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Dynamic cell stretching increases human osteoblast proliferation
and CICP synthesis but decreases osteocalcin synthesis and

alkaline phosphatase activity
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Abstract

The cell activity of human-bone-derived cell cultures was studied after mechanical stimulation by cyclic strain at a magnitude
occurring in physiologically loaded bone tissue. Monolayers of subcon#uently grown human-bone-derived cells were stretched in
rectangular silicone dishes with cyclic predominantly uniaxial movement along their longitudinal axes. Strain was applied over two
days for 30 min per day with a frequency of 1 Hz and a strain magnitude of 1000 lstrain. Cyclic stretching of the cells resulted in an
increased proliferation (10}48%) and carboxyterminal collagen type I propeptide release (7}49%) of human-cancellous bone-derived
osteoblasts while alkaline phosphatase activity and osteocalcin release were signi"cantly reduced by 9}25 and 5}32%, respectively.
These results demonstrate that cyclic strain at physiologic magnitude leads to an increase of osteoblast activities related to matrix
production while those activities which are characteristic for the di!erentiated osteoblast and relevant for matrix mineralization are
decreased. ( 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Since Wol! (1892) proposed that mechanical stress
governs trabecular bone remodeling the importance of
mechanical loading has become more and more recog-
nized for therapeutic usage with regard to prevention and
treatment of osteopenias (Aloia et al., 1978; Krolner et al.,
1983), an acceleration of delayed fracture healing (Ken-
wright and Goodship, 1989) as well as tissue adaptation
in healthy bone (Frost, 1992; Lanyon, 1984; Lanyon et
al., 1982; Lanyon and Rubin, 1984).

The ability of bone tissue to functionally adapt to the
mechanical environment depends on the property of
bone cells to model and remodel bone architecture in
response to mechanical strain. The responsiveness of
bone-derived cells to mechanical strain has been con-
"rmed by several in vitro investigations (Binderman et
al., 1988; Brighton et al., 1992; Brighton et al., 1991;
Harell et al., 1977; Hasegawa et al., 1985; Jones et al.,
1991; Murray and Rushton, 1990; Neidlinger-Wilke
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et al., 1994; Somjen et al., 1980; Yeh and Rodan, 1984). In
summary the results indicated that mechanical stimuli
elicit the proliferation of bone-derived cells and it is
assumed that under suitable mechanical conditions
matrix production by increased number of bone cells
and/or matrix synthesis leads to an increased bone mass
in response to mechanical loading.

Structural adaptations provided by modeling and re-
modeling activities seem to depend on threshold ranges
of mechanical usage or corresponding strains or stresses.
Frost (1992) has described a window of mechanical usage
which is de"ned by an upper boundary (1500 lstrain),
called the minimum e!ective strain above which bone
will undergo modeling and change its structure to reduce
the local strains and a lower threshold (50 lstrain) below
which bone tissue will be resorbed until the local strains
are increased. These speci"cations are based on strain
data of Lanyon et al. (1975), who recorded strains of
400 lstrain during normal walking by "xing rosette
strain-gauges to human tibial shafts. During strenuous
activities strains may be of the order of more than
3000 lstrain (Burr et al., 1996).

Actually, it is not known which type of bone cell is
activated by mechanical loading. Bone turnover results
from the activity of osteoblasts and osteoclasts, both
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acting on the surface of bone tissue. Osteocytes are the
cells within bone tissue and bone lining cells covering the
resting bone surface. Cell-to-cell communication within
the osteocytic network has been postulated as a critical
component of extracellular signal transduction (Burger et
al., 1995; Klein-Nulend et al., 1995a; Schirrmacher et al.,
1992). Most studies on signal transduction have been
done on osteoblasts. Therefore, any conclusion regarding
the contribution of osteocytes to the mechanoperception
must be extrapolated from studies on osteoblasts. We
used an established human osteoblast cell culture system
to determine mechanical e!ects on bone adaptation
(Robey and Termine, 1985). We do not know whether
osteoblasts and osteocytes have similar mechanosensory
systems. However, although responding di!erently, both
phenotypes have been shown to be sensitive to mechan-
ical stimuli (Klein-Nulend et al., 1998,1995b; Price et al.,
1997) probably because of their close relationship.

