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Abstract
Micro-damage of bone tissue is known to regulate bone turnover. However, it is 1 2
unknown if individual bone cells can differentiate between membrane
deformation and micro-injury. We generated osteoblasts from mouse bone version 1 Ej Ej
marrow or bone morphogenetic protein 2-transfected C2C12 cells. Single cells published report report
were mechanically stimulated by indentation with the atomic force microscopy 1 Jur2014
probe with variable force load either resulting in membrane deformation only, or
leading to membrane penetration and micro-injury. Changes in the cytosolic

free calcium concentration ([Ca2+]i) in fluo4-AM loaded cells were analyzed.

1 Ndria Gavara, Queen Mary University of

When deformation only was induced, it resulted in an immediate elevation of London UK

[Ca2+]i which was localized to the probe periphery. Multiple consecutive local 2 Daniel Isabey, French Institute of Health
Ca2* responses were induced by sequential application of low level forces, with and Medical Research France, Minh
characteristic recovery time of ~2 s. The duration of [Ca®*]; elevations was Nguyen, Inserm France

directly proportional to the tip-cell contact time. In contrast, cell micro-injury
resulted in transient global elevations of [Ca2+]i, the magnitude of which was
independent of the tip-cell contact time. Sequential micro-injury of the same cell
did not induce Ca?* response within 30 s of the first stimulation. Both local and No Comments Yet
global Ca?+elevations were blocked in Ca2*-free media or in the presence of

stretch-activated channel blocker Gd3+. In addition, amount of Ca2* released

during global responses was significantly reduced in the presence of PLC

inhibitor Et-18-OCHg. Thus, we found qualitative differences in calcium

responses to mechanical forces inducing only membrane deformation or
deformation leading to micro-injury.
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Introduction

Mechanical stimulation of bone is well-known to regulate bone vol-
ume, structure and composition'”. It was recently suggested that, in
addition to deformation forces, microdamage plays an important
role in regulating bone turnover and strength’. Bone is restructured
through the coordinated action of bone cells, osteoblasts responsi-
ble for bone formation and osteoclasts responsible for bone resorp-
tion. Cells of osteoblastic origin, including osteoblasts, osteocytes
and bone lining cells are believed to act as mechanosensors in bone
tissue'. Understanding how bone cells sense and react to mechani-
cal forces is important for gaining insight into the mechanisms of
bone adaptation to its mechanical environment.

Because of the complexity of the bone environment in vivo, several
models have been developed to understand the effects of mechanical
stimulation on bone cells in vitro°. These models include applica-
tion of hydrostatic pressure, longitudinal substrate stretch and fluid
shear. These studies have established that osteoblastic cells can
sense mechanical stimulation through plasma membrane receptors,
stretch activated ion channels, as well as focal adhesion sites®. Ca*
signaling was shown to be the prominent first response of osteo-
blastic cells to any type of mechanical stimulation™. Ca®* signaling
induced by mechanical stimulation in turn influences numerous bone
cell functions such as cytoskeletal reorganization’, gene expres-
sion'’, proliferation and differentiation®. However, these studies
also identified significant complex signaling interactions between
multiple cells’, making it difficult to de-convolute the responses of
single cells to mechanical stimulation. Moreover, these techniques
do not allow exact control of forces applied to individual cells, nor
do they report single cell micro-injury.

Local indentation techniques allow characterization of the response to
mechanical stimulation at the single-cell level. Pipette microinjec-
tion'!, pipette suction''"'?, and atomic force microscopy (AFM)'*!?
have been used to study responses of individual osteoblasts to mechani-
cal stimulation. From these techniques, only AFM allows appli-
cation of precisely controlled forces in the nano-Newton scale,
as well as provides readout of the extent of membrane deforma-
tion'°. Moreover, AFM can be used with cantilever tips of different
geometries, which allow additional control of the distribution of
the force. Spherical tip allows creating high range of membrane
strains'’, while pyramidal tip allows reversible membrane penetra-
tion, which does not result in long-term cell damage'*"”.

The goal of this study was to examine how a single osteoblastic
cell responds to forces inducing cell membrane deformation only,
or membrane deformation resulting in micro-injury. We used either
primary bone marrow cells cultured with ascorbic acid, or C2C12
cells stably transfected with bone morphogenic protein (BMP) 2.
C2C12 cells have been shown to undergo osteoblastic differentia-
tion when treated with BMP-2%". Mechanical forces of different
magnitude were applied using AFM. To monitor cell responsive-
ness to mechanical forces, changes in cytosolic free Ca’* concentra-
tion ([Caz*]i) were assessed.
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Materials and methods

Cell cultures

All procedures were approved by McGill University’s Animal Care
Committee (protocol number 2013-7332) and conformed to the eth-
ical guidelines of the Canadian Council on Animal Care. Six week
old male C57/BL6 mice (Charles River) were acclimatized for 1
week, fed ad libitum, and kept on a 12-hour light/dark cycle prior
to euthanasia by CO, asphyxiation followed by cervical dislocation.
Femora and tibiae were isolated and separated from soft tissue. The
bones were cut in two, placed in an Eppendorf tube, centrifuged
twice at 10* rpm for 30 seconds. Cells (~2x107 cells/mouse) were
re-suspended in Minimum Essential Medium (MEM (Eagle), from
Invitrogen) supplemented with 2 mM of L-glutamine, 100 IU of
penicillin, 100 pug/ml of streptomycin and 10% of fetal bovine
serum (Wisent), and 5x10° cells were plated on round 25 mm No. 1
glass coverslips (Matteck Corporation), and cultured with 50 ug/ml
of ascorbic acid at 5% CO,, 37°C for 4-6 days to 50-70% of con-
fluence, which allowed easy identification of individual cells. The
media was replaced every third day. The osteoblastic phenotype
was confirmed by alkaline phosphatase staining (Fast Red, Sigma).

