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Introduction

It is well known that mechanical force is an important facto
affecting bone adaption and formation. Removal of mechani
stimulation causes reduced bone matrix protein production, m
eral content, and bone formation as well as an increase in b
resorption[1]. Conversely, increased mechanical loading can im/
crease bone formation and decrease bone resor@iornrhere-

Substrate Deformation Levels
Associated With Routine Physical
Activity Are Less Stimulatory to
Bone Cells Relative to
Loading-Induced Oscillatory
Fluid Flow

Although it is well accepted that bone tissue metabolism is regulated by external mechani-
cal loads, it remains unclear to what load-induced physical signals bone cells respond. In
this study, a novel computer-controlled stretch device and parallel plate flow chamber
were employed to investigate cytosolic calcig@®a?*;) mobilization in response to a
range of dynamic substrate strain levels (01D percent, 1 Hz) and oscillating fluid flow

(2 N/m?, 1 Hz). In addition, we quantified the effect of dynamic substrate strain and
oscillating fluid flow on the expression of mMRNA for the bone matrix protein osteopontin
(OPN). Our data demonstrate that continuum strain levels observed for routine physical
activities (<0.5 percent) do not induce G4, responses in osteoblastic cells in vitro.
However, there was a significant increase in the number of responding cells at larger
strain levels. Moreover, we found no change in osteopontin mRNA level in response to 0.5
percent strain at 1 Hz. In contrast, oscillating fluid flow predicted to occur in the
lacunar—canalicular system due to routine physical activities (2 N/rh Hz) caused
significant increases in both &, and OPN mRNA. These data suggest that, relative to
fluid flow, substrate deformation may play less of a role in bone cell mechanotransduction
associated with bone adaptation to routine loaf30148-073(00)01204-§

protein synthesif4—6]. However, the flexible membranes utilized
s substrates in these studies exposed the cells to deformations of
ptween 5-fold and 125-fold greater than observed to occur in
fone during routine physical activity. For example, in humans
ing vigorous exercise, surface strains remain below 0.2 percent
. To apply smaller deformations, some investigators have uti-
lized systems based on bending of rigid substrates such as glass

fore, bone is capable of altering its external shape and interi$ides [8—11. Unfortunately this approach exposes the cells to
structure to support the load bearing demands placed upon it @gnificant fluid shear stress due to the lateral motion of the slide
ficiently. However, the mechanism by which bone cells sense affough the bathing media. This unintended fluid flow is complex
respond to their physical environment, including mechanical loag@hd potentially turbulent in nature. Moreover, an appropriate con-
ing, is still poorly understood. This study is focused on the celldtol is problematic, since rocking or tilting of a control slide is

lar level physical signals induced by external mechanical loadirtlikely to result in the same cellular fluid environment as the

to which bone cells might be responding.

bending slidg9,11]. Owan et al[10] were able to distinguish the

A number of potential physical signals have been investigatedfects of strain from the effects of fluid flow by varying slide
in terms of their ability to regulate bone cell metabolism with thickness. They concluded that, with respect to osteop¢®fN)

vitro culture systems. However, the majority of these experimergxpression, fluid flow was the predominant physical stimulus and
have been criticized for either applying stimulus levels much ithat there was no response to strain levels below 8 percent. The
excess of those occurring in response to the routine bone loadsapproach taken in this study was to utilize a system designed to
for employing mechanical stimulation systems that induce uniapply substrate deformation over a range from 0.1-10 percent
tended physical signals. For example, bone cells are knownwithout exposing the cells to fluid flow.