Previous cell culture experiments clearly demonstrated
that dynamic cell stretching at 10.000 lstrain stimulates
osteoblast proliferation (Neidlinger-Wilke et al., 1994). In
the same study, strain magnitudes between 10 000 and
88 000 lstrain either did not a!ect or decreased the
proliferation of human osteoblasts. We therefore expect
the optimal strain magnitude for cell growth stimulation
at even lower levels.

In the present study we investigated whether bone
formation by human osteoblasts in vitro is stimulated at
low strain levels. Further, we wanted to identify those
bone cell activities which are dependent on mechanical
strain and responsible for an increased bone formation in
reaction to mechanical loading. For this purpose we
measured the e!ect on cell proliferation by cell counting
and matrix formation by assessment of collagen type
I carboxyterminal propeptide (CICP). This propeptide is
split o! from the collagen molecule before it is attached
to the growing collagen "bril. The release of CICP corre-
lates with the amount of new formed collagen (Par"tt et
al., 1987) and is therefore a marker for collagen synthesis.
Matrix maturation was determined by the measurement
of alkaline phosphatase (AP) activity and mineralisation
was assessed by the measurement of osteocalcin (OC)
release.

2. Methods

2.1. Cell stretching system

The cell substrate consists of rectangular, optically
clear, elastic culture dishes, molded of a two-component
silicone elastomer. The dishes were designed for use in
a six station stimulation apparatus and have a cell cul-
ture surface area of 60]30 mm2. The suitability of the
dishes for cell cultures has been shown in a previous
study (Neidlinger-Wilke et al., 1994). Brie#y, the medium

conditioned silicone substrate reduced cell proliferation
by 20% compared to commercially available cell culture
dishes, but the impairment of synthetic behaviour or cell
morphology has been excluded.

For the application of strains at physiological levels
a 4-point bending device (Bottlang et al., 1997) was used.
Monolayer cell cultures on silicone dishes were subjected
to cyclic, homogenous stretching by 4-point bending
driven in a sinusoidal strain cycle pattern using computer
controlled electromagnetic linear actuators. Holographic
interferometry measurements con"rmed uniform strain
distribution.

2.2. Cell culture system

Osteoblast cultures derived from bone samples were
taken from the tibia or femur of healthy patients between
28 and 81 years of age undergoing surgery for fracture
repair (Table 1). Immediately after explantation the bone
samples were placed in 0.9% NaCl solution, cooled to
43C and used within 3 h. Bone cell cultures were estab-
lished as described by Neidlinger-Wilke et al. (1994).
Some passages did not provide enough cells to perform
an experiment. Therefore, we did not use the same pas-
sages for each of the "ve di!erent experiments but used
the second, third or fourth passage. The cells were cul-
tured and stimulated in 5% CO

2
at 373C and saturation

humidity.
Bone cell isolation was made in Ca2`-reduced Dul-

becco's Modi"ed Eagle Medium (DMEM) to inhibit
"broblast growth. Osteoblastic phenotype was assessed
by alkaline phosphatase activity and osteocalcin release.

2.3. Stimulation design

Before cell seeding dishes were conditioned for one
week with DMEM supplemented with 20% fetal calf
serum (FCS) (lot. 264E) to build a protein layer on the
surface of the culture dish. Cells were seeded at a density
of 10 000 cells/cm2 in 5 ml DMEM supplemented with
10% FCS, penicillin (100 U/ml) and 1% L-glutamine (all
compounds from Biochrom, Berlin, Germany) and main-
tained for 3 days until subcon#uent cell density (65}75%
con#uence) was reached. Then FCS concentration was
reduced to 2%. 24 h ("t

0
) and 48 h after serum reduc-

tion cyclic strain was applied. We used a magnitude of
1000 lstrain and a frequency of 1 Hz because these con-
ditions are postulated to be physiological (Frost, 1992;
Goodship and Kenwright, 1985). From preliminary ex-
periments 1800 cycles proved to be suitable for this
investigation (unpublished data). Unstimulated cultures
were used as controls. 48 h after the last stimulation cycle
the assessment of biochemical marker was performed.
We used, respectively, 6 culture wells (3 stimulated and
3 controls) for the analysis of the various cell activities
(Fig. 1).
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Table 1
Data of osteoblast donors and cell populations