C2C12 cells stably transfected with BMP-2 (kindly provided by Dr
M. Murshed, McGill University) were plated at 2.5x10* cells on
round 25 mm No.1 glass coverslips (Matteck corporation). Cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Invitrogen) supplemented with 2 mM of L-glutamine, 100 IU of
penicillin and 100 pg/ml of streptomycin and 10% of fetal bovine
serum at 5% CO,, 37°C to 50-70% of confluence. The media was
changed every third day. The osteoblastic phenotype was confirmed
by alkaline phosphatase staining.

Intracellular calcium measurements

The cells were loaded with 1.5 ul of Ca*-sensitive dye fluo4—AM
(Molecular Probes, stock solution of 1 mg/ml in DSMO), added to
2 ml of culture media for 40 minutes at room temperature. The cells
were washed twice with physiological solution (130 mM NaCl;
5 mM KCI; 1 mM MgCl,; 1 mM CaCl,; 10 mM glucose; 20 mM
HEPES, pH 7.4, for Ca**-containing experiments, or 0 mM CaCl,
and 10 mM EGTA for Ca*-free experiments)”!, the coverslip was
assembled onto the peek fluid chamber (Asylum Research) and
physiological buffered solution (1.5 ml) was added after loading
with fluod-AM. Gd** (Sigma) was dissolved directly in buffer to
50 uM final concentration. 1-O-Octadecyl-2-O-methyl-sn-glycero-
3-phosphorylcholine (Et-18-OCH,, Sigma) stock solution (5 mg/ml)
was prepared in ethanol, which was used as a vehicle (0.07%) for
corresponding experiments. Et-18-OCH, was used at 5 uM final
concentration. Cells were pretreated with inhibitors for 45 min at
room temperature before mechanical stimulation. The cells were
illuminated with 488 nm laser light and the emitted light was col-
lected with the Cascade Il camera. In each experiment a time-
sequence of fluorescence images was acquired with one frame
taken every 345 + 10 ms with 250 ms exposure time. Traces were
extracted from the video files using a code for Matlab 2011A pro-
vided in””. The fluorescence signal in cells not exposed to mechanical
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stimulation did not demonstrate associated changes and was used as
a reference for signal correction for bleaching and cantilever reflec-
tion artifacts using the protocol for data processing for systematic
signal recovery that we established and described previously*.

Atomic force microscopy

The experiments were conducted using an MFP-3D-BIO AFM
(Asylum Research, Santa Barbara CA) mounted on an Olympus
IX-71 inverted optical microscope. The sample placed in the closed
fluid cell was left undisturbed for 15 min to achieve thermal equilib-
rium at 37°C. A 60X oil immersion objective with 1.45 NA (Olym-
pus) was put into contact with the coverslip allowing optical access
from the bottom and AFM access on top of the sample. The region
of interest was located and aligned with the cantilever tip using the
bright field and fluorescence images.

AFM probe preparation

The cantilever tip (NCLAuD, Nanosensors), was etched down
to 1 um? contact area with a focused ion beam microscope (FEI
DB235). When sharp tips were used, the membrane rupture force
event was not distinguishable in the force curve. Using Hooke’s law
(F=k-d), the force exerted by the probe (F) was determined from the
cantilever spring constant (k, 39 + 7.8 N/m) and deflection (d). The
net extension of the piezo element, the speed, the time of indenta-
tion, the time between indentations and the number of indentations
were controlled using the Asylum MFP3D software in IgorPro 6.22
platform.

Statistical analysis

Data are presented as representative images, representative traces,
means + SE with n being the number of experiments analyzed. The
normalized amplitude as a function of time, the amplitude decay
rate as a function of recovery time and the response duration as
a function of the contact time were analyzed using least squares
regression and fitted a line or an exponential as appropriate. Cat-
egorical data were analyzed as described previously”’. Statistical
differences were assessed using Fisher Exact Probability test for
categorical data or Student’s t-test for continuous data and were
accepted as significant at p < 0.05. Statistical analysis was per-
formed in Microsoft Excel 2007.