respond to electric fields; however, the levels of endogenouslyAn alternative to the hypothesis that bone cells respond directly
occurring electric fields have only a modest effé8l. Another to deformation is that they sense loading-induced flow of fluid
possibility is that bone cells directly sense the deformation of thgrough the lacunar—canalicular netwdr,13. To date it has
substrate to which they are attached. |ndeed, substrate defor%\/en impossible to quantify lacunar—canalicular flow magni_
tion has been shown to influence DNA synthesis, second messgfites. However, Weinbaum et di4] predicted that the wall

ger productior{cyclic AMP), release of paracrine factors (PGE  ghear stress levels experienced by bone dellgvo range from

the activity of enzymes important to mineralizatidalkaline g 3 \/n? on the basis of a theoretical model validated with
phosphatase and both collagenous and non-collagenous matrpggpect to the streaming potentiflS]. Smalt et al[15] utilized a
system capable of exposing bone cells to levels of substrate strain
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0.5 percent In contrast, exposure to fluid flow induced bothcytic (MLO-Y4) cells. ROB cells were isolated from long bones
PGE and NO production in osteoblastic cells. However, thesef four-month-old male Fischer-344 rats, as previously described
studies did not address the very early intracellular signaling evd26]. We have demonstrated that cells isolated in this manner
of intracellular calcium (C& ;) mobilization, which may be sen- express characteristics of the osteoblast phenotype. ROB cells
sitive to substrate strain without affecting PG NO production. were cultured in DMEM containing 20 percent FBS and 1 percent
Also, they did not employ a dynamic or oscillatory flow profile penicillin and streptomycin. Osteocyte-like ce(lLO-Y4) [26]
which would be the predominant type of flaw vivo due to the provided by Dr. Lynda Bonewald@University of Texas Health
dynamic nature of routine physical activiti$6] and has been Science Center, San Antoniwvere also tested for dynamic sub-
demonstrated to mobilize (i:a in vitro [17]. strate strain responses. MLO-Y4 cells were cultured in alpha
ca*; is an early response second messenger that plays a rol@adified essential mediuteMEM) supplemented with 5 percent
a number of metabolic pathways, and is typically observed fBS. 5 percent calf serud€S) and 1 percent penicillin and strep-
increase dramatically within seconds of stimulation. As a secof@Mmycin. In the stretch experiments ROB and hFOB cells were
messenger, G4, transduces extracellular changes., first mes- 9rown on fibronectin-coated silicone membrarigtexcell Inter-
sengey to the cell interior and potentially to the genome, and i§ational, Hillsborough, NCto enhance adhesion. MLO-Y4 cells
important in the regulation of cellular metabolism.?Gamobili-  Were cultured on type | collageirlexcell International, Hillsbor-
zation in response to steady fluid flow in bone cells has be@{9N: NO, which is required to maintain the osteocyte-like phe-
studied [18], but not in response to substrate strain at leveROYPe[26]. For the flow experiments, bone cells were cultured on
known to occur during routine physical activities. We have takef/artz glass slides (76 mx26 mmx1.6 mm) for calcium imag-

an approach that allows us to distinguish the effects of dynan]lé @nd on normal glass slides (75 88 mmx1.0 mm) for os-

substrate strain from those of fluid flow by applying precisel§}3°p°m'n studies.
controlled, varied dynamic substrate strain levels, without inducedpynamic Substrate Stretch Device. Our dynamic substrate
fluid flow. deformation apparatus consisted of a coated silicone membrane
In addition to C&"; , we chose also to quantify mRNA levels ofand a computer-controlled ZETA 6104 motor-driven micrometer
the osteopontifOPN) gene in response to substrate deformatiogParker Hannifin Corp., Rohner Park, CAne end of the mem-
and fluid flow. OPN is characterized as one of the predominaptane was fixed to the microscope stage and the other end was
noncollagenous proteins that are accumulated in the extracellahnected to a micrometéFig. 1). The motor can be accurately
matrix of bone in a wide variety of vertebratg9,20. OPN is positioned within 1um under computer control to apply the de-
also believed to be an important factor associated with bone kred dynamic strain. Dynamic strains consisted of a triangle
modeling caused by mechanical stréssvivo [21]. In several waveform ranging from zero to maximal tensile strain at 1 Hz.
recent studies expression levels of mRNA for OPN were shown 8rains in the substrate were verified by tracking optical markers
be modulated in response to mechanical stimulation of bone cealisconfirm that the substrate was accurately deformed. Cells were
in vitro [6,22,23. However, these data were obtained with appliegultured on the precoated membranes within a plastic ring filled
strains_in_excess of those expected to occur during routine phygith medium (Tyrode’s solution with 2 percent FBShat mini-
cal activities. mized the fluid flow during dynamic stretch. The whole dynamic
In this study we exposed bone cells to controlled levels of dgtretch device was placed on the stage of a Nikon Diaphot in-
namic substrate strain ranging from 0.1-10 percent at 1 Hz in therted microscope equipped for epifluorescence and computer im-
absence of induced fluid flow and also to oscillating dynamic fluigge acquisition.
flow expected to occur due to routine physical activities in the Fluid flow levels induced by our dynamic stretch apparatus
absence of substrate strain. In order to ensure that our findings @&&e extremely low. For instance, 1 percent strain in our appara-
not an artifact of our cell culture model, we employed a variety gf;g only creates 0.0001 Nfmaverage wall shear stref27] and
bone cell types including human osteoblastic céiBOB), pri- oy data suggest that there is no2Garesponse for such low