Exp. Cell passage Location of biopsy
(cancellous bone)

Age (yr) and
sex of donor

A P4 Tibia 50 Male
B P1 Tibia 28 Female
C P2 Tibia 81 Male
D P2 Tibia 37 Male
E P2 Tibia 35 Male

Fig. 1. Experimental design: Each of the "ve osteoblast populations
were tested for the e!ect of mechanical stimulation on proliferation,
alkaline phosphatase activity, osteocalcin- and CICP release. The para-
meters were analysed in three control cultures (C) and three stimulated
cultures (S). The biochemical markers were measured in parallel cul-
tures because di!erent medium additives were needed for the induction
of di!erent markers. In all cell cultures cell number was determined for
the normalization of absolute concentrations.

To those cell cultures that were tested for osteocalcin
synthesis, 10~8 M 1alpha,25-dihydroxycholecalciferol
(Ho!mann-La Roche AG, Grenzach-Wyhlen, Germany,
no. Ro 21-5535), 10~8 M vitamin K

1
(Sigma, St. Louis,

USA, no. V3501) and 2.5]10~8 M L-ascorbic acid
(Serva, Heidelberg, Germany, no. 14003) were added.

For the determination of carboxyterminal collagen
type I propeptide in cell culture supernatants
2.5]10~8 M L-ascorbic acid and 11.7]10~6 M b-
aminopropionitrile were added prior to stimulation.

Dexamethasone and ascorbate-2-phoshpate have not
been used in any of the experiments. In experiments A}E
osteoblast cultures established from bone samples of
di!erent donor patients were used (Table 1, Fig. 1). In
each of the "ve experiments the following parameters
were determined: proliferation and collagen type
I procollagen (CICP) release as a marker for matrix
production, alkaline phosphatase (AP) activity as
a marker for matrix maturation and osteocalcin (OC)
synthesis as an indicator for mineralization.

2.4. Analysis of cell activity

2.4.1. Cell proliferation
Proliferation was determined with a Coulter Counter

(ZM; Coulter Electronics, Krefeld, Germany) 48 h after
the last stimulation cycle.

2.4.2. AP activity
Cell bound AP activity was analyzed by a colorimetric

assay (MPR 2a no. 158135; Boehringer, Mannheim, Ger-
many) in cell lysates prepared 48 h after the last cell
stimulation cycle. Cells were lysed in bu!er containing
20 mM TRIS, 0.1% Triton]100, 1 mM MgCl

2
and

0.1 mM ZnCl
2
. Enzyme activity was normalized to cell

number.

2.4.3. OC concentration
OC concentration was determined in the cell culture

supernatants with an ELISA (NovocalcinTM, DPC Bier-
mann, Bad Nauheim, Germany, no. MB 002). Before
harvesting the cells, protease inhibitor was added to the
supernatant in a 0.7% concentration. The solution was
prepared as follows: 1.7 mMol phenylmethylsulfonyl-
#uoride (Sigma, Deisenhofen, Germany, no. P76261)
were dissolved in ethanol/H

2
0 (1 : 1) and centrifuged. The

clear surfactant together with 0.38 Mol Na
2
EDTA]H

2
O

(Fluka, Deisenhofen, Germany, no. 03680) and 0.66 Mol
N-ethylmaleinimid (Merck, Darmstadt, Germany, no.
101308.0005) was adjusted to pH'8.3 with NaOH. 1 ml
cell culture supernatant was lyophilized 24 h after the last
stimulation cycle and resuspended in 0.5 ml distilled
water, an aliquot of which was used in the assay.

2.4.4. Collagen Type I carboxyterminal propeptide (CICP)
CICP concentration was determined in cell culture

supernatants with an ELISA (Prolagen-CTM, DPC Bier-
mann, Bad Nauheim, Germany, no. MB 004).

The measured OC and CICP concentrations were nor-
malized to the cell number of the same culture wells, as
determined according to procedure a).