Results

Data on the effects of local membrane deformation and micro-
injury in osteoblasts

7 Data Files

http://dx.doi.org/10.6084/m9.figshare.1091356

Experimental setup

‘We employed two cell models to study osteoblast mechanosensitiv-
ity: /) mouse bone marrow cells cultured in the presence of ascorbic
acid (50 mg/ml) for 4-6 days (Figure 1A) or ii) C2C12 cells stably
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transfected with BMP-2 and cultured for 2—6 days (Figure 1B). Both
models represent osteoblastic cells at the early differentiation stage
due to the limitation of AFM use in confluent and multilayered cul-
tures. Osteoblastic phenotype was confirmed in fixed cultured by
alkaline phosphatase staining. In parallel live cultures, the cells
exhibiting osteoblastic morphology (strongly adhered cells with
relatively large body and several filopodia) were chosen for mechani-
cal testing. Mechanical stimulation was performed with AFM force
spectroscopy indentation (Figure 1C) using a 1 um? area tip (Figure 1D).
Using AFM allows strict control of the amount of force applied to
the cell (Figure 1E, F). The membrane penetration event is easily
identifiable on the force-distance curve as a decrease in the force
required to continue to move the probe. The membrane penetration
force was found to be similar for osteoblasts obtained in different
cultures: 516 + 200 nN for primary osteoblasts and 672 = 100 nN
for C2C12 osteoblasts. We analyzed two distinct modes of mechan-
ical stimulation: i) the maximum force was set below the membrane
penetration force (at ~400 nN), leading only to membrane deforma-
tion (low-load, Figure 1E, F, blue); and ii) the maximum force was
set above the membrane penetration force (~2800 nN), inducing
membrane rupture and penetration (high-load, Figure 1E, F, red).

Changes in [Ca*], induced by different indentation regimes
Since [Ca*], elevations are known to be the most common first
responses to mechanical stimulation®”''**, we analyzed the changes
in [Ca®], in response to different loading regimes in the osteoblasts
loaded with [Ca**], fluorescent indicator fluo4-AM. In the low load
indentation regime, where the force exerted on the cell induced
membrane deformation (Figure 2A), only local [Ca*], transients
were observed (Figure 2B). To analyze the transients, the spatially-
averaged intensity over a circle of 5 um in diameter centered on
the point of indentation (red circle in Figure 2B) was normalized
to the initial baseline signal and plotted as a function of time
(Figure 2C). When larger circles were taken, the change in aver-
aged intensity was smaller; if the whole cell was selected, the local
response was not apparent. When consecutive low load indentations
were performed at the same location on the same cell multiple local
responses were induced (Figure 2A, C).

In the high load regime, which resulted in local membrane rupture
and penetration of the cell (Figure 2D), whole cell [Ca**], elevations
were observed (Figure 2E). When the normalized fluorescence
intensity was averaged over an ellipse surrounding the whole cell
and plotted as a function of time (Figure 2F), it was apparent that
global [Ca™], elevations were transient. When we focused on the
membrane level to directly visualize the closure of the membrane
micro-injury, we observed that it seals within 40-60 s after the stim-
ulation (Figure 2G). It is conceivable that high load indentation may
affect the cell viability. However, in all our experiments, the cell
previously exposed to high load indentation maintained basal cal-
cium levels within normal range for the whole period of observation
(5-30 min), and when directly tested using Trypan Blue exclusion
test, six out of six cells previously indented were viable ~10 min-
utes after high load indentation. Taken together, these data strongly
suggest that the micro-injury induced by AFM probe is reversible
and does not result in cell death.

Page 4 of 16


http://dx.doi.org/10.6084/m9.figshare.1091356

F1000Research 2014, 3:162 Last updated: 03 SEP 2014

Since application of AFM may potentially interfere with fluores- correct the fluorescence traces for reflection artifacts, as well as
cence measurements, we have previously performed in depth analy- photobleaching”. The traces were processed as follows: 1) the re-
sis of the system performance®. We have found that in experiments gion of interest was selected in the digital image; 2) the average fluo-
where local repetitive stimulations were performed, reflection arti- rescence intensity data were extracted and normalized to the initial
facts correlated with cantilever motion represented a significant basal reading to correct for differences in dye loading; 3) the signal
component of the fluorescent signal. We developed a protocol to was corrected for bleaching and reflection artifacts as described
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Figure 1. Mechanosensitivity of osteoblastic cells assessed by atomic force microscopy (AFM). Bone marrow cells were cultured in
the presence of ascorbic acid (50 pg/ml) for 4-6 days to induce osteoblast differentiation or C2C12 cells stably transfected with BMP-2 were
cultured for 2-6 days to obtain osteoblastic phenotype. A, B) Representative images of bone marrow culture on day 5 (A) and C2C12 culture
on day 3 (B) stained for osteoblastic marker, alkaline phosphatase (red). C) Schematic representation of the AFM operation under liquid: the
sample and the tip are submerged and changes in the laser reflection signal due to deflection of the cantilever are monitored. D) Experiments
were performed using a probe with 1 um? tip area; the tip is etched using focused ion beam. E) Schematic representation of events observed
using force-distance curve: a) as the AFM tip approaches the cell, the contact point is evident as increase in force required to move the probe;
b) when the probe indents the cell membrane, the force increases until it reaches the membrane rupture force and the tip penetrates the cell
(apparent by a decrease in the cell resistance); ¢) indentation is continued until a predetermined maximum force is reached, and the probe
retraction is initiated. The retraction curve commonly deviates from the approach curve, reflecting that energy is required for deformation and
penetration of the cell membrane. The maximum force was set to be either below (blue) or above (red) the membrane rupture force. F) The
example force-distance curves from the experiments in which deformation only (blue) or deformation plus penetration (red) were induced.
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Figure 2. Low level membrane deformation induces local Ca? response, whereas deformation leading to membrane micro-injury
induces global elevations of [Ca*]. Osteoblasts generated from C2C12 cells were loaded with Ca®*-sensitive dye fluo4-AM and changes
in [Ca?*], in response to mechanical stimulation were assessed. A-C) The maximum force was set below the membrane rupture force. A)
Representative force-distance curves depicting multiple local indentations of the cell membrane. B) A single cell exhibiting local [Ca?*],
elevation in response to membrane deformation. Magnified below is the region of the cell centered at the indentation point, that demonstrates
the changes in [Ca?*], with time following a single AFM indentation at 5 s. In pseudo-color, black/blue represents low and yellow/white
represents high [Ca®*] levels. C) Representative trace depicting changes in fluorescence intensity in the region shown in red on B, in
response to multiple membrane deformations. D-G) The maximum force was set above the membrane rupture force. D) Force-distance curve
demonstrating the membrane deformation and penetration. E) Micrographs demonstrating global increase in fluorescence intensity following
a single high-load indentation at 6 s (same color scale as in B). F) Changes in fluorescence intensity in the whole cell shown in E following
single indentation with the penetration of cell membrane (indicated by an arrow). G) Magnified region of the cell centered at the high-load
indentation point, demonstrating the transient character of membrane damage.