mary cultures of rat osteoblastROB), and osteocytic cells |gyels of shear stress. Likewise, 0.68 mm microscope slides were
(MLO-Y4). In terms of biological outcomes, we quantified realyjized in the flow experiments to eliminate substrate

time changes in G4; and steady-state MRNA levels for the OPNjeformation.

gene. Our experimental design addresses several significant un-

studied questions including: the dose response relationship beFluid Flow Device. A parallel plate flow chamber was used
tween dynamic substrate strain and?Ga whether C4'; is af- to apply fluid flow[17]. The design was modified from I_:rangos
fected by dynamic substrate strain levels expected to occur durfg?l-[28] to accept the UV transparent quartz glass microscope
routine physical activities; how this response compares with tigdes required for fluorescent imaging. The flow rate was quanti-
response to levels of dynamic lacunar—canalicular fluid flow efi€d with an ultrasonic flowmeteransonic Systems Inc., Ithaca,
pected to occur during routine physical activities; and how thed¥)- Details of the chamber and the computer-controlled dynamic
two physical signals independently affect OPN mRNA levels.

Materials and Methods Cols  Micrometer Motor

Cell Culture. Human fetal conditionally immortalized osteo- Silloone:Membxaria 7 N
blastic cellsthFOB 1.19 [24] were employed in this study. These - ‘“—x‘ L= {€—» ||
cells were transfected with a temperature-sensitive promoi N T :
linked to the SV40 gene such that the gene is expressed at 37 :
and expression is inhibited when the cells are cultured at 39.5° /
hFOB cells were grown in Dulbecco’s modified Eagle mediur Microscope Stage ﬁ
(DMEM) with nutrient mixture F-12DMEM/F12, Gibco, Gaith- Shledivaliang
ersburg, MD supplemented with 10 percent fetal bovine serur., d
(FBS and 1 percent penicillin and streptomycin at 37°C. Befor
experiments, hFOB cells were transferred into a 39.5°C incubalogi. .o -« membrane and a computer motor-driven micrometer
for 24 hours to express characteristics of mature osteol24kS e end of the membrane was fixed to the microscope stagé
To confirm that our dynamic substrate strain responses were Baj the other end was connected to the micrometer. Cells were
an artifact of the behavior of the cell line, we also utilized primaryultured on the precoated membrane and a plastic ring filled
cultures of rat subperiosteal osteoblastic céR©OB) and osteo- with medium was placed on the membrane.

ig. 1 Schematic of the substrate stretch device consisting of
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flow delivery system are given in Jacobs et[adl7]. For calcium ing magnitudg0.5 min no stretch period followedyta 3 minrest
studies, the rectangular fluid volume measured 38xiath mm period then 10 percent strain, rest, 5 percent, rest, 1 percent, rest,
%x0.28 mm. A larger flow chamber with a rectangular fluid vol0.1 percent and then rgsfor flow experiments, basaCa"];

ume of 56 mnx24 mmx0.28 mm was employed for OPN studiesyas sampled for 0.5 min followed by fluid flow onset.