2.5. Statistics

We used a one-way ANOVA to evaluate the e!ect of
dynamic cell stretching on proliferation, AP activity, OC
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Table 2
Results of mechanical strain on cell proliferation, CICP release, alkaline phosphatase activity and osteocalcin synthesis of "ve di!erent osteoblast
populations. The data represents the absolute values measured for each parameter related to cell number. S.D."standard deviation of measurements
from three culture wells

Osteoblast
population

Cell number (]1000)$S.D. CICP (ng/ml]100.000
cells)$S.D.

Alkaline phosphatase activity
(U/l]100.000 cells)$S.D.

Osteocalcin (ng/ml]100.000
cells)$S.D.

Control Stimulated Di!. % Control Stimulated Di!. % Control Stimulated Di!. % Control Stimulated Di!. %

A 277.8$1.6 292.4$4.1 19 577$23 634$15 10 45.0$2.1 33.8$1.4 25 5.94$0.15 5.15$0.51 13
B 278.3$1.6 304.1$1.6 33 422$31 630$30 49 32.6$3.6 24.6$0.1 9 6.44$0.25 6.28$0.10 5
C 344.1$2.5 412.3$4.9 47 458$9 500$22 9 11.0$1.2 9.0$0.4 18 5.21$0.11 4.38$0.34 32
D 337.9$2.7 351.4$7.4 10 450$15 480$37 7 25.9$1.6 20.4$0.1 21 7.94$1.01 7.23$0.12 10
E 299.8$2.4 348.0$1.2 48 566$17 663$8 17 22.9$1.2 20.7$2.1 9 10.9$0.97 9.8$0.21 12

Fig. 2. Schematic drawing showing the principle of low strain cell
stretching.

and CICP release of all cell populations compared to
unstimulated controls.

3. Results

The cellular responses were altered in "ve di!erent cell
populations after the application of low level dynamic
strain at a frequency of 1 Hz (Fig. 2, Table 2). A signi"-
cant increase (10}48%) of cell proliferation was found in
all cell populations isolated from cancellous bone after
strain application at 1000 lstrain compared to un-
stimulated control cultures (ANOVA, p(0.0001). The
same mechanical conditions led to a signi"cant increase
of CICP concentration in cell culture supernatants of
stretched cell cultures (7}49%) (ANOVA, p(0.0001)
which were supplied with Na-ascorbate. In contrast, AP
activity of lysed stretched cells (9}25%) and osteocalcin
concentration in cell supernatants of stretched cells sup-
plied with vitamin D and K and L-ascorbic acid were
both signi"cantly reduced (ANOVA: OC: p(0.017; AP:
p(0.0001). All cultures with or without vitamin supple-
ments showed signi"cant increased cell proliferation
(data not shown). The data found for AP activity, OC
and CICP were normalized to the cell number of the
same culture well where their concentration or activity
was assessed.

Despite the di!erences between age and sex of the "ve
patients (Table 1) the trends for the e!ects of mechanical
strain on osteoblast activity were the same in all experi-
ments. However, all assayed parameters su!ered from
large inter-experimental variability. These di!erences ap-
plied for the absolute values for cell number, CICP con-
centration, AP activity and OC concentration (Table 2)
as well as the di!erences between stimulated and control
cultures (Fig. 3). With respect to the small number of
osteoblast populations (only "ve donor populations)
a correlation between age of donors and cell passage to
the absolute values as well as the di!erences between

stimulated and control cultures of measured cell activity
were not found.

4. Discussion

In our study, cyclic strain at a physiologic magnitude
of 1000 lstrain led to an increase of proliferation and
early osteoblast activities related to matrix production
(CICP). In contrast, activities that are characteristic for
the di!erentiated osteoblast (AP activity) and relevant for
matrix mineralization (OC release) were decreased. This
phenomenon has also been observed for cell growth, OC
release and AP activity by Stanford et al. (1995) in the
osteoblast-like cell line MC3T3 after stimulation with
cyclic stretching. Concurrent with the increased prolifer-
ation the release of CICP was stimulated. An increase of
collagen type I has also been observed by Jones et al.
(1991) after stretching bovine osteoblasts with low
strains.