in?%; 4) the noise was determined as the standard deviation in a lin-
ear portion of the trace, and 5) the [Caz*]i response was deemed
positive when an increase in intensity exceeded four-fold the aver-
age noise. Cells exhibiting spontaneous [Ca**]; fluctuations™ were
excluded from the study.

Characterization of local [Ca?*], responses induced by
membrane deformation

First, we compared the responses in C2C12-derived and primary
osteoblasts. We have found that the low load indentation induced

qualitatively similar responses in the primary and C2C12-derived
osteoblasts (Figure 3A). However, when we compared the percent-
age of cells exhibiting local [Ca*], transients in response to inden-
tation performed at low and high speeds, we found that a higher
percentage of C2C12-derived osteoblasts responded to the mechan-
ical stimulation compared to primary osteoblasts (Figure 3B). In
addition, a higher percentage of C2C12-derived osteoblasts ex-
hibited [Ca**], transients when indented at lower speed compared to
higher speed (Figure 3B). In primary osteoblasts a similar trend was
observed, however it did not reach statistical significance since the
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rate of response was low in these cells. We analyzed in depth the
[Ca*]; responses induced in C2C12-derived osteoblasts by a sin-
gle low-load indentation performed at different speed (2, 10 and 20
um/s). The [Ca**], elevations were further characterized by measur-
ing i) the relative amplitude of the response (with respect to basal);
ii) the duration of the response (the width of a transient at the half
maximum amplitude); and iii) the amount of [Caz*]i (duration mul-
tiplied by amplitude). The speed of indentation did not significantly
affect the amplitude of calcium responses (Figure 3C). However,
indentations performed at low speed induced calcium responses of
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longer duration (Figure 3D) and thus resulted in release of greater
amount of [Ca**], (Figure 3E) compared to indentations performed
at high speed. To analyze if indenting at different speeds delivered
different mechanical stimulation, the force curves were character-
ized by quantifying i) the extent of membrane deformation (the
distance between the contact point and the maximum piezo exten-
sion) (Figure 3F), and ii) the energy spent to deform the cell (the
area between the approach and retraction curves) (Figure 3F, right
scale). No statistically significant difference was observed in these
parameters when different indentation speeds were compared.
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Figure 3. Characteristics of the local Ca? responses. Primary or C2C12 derived osteoblasts were loaded with fluo4-AM and single
indentations were performed at different speeds (2, 10, 20 mm/s). The maximum force was set below the membrane rupture force. A) The
examples of local Ca?* elevations induced by a low level deformation in a primary osteoblast (/eff) and a C2C12-derived osteoblast (right).
B) The percentage of primary (white) or C2C12-derived (black) osteoblasts responding to deformations with local Ca?* elevations. Data are
means = SE, n = 15 for primary osteoblasts, n=10 and 30 for C2C12 osteoblasts deformed at 2 and 20 pm/s respectively, # indicates p<0.05
difference between primary and C2C12-derived osteoblasts, * indicates p<0.05 difference between deformation speeds, assessed by Fisher
Exact Probability test for categorical data. C—-E) Local Ca?* transients in C2C12-derived osteoblasts were analyzed for the amplitude of
Ca? response (C), the duration of Ca®* response (D) and the amount of Ca?* released during the response (E). Data are means + SE; n is
the number of responses from 10 trials: for 2 um/s n = 6, for 10 um/s n = 2, for 20 um/s n = 6, *indicates p<0.05 difference as assessed by
Student’s t-test. F) Force-distance curves were analyzed and the extent of membrane deformation (black, scale on the left) and energy spent
to deform the membrane (white, scale on the right) were assessed. Data are means + SE, n = 5, no significant difference.