to increase the mRNA yield. . ) o )
Osteopontin mMRNA Analysis. Quantitative real-time reverse

Calcium Imaging. Intracellular calcium ion concentration transcription PCR(QRT RT-PCR was employed to quantify
([C&"];) was quantified with the fluorescent dye fura-2. Fura-8teady-state osteopontin mRNA levels. This technique is based on
exhibits a shift in absorption when bound to calcium such théte detection of a fluorescent signal produced by an OPN-specific
emission intensity when illuminated with ultraviolet light at aoligonucleotide probe during PCR amplification. The RNeasy
wavelength of 340 nm increases with calcium concentration, aiMini Kit (Qiagen, Inc., Valencia, CAwas used to extract total
decreases with calcium concentration when illuminated at 38NA. Briefly, cells were washed with PBS, lysed, and homog-
nm. enized using the QlAshredder mini colunfi@iagen, Inc., Valen-

Preconfluent80 percentcells were washed with Tyrode’s so-cia, CA). After binding to the RNeasy column, total RNA was
lution at 37°C(39.5°C for hFOB, which contained 140 mM eluted with RNase-free water and collected. The osteopontin
NaCl, 4 mM KCI, 1 mM MgCh, 2 mM CaC}, 5 mM N-2- mRNA level was determined by using quantitative real time RT-
hydroxyethylipiperazine-N-2-ethanesulphonic acid and 10 mMCR (Prism 7700 Sequence Detector, Applied Biosystems, Frost
glucose, titrated to a final pH of 7.4 with 4 mM NaOH. Cells wereCity, CA). The fluorogenic oligonucleotide probe for human os-
then incubated with uM fura-2-acetoxymethyl estéMolecular teopontin was 5-CGC CGA CCA AGG AAA ACT CAC TAC
Probes, Eugene, QRsolution for 30 min at 37°Q39.5°C for CA-3' (Synthetic Genetics, San Diego, CAThe forward and
hFOB). The cells were then washed again with fresh Tyrodei®verse PCR primers were 5-TTG CAG CCT TCT CAG CCA
solution prior to experiments. A-3’, and 5-CAA AAG CAA ATC ACT GCA ATT CTC-3,

Cell ensembles were illuminated at wavelengths of 340 and 388spectively{29]. Relative changes in the levels of OPN mRNA
nm in turn. Emitted light was passed through a 510 nm interfeand 18S rRNA were quantified 72 hours after mechanical
ence filter and detected with an ICCD cam@rdernational LTD., stimulation.

Sterling, VA). Images were recorded at a rate of one every second . .
and analyzed using image analysis softw@letafluor; Universal Da_ta Analy5|§. We used a _numerlcal procedL_Jre fror_n me-
Imaging, West Chester, BACalibration ratios were obtained us_chanlcal analysis, known as Rainflow cycle counting, to identify

ing fura-2 in buffered calcium standards supplied by the manufa%aldum oscillations[17_,3q_. Br_iefly, t_his te_chnique identifies
turer (Molecular Probes, Inc., Eugene, OFBasal[C&']; was complete cycles or oscillations in the time history data even when
’ " ’ I

sampled for 0.5 min followed by cyclic mechanical stretch. Wéheé/. are su_pﬁnmzosed upog;aich other, and :cherefgre Ii:an bedused
first induced dynamic strains of 0.1 percent for 0.5 min foIIoweBo_ istinguish and quantify li responses from backgroun

by a 3 minrest period then 1 percent strain, rest, 5 percent, re§gise. We defined a response as an oscillatigiCit J; of 20 nm

10 percent, and then regfig. 2). The dynamic stretch was ap-Of greater. Base lineC&]; data were recorded for 0.5 min fol-
plied as a triangle wave at a frequency of 1 Hz. Also note that thwed by application of desired dynamic substrate strain or fluid
corresponding strain rates were 0.2 percent/s, 2 percent/s, .

