, Olympus America, Center Valley,
PA, USA).

Cells were imaged under three conditions (Figure 4c); Group (1):
negative control imaging of cells at the notch tip without any loading to
record changes in baseline fluorescence over a duration corresponding
to the timeline of the experiments, Group (2): away from the notch tip
(far-field) under mechanical loading to discern effects of mechanical
strain in the underlying bone substrate, Group (3): at the notch tip under
mechanical loading to assess damage effects. A threshold of activation
was determined by using group 1. There were three specimens in
each group.

Bone samples were loaded at 3 ums using miniaturized tensile test
device, which strained the specimens symmetrically from both ends,
allowing the point of interest to stay in the same field of view during
loading. At this speed, damage zone appeared in about 90s. A
transparent window at the bottom of the device allowed for visualization
of the emergence of the damage zone in transmission imaging mode as
we had reported before.?® The loading was stopped upon the
emergence of the damage zone to image intracellular calcium response.

UV epifluorescent light source and the calcium imaging system
(Incyt-IM, Intracellular Imaging, OH, USA) were used for imaging
intracellular calcium signaling of Fluo-4AM-labeled cells. A x 10 water
immersion objective lens was used to measure the fluorescence of cells
before and after microdamage induction. The size of the measurement
region was determined by the field of view of the x5 microscope
objective and it is 0.95x0.7mm. Percent changes in [Ca®™],
fluorescence in the loaded groups were evaluated by comparing [Ca® * ],
fluorescence in the cells before loading and after loading. In no-load
control, percent changes in [Ca®"], fluorescence were obtained by
comparing [CaZ*], fluorescence in the cells at Os and at 90s after

BoneKEy Reports | MARCH 2016

startingimaging. Inthe absence of damage induction, percent change in
[Ca® ], fluorescence had a median value of —3.4% due to photo-
bleaching. Therefore, data points were adjusted by 3.4% to account for
the effects of photobleaching for all groups.

Immediately after securing the collection of [Ca®*], data, 1mM of
calcein blue stain (Ex/Em: 322/445 nm) dissolved in water was applied
on the damage zone with the sample in the loaded state for 15 min to
label microdamage under ambient conditions. Calcein blue-stained
images were recorded with UV epifluorescent light source and the
calcium imaging system (Incyt-IM). A x 10 water immersion objective
lens was used to measure the fluorescence from the stained damage.

The green fluorescent images of [Ca® ], and the blue fluorescent
images from exposed calcium on microdamage from bone matrix were
overlayed to evaluate the special proximity between mechanically
induced [Ca®*]e efflux and [Ca® ], increase in the cell (Figure 5).

Data analysis

Change in intracellular calcium fluorescence of cells was recorded
before and after mechanical loading by the calcium imaging system
(Incyt-IM). Recorded fluorescence values in the cells were measured
using ImageJ (NIH, Bethesda, MD, USA). A total of 860 cells from three
groups, 245 cells from Group 1, 171 cells from Group 2, and 444 cells
from Group 3 were analyzed.

Fluorescence recordings of cells in Group 1 were quantified to find the
levels of basal fluorescence in the absence of damage. Percentincrease
in fluorescence values above these basal levels was accepted as
activated cells in groups that were stimulated by damage zone
induction. Activated cells were then classified in terms of being
in or outside the calcein blue-labeled damage zone, which was
0.33£0.10mm? in size.

Data were not normally distributed according to the Anderson-Darling
test (Minitab, State College, PA, USA). Therefore, data are presented in
terms of median and quartiles. Also, a non-parametric Kruskal-Wallis
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Figure5 Typical response of intracellular calcium fluorescence before (a) and after
(b) the induction of damage. (c) Calcein blue-stained bone matrix damage. Yellow
boxes highlight a group of cells that display increased fluorescence after damage
induction.

analysis was conducted to test for significant differences. The Mann—
Whitney’s test was performed to evaluate differences between the
loaded group and the control groups, and Bonferroni correction was
used for multiple comparisons (Minitab).
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