We next assessed how the contact time (the net time the probe spent
in contact with the cell during stimulation) affects calcium respons-
es to low-load indentations performed at different speeds. We var-
ied the contact time by increasing by 1 s the time that the tip spent
in the maximally extended piezo position. The reflection of a canti-
lever on the calcium fluorescence recording allows achieving exact
temporal overlay between the fluorescence intensity and the force-
distance curve (as described in’?). The [Caz*]i signal was initiated
when the tip came into contact with the cell and was maximum at
the maximum deflection (Figure 4A, B). When the contact time was
increased by 1 s, the comparable increase in calcium response dura-
tion was observed (Figure 4C). The mean of the response duration

was plotted as a function of the corresponding contact time dem-
onstrating that the average calcium response duration was directly
proportional to the contact time, R* = 0.90 (Figure 4D). We next
assessed if calcium responses of different durations can be induced
in a single cell by varying the contact time (as the piezo extension
time) in consecutive indentations (Figure 4E). We have found that
a single cell exhibited [Ca*], elevations of different durations (Figure 4E,
i-iv, black) when indentations with different contact times (Figure 4E,
i-iv, red) were performed.

Since we have found that repeated low level mechanical stimula-
tions can elicit multiple consecutive responses in a single cell, we
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Figure 4. The duration of the low level deformation determines the duration of the Ca?* elevation. C2C12-derived osteoblasts were
loaded with fluo4-AM and responses to single indentation were assessed. The maximum force was set below the membrane rupture force.
A-C) Examples of Ca?* transients in black (left scale) in response to indentation performed with different contact time. Overlaid are the
cantilever deflection curves in red (right scale). The indentation speed was set to 20 mm/s (A) or 2 mm/s (B, C). For C, the probe was
maintained in contact with the cell for additional 1 s. D) The Ca?* transient duration is plotted as a function of contact time. Data are means +
SE,for0.1sand 1.2sn=4,for0.2sn=2,for 1.0, 1.1 and 2.0 s n = 3. Linear fit is f(x) = 0.98x + 0.60 with R>=0.90. E) A single cell exhibited
[Ca?], elevations of different duration in response to indentations with different contact times. The indentation speed was 20 um/s, the probe
was maintained in contact with the cell for additional /) 0's, i) 0.3 s, /i) 0.7 s and iv) 3 s.

next examined how the exposure to mechanical stimulation affects
subsequent responses of the same cell. Multiple low load indenta-
tions were performed on the same cell with different frequencies,
and [Ca*], changes in response were assessed (Figure 5). We have
found that when cells were stimulated with higher frequency, the
amplitude of the response in consecutive stimulations decreased
(Figure 5A—C). Within each sequence of Ca* responses to the con-
secutive indentations, we normalized the amplitudes with respect to
the amplitude of Ca?* response to the first indentation and quantified
the amplitude decay rate as a slope (o) of the best fit line for the
responses. This slope is negative, representing a decrease in the ampli-
tude, and when multiplied by 100, this slope is expressed as per-
centage decay. We have found that amplitude decay is significantly
higher when cells are stimulated with higher frequencies (Figure 5D).
At different frequencies two parameters are changing — the contact
time, defined as the time the probe spends in contact with the cell,
and recovery time, defined as the time off contact between stimula-
tions. We next specifically varied the recovery time by introducing
a delay of 1 s between consecutive stimulations, and plotted the
average amplitude decay rates as a function of the recovery time
(Figure 5E). An exponential curve with a characteristic recovery
time of 2.00 + 0.08 s was found to be the best fit for the relationship
between the amplitude decay rate and the recovery time. These data
suggest that a refractory period of ~10 s is required for complete
amplitude recovery after low load mechanical stimulation.

Characterization of global [Ca?*]. responses induced by
membrane deformation and micro-injury

When the maximum force was set at 2800 nN (three-fold above the
membrane penetration force), the force-distance curves confirmed
that membrane penetration occurred in all the cells tested. We have
found that qualitatively similar responses were induced in primary
and C2C12-derived osteoblasts (Figure 6A, B), however the response
rate was significantly lower for the primary osteoblasts (Figure 6C).
When the whole cell average fluorescence intensity and the force-
distance curves of individual cells were overlaid in time, we found
that, in contrast to low-load indentation, micro-injury-induced
global [Ca**], elevations were delayed with respect to the maximum
deflection of the probe (which indicates maximum cell penetra-
tion), and reached their amplitude after the tip was released from
cell contact (Figure 6A, B). We assessed [Caz*]i changes induced
in C2Cl12-derived osteoblasts by a single high-load indentation
performed at different speeds (2, 10 and 20 pum/s). There was no
significant correlation between the indentation speed and the ampli-
tude (Figure 6D), duration (Figure 6E) or amount of Ca* released
(Figure 6F) during the responses. The force-distance curve analy-
sis did not demonstrate statistically significant differences in the
extent of membrane deformation prior to the membrane penetration
(Figure 6G), extent of membrane penetration (Figure 6H), energy
spent in deformation, micro-injury and penetration (Figure 6I) or
membrane rupture force (Figure 6J).
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Figure 5. Multiple consecutive low level indentations induce multiple cell responses. C2C12-derived osteoblasts were loaded with fluo4-
AM and changes in [Ca®*], in response to multiple indentations were assessed. The maximum force was set below the membrane rupture
force. A—C) Examples of multiple Ca?* transients in response to consecutive indentations performed at 10 um/s, 0.5 Hz (A), 2 um/s, 0.1 Hz (B)
and 2 pm/s, with a 2 s delay between stimulations, 0.08 Hz (C). The amplitudes of the consecutive responses were normalized with respect
to the first response and the amplitude decay rate o, was determined as the slope of a linear fit to the amplitude-time graph (dashed line). D)
The amplitude decay rates were plotted as a function of the frequency of indentation. Data are means = SE (except for 0.5 Hz), n is a number
of responses from 5 trials: for 0.1 Hz n = 4, for 0.5 Hz n = 1, for 1 Hz n = 4, *indicates p<0.05 difference compared to 1 Hz, assessed by
Student’s t-test. E) The amplitude decay rates were plotted as a function of the recovery time. Data are means + SE (except for 4.8 and 5.8 s),
n is a number of responses from 5 trials: for 0.9 sn=3,for 1.9sn=4,for4.8sand58sn=1,for9sn=4andfor 10 sn = 3. The solid line
represents an exponential fit: f(x) = a exp(-x b)+c with a time constant of b = 0.5s"; 1~2s, RMSE = 0.02 s (R?=0.77).