percent/s, and 20 percent/s, respectivélga* ], images were Data were expressed as mearSEM. To compare observa-
ons from different dynamic substrate strains, a two-sample Stu-

collected during the no-stretch rest period only. To negate aﬂ i ] g -
possible cumulative effect on tfi€a" ], responses of the differ- ent'st-test was used in which sa_mple variance was not assumed
' be equal. To compare observations from more than two groups,

ent dynamic strains, we also applied the strain in order of decredd . -
a one-way analysis of variance was employed followed by a

Student—Newman—Keuls multiple comparisons post-hoc(lest
stat, GraphPad Software, Inc., San Diego,) J#<0.05 was con-

. sidered statistically significant.
11 { 1Hz dynamic stretch for 30 sec.
_ Results
9 - Ca’*; Responses to Different Substrate Strains. Typical
cell C&*, responses are shown in Fig. 3. The fraction of hFOB
< 7
é 1 0.1 7
£ 5
© i
= 0.08 -
w —
3 - =
= 0.06 -
1 n 5
L 0.04
[
-1 (&)
0 5 10 0.02 -
Time (min) 0
Fig. 2 Membrane stretch pattern. We first induced dynamic 0.5 1.5 2.5
strains of 0.1 percent for 0.5 min followed by a 3 min rest period Time (min)
then 1 percent strain, rest, 5 percent, rest, 10 percent, and then ]
rest. The order of strain levels was also reversed. The strain Fig. 3 An example of the hFOB cell [Ca?*]; response traces
waveform was a triangle wave and the frequency for all strain obtained for oscillating flow (2 N/m?, 1 Hz). Note that the arrow
experiments was 1 Hz. depicts the onset of flow.
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Fig. 4 Fraction of hFOB cells responding with an increase in [Ca?*]; at different substrate strains and the mean

response amplitude. 0.48 =*0.48 percent, 1.31 +0.64 percent, 2.34 =0.96 percent, 3.36 =1.18 percent and 8.15 +0.95 per-
cent of hFOB cells responded for no stretch, 0.1, 1, 5, and 10 percent strain, respectively. Mean response amplitudes of

hFOB cells were 37.53 +6.83, 45.60+10.81, 41.68+14.00, 39.63+6.32, and 50.57 +£9.91 nM for no stretch, 0.1, 1, 5, and 10
percent strain, respectively. The data were obtained from six individual experiments and a total of 246 cells. (* repre-
sents statistically significant difference (p<0.05) from other four groups, no stretch, 0.1, 1, and 5 percent strain ).

cells responding with an increase inCaat different substrate
strains is shown in Fig. 4. The data were obtained from six indi-
vidual experimentgslides and a total of 246 cells. The percent-
age of cells responding to substrate strain levels expected to occur
during routine physical loadin(.1 percent, 1 Hzwas not statis-
tically different from the percentage of cells exhibiting spontane-
ous C&"; transients during the nonstretch control peridd31
+0.64 percent and 0.480.48 percent, respectivgly When

5 1 strains were increased to 1 percent and 5 percent, the percentage
of cells responding increased to 2:38.96 percent and 3.36
. -__ +1.18 percent, respectively. However, these changes were not

significantly different from the nonstretch control period. At a

-
(3]
1

10 -

% Cells Responding

0 - . - "
10% 5% 1% 0.1% strain of 10 percent, the percentage of cells responding increased
Stretch Strain  Strain  Strain  Strain to 8.15+0.95 percent, which was significantly greater than all the
other strain levels §<0.05). Mean response amplitudes are
Fig. 5 Fraction of hFOB cells responding with an increase in shown in Fig. 4. The amplitudes of 375%.83nM, 45.60
[CaZ*]; at the reversing ordering of application of the various +10.81nM, 41.6814.00nM, 39.636.32nM, and 50.57
substrate strains. 1.16 +0.32, 9.40+1.46, 4.57+0.50, 3.40 =*=9.91nM (p>0.05) were not statistically different from one an-
+0.22, and 1.90%0.29 percent of hFOB cells responded for no other. The fraction of hFOB cells responding with an increase in
stretch, 10, 5, 1, and 0.1 percent strain, respectively. The data Ca*, to the reversed order of strain application is shown in Fig. 5.
‘é‘gec‘;ﬁtsa'“gd rferggsfgﬁtrs'ns(fgvt'igﬁg;fyxg‘?ém?crgﬁta(?i?feietﬁg of (0 10 percent dynamic strain still induced statistically significant
. h .
<0.05) from other four groups, no stretch, 5, 1, and 0.1 percent C&", responses compared with all other cases. The results for
strain ).
*
o 15 - o 15
= R *
k<] =
5 g
2 10 - Q 10
g g
12 (12
] L]
= 5 2 |
8 8 °
R R
0 - 0 1l efm  elm
No 0.1% 1% 5% 10%
A ' ’ ; No 0.1% 1% 5% 10%
St : .
Stretch  Strain Strain Strain rain Stretch  Strain Strain  Strain  Strain
Fig. 6 Fraction of cells responding with an increase in [Ca?*]; at different substrate strains for ROB cells (left) and

MLO-Y4 cells (right ). 0.45+0.45, 0.35%+0.35, 2.85+0.79, 3.30%+0.90, and 12.46 +1.91 percent were the percentages of ROB
cells responding for no stretch, 0.1, 1, 5, and 10 percent strain. Only the response for 10 percent strain was significantly
different from those of four other cases. The results for ROB cells were from six individual experiments that contained

total 293 cells. The percentages of responding MLO-Y4 cells were 0.39 +0.39, 0.48+0.48, 2.72+1.04, 3.55*+1.15, and
9.53+2.17 percent for no stretch, 0.1, 1, 5, and 10 percent strain. The response of 10 percent strain was significantly
different from those for 0.1, 1, and 5 percent strain. Six individual experiments had total 227 MLO-Y4 cells. (* represents
statistically significant difference (p<0.05) from other four groups, no stretch, 0.1, 1, and 5 percent strain ).
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+0.12 (h=3). However, oscillating fluid flow increased the os-
teopontin mRNA level nearly 100 percefit.95+0.40, n=2)
relative to nonstretch controls.

N w
(6] o
' '

N
o
L

Discussion

Whether mechanical adaptation of bone occurs as a direct re-
sponse to strain, or indirectly as a response to strain-induced fluid
flow remains a controversial subject. A number of studies of the

T biological effect of strains above 0.5 percent can be found in the

o o,
._i

% Cells Responding

[é)]
L

0 . , literature [4—6,31. However, there are few studies restricted to
the effects of strain levels expected to occur due to routine me-
0.5%, 1Hz Osc. Flow 8 . . ;
Str/:tch (2 Nim21.0 Hz) chanical loading(strain <0.5 percen{7,10,15). In this study a
novel, precisely controlled membrane stretch device was em-
Fig. 7 Fraction of cells responding with an increase in [Ca?*], ployed to assess the response of osteoblastic cells to varying me-

to dynamic substrate strain (0.5 percent, 1 Hz ) and oscillatory chanical stralns(O.l—l_O percen_t, 1 Hzwithout inducing ﬂu'd_
flow (2 N/m? 1 Hz) for hFOB cells. The percentage numbers flqw. The effect of oscillatory fluid flow on bone cells was studied
were 2.24+1.28 percent for dynamic strain and 12.30 +1.88 per-  With a parallel plate flow chamber systdt7] at levels expected
cent for oscillating flow. The total cell numbers for strain and to occur in the lacunar—canalicular system due to routine physical
flow were 122 and 332, respectively. activity. These two methods give us the ability to separate the
effects of substrate deformation from those of fluid flow. Focusing
on physical signals that may occur due to routine physical activi-
ties is critical to fully understanding the mechanism of mechan-