Contribution of mechanosensitive channels and calcium
stores to elevations in [Ca?®'], induced by membrane
deformation and micro-injury

Since the rise in [Caz"]i can be due to influx from the extracellular
space as well as to release from intracellular stores, we next investi-
gated the contribution of these pathways to membrane deformation
and to micro-injury-induced [Ca*], responses. We analyzed chang-
es in [Caz*]i in response to low-load and high-load mechanical
stimulations in C2C12 osteoblasts maintained in the control Ca*-
containing buffer or in Ca**-free, EGTA (10 mM)-containing buffer
(Figure 7A—C). Both local [Ca2"]i elevations (Figure 7A, B) and
global [Ca*]. responses (Figure 7C) were prevented by the lack of
calcium in the extracellular space. We next inhibited mechanosensi-
tive membrane channels using Gd* (50 uM)"". In the presence of
Gd** both local [Caz*]i transients in response to membrane deforma-
tion (Figure 7D) and micro-injury-induced global [Ca**], responses
(Figure 7E) were prevented. To inhibit the phospholipase C (PLC)-
inositol triphosphate (IP,) pathway leading to calcium release from
intracellular stores, we used PLC inhibitor Et-18-OCH, (5 uM)"".
In the low-load regime, local [Caz*]i transients (Figure 7F) occurred
at the same frequency as in control (Figure 7G), and the amount of
Ca** released during the responses was not significantly affected
(Figure 7H). However, global [Ca**], transients induced by the high-
load stimulation were noticeably smaller in Et-18-OCH,-treated,

but not in vehicle-treated cells compared to control (Figure 71). The
percentage of cells exhibiting global [Ca*], transients in response
to membrane penetration was not significantly affected by Et-18-
OCH, or vehicle (Figure 7). However, the amount of Ca*" released
during the response was significantly decreased in cells treated with
Et-18-OCH, (Figure 7K). These data indicate that mechanosensi-
tive Ca?* channels mediate both local and global responses, while
the intracellular Ca** stores are important for global responses only.

Discussion

In this study, we have examined the ability of individual osteoblasts
to respond to mechanical stimulation applied using AFM. Variable
force load was applied resulting in either membrane deformation
only or in membrane penetration and micro-injury, and changes in
[Ca™]; in fluo-4 loaded cells were analyzed. Qualitatively different
Ca? responses were observed in different force loads. In response
to membrane deformation only, immediate local [Ca*'], elevations
limited to the indentation region were observed. Multiple stimula-
tions of a single cell resulted in Ca** responses of similar amplitude
if a recovery time of more than 2 s between the stimulations was
allowed. The duration of Ca** responses to low-load indentation was
proportional to the duration of deformation. In contrast, micro-injury
induced global Ca®* elevation, which continued to develop after the
removal of the probe and was independent of the duration of indentation.
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Figure 6. The Ca* responses to indentation resulting in penetration are not significantly affected by the speed of the indentation or
the contact time. Primary mouse osteoblasts or osteoblasts generated from C2C12 cells were loaded with fluo4-AM and single indentations
were performed. The maximum force was set above the membrane rupture force. A, B) Examples of Ca?* transients (left scale) in primary
osteoblast (A) or C2C12-derived osteoclast (B) in response to the high-load indentations. Overlaid are the cantilever deflection curves in
red (right scale). C) The percentage of cells that exhibit global Ca?* elevations in primary (white) or C2C12-generated (black) osteoblasts in
response to the high-load indentations performed with different speed of 2 or 20 pm/s. Data are means + SE, n = 25 for primary osteoblasts
and n=10 for C2C12-derived osteoblasts, # indicates a p<0.05 difference between primary and C2C12-generated osteoblasts as assessed
by Fisher Exact Probability test. D-F) Changes in global Ca?* in response to membrane penetration in C2C12-derived osteoblasts were
analyzed for the amplitude of Ca?* response (D), the duration of Ca?* response (E) and the amount of Ca?* released during the response (F).
Data are means + SE, n is the number of response from 10 trials: for 2 pm/s n = 9, for 10 um/s n = 10, and for 20 ym/s n = 9, no significant
difference. G-J) Force-distance curves were analyzed for the extent of membrane deformation (G), penetration depth (H), energy spent to
deform and penetrate the membrane (I) and membrane rupture force (J). Data are means + SE, n = 10, no significant difference.