| otransduction in bone celia vivo.
< 3 Our data demonstrate that continuum strain levels observed to
<|Z 25 | occur in bone during routine physical activities do not induce
gl © C&"; responses in human osteoblastic céliEOB), primary cul-
E Z o T tures of rat bone cell$ROB) or osteocytic cellyMLO-Y4) in
£lo vitro. There was no significant differenc@>0.05) in the per-
g 8 15 centage of cells responding in the no stretch period compared with
218 0.1 percent substrate strain at 1 Hz for all three cell types. Larger
S|E 1 T strains(1-5 percentinduced responses only in approximately 5
Elo percent of total cells, which were still not significantly different
?[§5 0.5 from control (p>0.05). When the strain reached 10 percent, the
= number of cells exhibiting a G4, response increased signifi-
0 2 NimZ 1H cantly. The difference between 10 percent stretch and all other
0.5% Stretch Os(r:n FIOWZ situations(no stretch, 0.1 percent, 1 percent or 5 percent stretch

was significant p<<0.001). The results of hFOB cells responding
Fig. 8 The relative hFOB cell osteopontin mRNA level change Wlth_ an |nqrea_se I_n _Géi to the reversed order of application .Of
in response to physical stimuli: substrate deformation 0.99 strain application indicate that the ﬁaresponses for each strain
+0.12 (n=3) and oscillating fluid flow 1.95 +0.40 (n=2). The level were independent and not cumulative. We observed differ-
mRNA level was measured 72 hours after stimulation. ences in C&'; responsiveness, in terms of the fraction of respond-

ing cells, which were not paralleled by response amplitude. Thus,

there was no relationship betwep@a"]; oscillation amplitude

and the magnitude of substrate stretch. This suggests that the bone
ROB and MLO-Y4 cells exposed to varying levels of substrateell Ca"; response to substrate deformation is an all-or-none re-
strain were similar to that obtained for hFOB cell§ig. 6). As sponse and that bone cell sensitivity to loading intensity is ex-
with the hFOB cells, a statistically significant response was fourffessed in terms of the number of responding cells rather than
only for a 10 percent strain. The mean response amplitudesf;- 1 c2+], oscillation amplitude. This is consistent with obser-
ROB and MLO-Y4 cells were not significantly different for all . o . . .

vations of the C&"; response of bovine aortic endothelial cells
casegdata not shown . i .

[32], articular chondrocytef33] and bone cell§17,1§ to fluid

flow. Our data support the concept that there may be a threshold

Ca?*, Responses to Routine Substrate Strains and Oscilla- for bone cell response to substrate stiainitro, and are in agree-

tory Fluid Flow. The levels of substrate strain and oscillatorynent with the conclusion of Owan et 4L0], that this threshold
fluid flow associated with routine physical activity were obtaine@Ppears to be between 5 and 10 percent. Our results are also
from the literaturg 7,13). The results for hFOB cells are given inconsistent with previous studigé—6,31, which employed strain
Fig. 7. As in the previous experiments, the number of cells tha Or above 5 percent. Howeven, vivo data[7] have shown that
responded to strains of 0.5 percent at 1 Hz was not significanfightinuum bone tissue strains remain less than 0.5 percent under
different from no-stretch control. In contrast, there was a signiffoutine conditions of physical activity. Indeed, tissue strains in

cant (p<0.05) increase in the percentage of cells responding &¥cess of this level are associated with tissue failure. High strain
oscillatory flow (2 Nin?, 1 H2). magnitudeg5 percent and highgcan occur in pathologic condi-

tions such as fracture. Thus bone cell mechanotransduction may
Osteopontin mRNA Level. Osteopontin mRNA levels in involve two distinct pathways. The first pathway would play a

hFOB were quantified in response to 0.5 percent substrate straingi in bone tissue adaptation and homeostasis and would be me-
1 Hz and oscillating fluid flow at 1 Hz, resulting in a wall sheatliated by loading-induced oscillating fluid flow as a cellular
stress of 2 N/rA utilizing QRT RT-PCR. There was no statisti-physical signal, but not substrate stretch. The second pathway
cally significant change in osteopontin mMRNA level in response toould be activated in fracture healing and repair and involve di-
0.5 percent stretckFig. 8 compared to nonstretch controls. Therect cellular sensitivity to large substrate deformation.
relative change in hFOB osteopontin mRNA level was 0.99 In addition to substrate strain, mechanical loading of bone tis-
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sue has been shown to increase fluid flow through the lacundivities, no direct experimental quantification of lacunar—
canalicular spacef34]. Therefore, in addition to examining thecanalicular flow currently exists in the literature. We have based
dose response of bone c@lC&']; to substrate strain, we alsoour applied flow regime on the best currently available scientific
quantified the[C&*], and OPN mRNA responses to substrat@Vid(?n?e- Specifically, our rovy protocql is based on theqretical
strain relative to fluid flow regimes expected to occur due to typRredictions that have been validated with respect to experimental
cal physical activities. Lacunar—canalicular flow occurs due fheasurements of flow-induced streaming potential3j. Also,
two phenomena, arterial pressure that leads to steady flow, &Htf 0 the two different experimental apparatuses utilized in this
mechanical loading that leads to oscillating flow. Loading-inducetiudy: the substrates upon which cells were cultured were differ-
fluid flow is oscillatory due to the cyclic nature of the appliedEm between dynamic substrate stretc.h and fluid flow experiments.
loads. When load is applied to bone, fluid flows from regions df the hFOB and ROB stretch experiments the substrate was fi-
relative high strain to regions of low relative strain, and revers&§onectin coated silicone membranes versus uncoated quartz glass
direction when the load is remové@s]. In this study, oscillating 1" the flow experiments. However, both publishiad] and un-
fluid flow resulting in a wall shear stress of 2 Nfrpplied at 1 published experiments in 9‘” Iabo_rr_:lt_ory havz_e not fou_nd a S_'gn'f"
Hz induced C&"; responses that were similar to those for 162Nt effect on bone celCa" ], sensitivity of a fibronectin coating
percent dynamic substrate strain at 1 Hz. Furthermore, dynanfgSUs uncoated quartz glass slides. All MLO-Y4 experiments
strain at 0.5 percent and 1 Hz did not alter OPN mRNA level, b ere conduqted with type | c.ollagen coated substrates to maintain
oscillating flow almost doubled the level of OPN mRNA. Further- 1e osteocytic pher}otype. Finally, the wavgforms of t.h‘? two de-
more, these results are consistent with the findings of Harter et yfes were subtly different due to the technical capabilities of the

. ) 0 systems. A triangle wave was utilized in the strain experi-
[22] and Toma et al[6] who found osteagenic changes in OF)'\PNents and a sine wave utilized in the flow experiments.

expression only for strains in excess of 1 percent. Although the
P y P ’ 9 In summary, using our novel substrate stretch device and fluid

responsiveness of bone cells to steady flow has been Tepo”e%‘v)v chamber, we have been able to elucidate the effects of sub-
be greater than that to oscillatory flgw/7], oscillatory flow is the '

predominant flow regimen vivo [16]. Moreover, reiative to rou- strate deformation and fluid flow on bone cells independently.

tine dynamic strain levels, our data suggest that routine Ievels-n?is study represents the first published results for the dose-
y ’ 99 résponse effect of dynamic substrate strains on cytosolic calcium

o_scillating fluid ﬂ(.)W may be more st!mulatory to bone cells, POSh0bilization and oscillatory fluid flow on OPN mRNA levels. Our
sibly because fluid flow may result in more cellular deformatloaata suggest that the continuum levels of dynamic substrate strain

théf‘rr;]issusbtit(;atﬁasstrgg&ed on determining the aspects of the ph observed to occur due to routine physical activities do not increase
y 9 p p 'az*]i or OPN mRNA levelsin vitro. However, a fluid flow

cal environment of the cell involved in the response of bone tiss Sgime predicted to occur due to routine physical loading in-
to routine mechanical loading. Two biological outcome variables

+71. ;
were quantified, G&; mobilization and osteopontin mRNA level. Creased botfiCa"]; and OPN mRNA levels. Therefore, relative

2t i biqui q h | b to fluid flow, substrate deformation may play less of a role as a
i » IS a ubiquitous second messenger that controls a numbet oo signal in bone cell mechanotransduction of routine

cellular responseg36—38, and, as such, may have an importanﬁading_
role in the mechanotransduction mechanism for bone cells

[17,18,39,40 In addition, C&", mobilization is one of the earliest
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