These data demonstrate that Ca** responses to local membrane defor- used AFM with spherical tip of 10-30 um diameter, which would
mation exhibit threshold properties when micro-injury is induced. deform a 100-fold larger area compared to the pyramidal tip with

1 pm? contact area used in our study. Thus, the extent of horizon-
In our model, micro-injury was required in order to achieve global ~ tal membrane involvement in the deformation may be important
elevations of [Ca**], in the majority of cells. Many techniques used for cell mechanosensitivity. While Xia and Ferrier'' used patch-
to study cell mechanosensitivity, such as fluid flow, substrate strain ~ clamp micropipette with similar dimensions to the pyramidal tip
and pipette indentation, do not allow sufficient resolution to detect ~ used in our study, it has been shown that pipette suction creates

membrane micro-injury. However, a number of studies, in which substantially larger strains compared to AFM micro-indentation'*.
the absence of membrane penetration can be reliably confirmed, Therefore, higher calcium responses observed in the Xia and Fer-
demonstrated that global Ca>* responses can be induced by mem-  tier study compared to our study are in keeping with previously
brane deformation only'"!"”. Several differences in the experimen- demonstrated critical role of vertical membrane deformation in cell

tal setup could account for this discrepancy. Charras and Horton'” mechanosensitivity'’. We have now shown that the duration of Ca**
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Figure 7. The membrane deformation-induced Ca* responses are affected by inhibitors of stretch-activated Ca?* channels and
phospholipase C. C2C12-generated osteoblasts were loaded with fluo4-AM, and single indentations were performed at 2 pm/s. A) Average
local Ca®* transients in response to low-load indentation in Ca®*-containing (blue) and Ca?*-free (10 mM EGTA, red) buffer. Data are means
+ SE. B, C) Percentage of cells exhibiting local (B) and global (C) Ca?* elevations in Ca?*-containing (+Ca?*) or Ca** free (-Ca®*) buffer in
response to low-load (B) or high-load (C) indentation. Data are means + SE, for (B) n = 30 for Ca®*-containing, n = 10 for Ca?*-free; for (C)
n = 10; *indicates a p<0.05 difference as assessed by Fisher Exact Probability test. D) Average local Ca?* transients in response to membrane
indentation in control (blue) or mechanosensitive Ca? channel blocker Gd* (50 pM)-containing buffer (red). Data are means + SE. E)
Average global Ca?* transients in response to membrane penetration in control (blue) or Gd**-containing buffer (red). Data are means + SE.
F) Average local Ca?* responses to membrane indentation in control (blue), vehicle (0.07% ethanol)-containing (green) or PLC inhibitor Et-18-
OCH_,-containing (red) buffer. Data are means + SE. G) The percentage of cells that exhibited local Ca®* elevations in response to membrane
indentation in control, vehicle- or Et-18-OCH_-containing buffer. Data are means + SE, n = 30 for control, n = 10 for vehicle and Et-18-OCH._-
treated cells, no significant difference. H) Average amount of Ca?* released in response to membrane indentation in control, vehicle- or Et-18-
OCH,-containing buffer. Data are means + SE, n = 4-5, no significant difference. I) Average global Ca** elevations in response to membrane
penetration in control (blue), vehicle-containing (green) or Et-18-OCH,-containing (red) buffer. Data are means + SE. J) The percentage of
cells that exhibited global Ca?* elevations in response to membrane penetration. Data are means + SE, n = 33 for control, n = 10 for vehicle
and Et-18-OCH_-treated cells, no significant difference. K) Average amount of Ca** released in response to membrane penetration. Data are
means + SE, n = 8 for control and vehicle, n = 5 for Et-18-OCH -treated cells, *indicates a p<0.05 difference as assessed by Student’s t-test.
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responses is directly proportional to time the cell membrane spends
in deformation. Therefore, it is likely that cell sensitivity to mem-
brane deformation is related to a combined effect of: i) the extent
of the horizontal involvement of the membrane, ii) the vertical
deformation of the membrane and iii) the duration of the deforma-
tion. Mechanosensitive calcium channels were strongly implicated
in generating Ca?* responses to mechanical stimulations in previous
studies'"'7** and were confirmed to provide a critical contribution
to both local and global Ca** responses in our study. Therefore, it
is possible that local intracellular Ca*" acts as an integrating signal
that increases when open channels are more numerous or are acti-
vated longer, until it reaches the threshold Ca?* concentration neces-
sary to induce global Ca*" response. Micro-injury then contributes
to increasing local Ca** levels to threshold concentrations, induc-
ing global response. Once global calcium elevation is triggered, it
proceeds independently of the level of mechanical stimulation, as
suggested by the lack of correlation between the magnitude of
global Ca?* response and mechanical stimulation in our study and
that of Charras and Horton'’. Our data demonstrate that calcium
release from intracellular stores plays an important role in this
process.

‘We identified the refractory periods during which the responses to
subsequent mechanical stimulations were either absent or dimin-
ished in amplitude. This refractory period following membrane
deformation only was relatively short, and the calcium response
was fully reestablished after the recovery time of 10 s. In contrast,
in experiments where micro-injury and global elevation of calcium
were observed, the recovery period was longer than 30 s. Previ-
ously, the refractory periods for global Ca** responses to fluid flow
were reported to be in the order of 600-900 s*°. The presence of
refractory periods is of potential importance, since it was shown
previously, that in order to induce potent osteogenic response,
mechanical loading of bone should be performed as a series of
repeated loading periods separated by the periods of rest’”*. Of
interest, the rest period of 10 s was found to be sufficient to induce
potent bone formation in response to low magnitude mechanical
loading™*’.

Taken together, our study provides new insights into the complex
dynamics of cellular responses to mechanical stimulations. In
contrast to many previous studies of cell responses to mechanical
forces, atomic force microscopy allows very precise control and
monitoring of the physical parameters of the experiment, such as
forces and deformations applied at a single cell level. Using a well-
established readout of cellular response, calcium signaling, allowed
us to identify novel correlates between mechanical stimulation and
cell responses. Such knowledge is important for better understanding

F1000Research 2014, 3:162 Last updated: 03 SEP 2014

of the mechanisms of mechanical loading-induced bone formation,
as well as micro-damage induced bone remodeling.
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The article by Lopez-Ayon et al. compares the calcium (Ca?*) response of osteoblasts to mechanical
forces resulting from 2 types of well-defined micro-damages, namely a local membrane deformation and
a micro-injury. An atomic force microscope is advantageously used to control and modulate these 2 types
of stretching effects. In its present form, the article is already well structured, rich in new experimental
results and easy to read. However, their message would be more complete if authors were considering
the following points.

Major comments

Concerning methodological aspects:
1. Since the probe calibration is very important for AFM measurements, authors should provide more
details concerning this indispensable step. For instance, the method used to determine the spring
constant of the probe is never mentioned.

2. There is a non negligible hydro-drag force applied to the cantilever when it is moved at speed of 20
pum/s. If this aspect is not taken into account, the effective forces applied to cells and the energy
spent to deform the membrane may be overestimated. A comment should be provided concerning
this point.

3. The method used to quantify the Ca2* concentration is based on the analysis of averaged intensity
in a predetermined zone drawn on the images acquired by fluorescent microscopy. So, signal
intensity could depend on the layer which is in focus. The increase in intensity might thus be to the
fact that cell is locally compressed leading to the generation of a calcium flow toward the basal cell
face which is in focus. This additional effect should be appropriately discussed.

Concerning Results and Discussion:

1. The authors write in page 4 that: "When consecutive low load indentation were performed at the
same location on the same cell multiple local responses were induced". This results is indeed
comforted by the calcium concentration images shown at 6 s in Fig 2B. Multiple calcium spots are
visible at 6 s on the non magnified cellular image, suggesting that a local mechanical effect may
induce multiple (and durable) distant yet local effects. Such a mechanically induced signaling at a
distance has been largely described and commented by the group of Ning Wang presently working
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at University of lllinois at Urbana Champaign (e.g., Wang et al., 2009). Clearly a tensed
cytoskeleton plays a key role in such a distant phenomena and using, e.g., cytochalasin D, would
have been of interest to prove that the distant local effects are related to the tensed cytoskeleton.
Authors should at least comment on this interesting result revealed by the local membrane
deformation test. Such an distant effect is not so evident in case of membrane rupture suggesting
(since mechanical effect become global) important modifications for the cytoskeleton between the
two types of stress studied. These distant effects could advantageously be analyzed and
quantified.

2. ltis not clear whether the cells are tested in isolated conditions (like in Fig 2B) or with some degree
of confluence (like in Fig 2E)... In the latter case, mechano-chemical interactions between cells
could play a role in calcium signaling. This point should be clarified all along the paper.

Detailed comments
® Figures 1A, 1B seem to show the culture at higher confluence than 50-70% as used for
experiments.

® The linear fits in Fig. 5 A, B, C don't represent the decay of peaks.

We have read this submission. We believe that we have an appropriate level of expertise to
confirm that it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.
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I've read with interest the manuscript by Lopez-Ayon at el. Overall, | think the authors have done a good
job in characterizing qualitatively the differences in Ca2* responses induced by local membrane
deformation and micro-injury. | particularly liked the measurements involving cyclic membrane
perturbation and inhibition of Ca2* channels and internal store. | think the latter provide a good
understanding on the different origin of the Ca2* released when cells are probed or micro-injured.
Nevertheless, i have a technical concern and some questions that i feel the authors could have discussed
more in-depth in the manuscript:
1. Figure 4c and 4e(iv) show large deviations in the deflection of the cantilever when cells are
indented for longer time periods. Which kind of feedback was used to control the AFM tip position?
It appears as if no deflection feedback was really used, but rather the piezo was kept at constant z.
It seems the system is either drifting, or the cell is changing its mechanical properties (softening) or
its height (shortening) due to the Ca2* release. Could the authors comment on that?

2. The fit obtained from fig 4d could be considered to have a slope of 1 (0.98), indicating an on-off
response. More interestingly, the offset of 0.6s indicates that no matter the duration of the
stimulation (and thus the total Ca2+ released), the time required to recover baseline levels is

constant. Would that be an expected behaviour, or is this the case only because the released Ca2*
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levels are small and very localized compared to the whole volume cell?

3. Inthe discussion, the authors suggest that 'intracellular Ca2* acts as an integrating signal that
increases until it reaches the threshold Ca2* concentration necessary to induce global Ca2+
response'. If that is the case, have they observed any global Ca2* responses when using multiple
cyclic indentations with very short recovery times? Taking into account their results on Ca2*
released for 1 single indentation, could they predict the number (or duration) of small indentations
required to integrate enough Ca?* signal to start a global Ca?* response?

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.
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