Mechanical stimulation parameters like strain magni-
tude, frequency and the number of applied load cycles
strongly a!ect cellular reactions. This might be one rea-
son why the results of di!erent working groups using
di!erent mechanical stimulation parameters di!er wide-
ly. Brand and Stanford (1994) suggest that bone cells only
respond to a certain portion of the mechanical signal.
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Fig. 3. E!ects of mechanical strain on cell proliferation, CICP release,
alkaline phosphatase activity and osteocalcin synthesis of "ve di!erent
osteoblast populations. Bars represent the mean percentage of change
of all "ve osteoblast populations with respect to the control ("0). The
error bars represent the standard error of the mean (SEM) of "ve
osteoblast populations.

This assumption is based on in vitro (Brighton et al.,
1991; Jones and Bingman, 1991; Stanford, 1995) and in
vivo (Rubin and Lanyon, 1984; Rubin and McLeod,
1994) studies which have shown that few load cycles and
small strain magnitudes are su$cient to stimulate bone
formation. We do not know whether cells in vivo receive
the same strain signal as in our cell stretching system
because the bone matrix "lters the physical load (Brand,
1992). However, the in vitro cell stretching system used in
this study allows the quanti"cation of the mechanical
stimulus that acts on cells (Neidlinger-Wilke, et al., 1994)
and the determination of the cell reactions.

Osteoblasts are located on the surface of cancellous
and cortical bone on the yet unmineralized cell matrix.
Therefore, the deformation of the cell substrate to which
these cells adhere would be a proper signal for the stimu-
lation of these cells. This situation was simulated in our
experiment by culturing osteoblasts as a monolayer on
#exible cell substrate surfaces. The 4-point bending de-
vice produced homogenous, predominantly uniaxial
strains of the cell culture substrate such that every cell
was subjected to the same deformation. However, we
cannot exclude that shear stresses were produced by
hydrostatic pressure from the weight of the medium and
the inherent forces required to move the medium up and
down during mechanical cycling. A recent investigation

suggested that osteoblasts are more sensitive to shear
stresses produced by #uid forces than to strain deforma-
tion (Owan et al., 1997a). In this study a di!erent cell
system (MC3T3-E1 cells in contrast to our human os-
teoblasts) and di!erent experimental conditions (con#u-
ent cell layers in contrast to our subcon#uent layers) were
used. Furthermore, osteopontin expression was not de-
termined in our experiments. Therefore, the results can-
not directly be compared with our "ndings. Nevertheless,
they used a cell strain system which is comparable to our
4-point bending device and could demonstrate that #uid
#ow but not strain-induced osteopontin expression. We
cannot exclude the contribution of #uid #ow in our
system. However, other investigators found e!ects of
mechanical strain on osteoblasts in systems where there
is no participation of #uid #ow (Fermor et al., 1998;
Murray and Rushton, 1990). Further it could be shown
that shear stresses that occur at 0.25 Hz and 1.2% axial
strain have been shown to be less than 0.2]10~6 N/cm2

(Meazzini et al., 1998). E!ects of #uid #ow on cells have
only been observed at higher shear stresses (Burger et al.,
1995; Klein-Nulend et al., 1998,1995a).

A large variability even in control cultures was ob-
served with regard to absolute values as well as di!er-
ences between stimulated and control cultures. This
phenomenon has already been observed previously and
may be associated with individual di!erences between
donor patients (Neidlinger-Wilke et al., 1995,1994). Even
sequential outgrowths from the same explants of the
same patients were shown to react with distinct respon-
siveness to mechanical strain (Fermor, et al., 1998). It is
therefore striking in our experiments that the same trends
of increasing early osteoblast activities (proliferation and
CICP) and decreasing late developmental functions (AP
and OC) were observed for all osteoblast populations.

Proliferation, ALP, OC and CICP were determined
because these markers represent the di!erent stages of
osteoblast development. Osteoblasts show a strongly
regulated, sequential gene expression pattern which con-
sists of a reciprocal and functionally coupled relationship
between proliferation and di!erentiation (Lian and Stein,
1995). At the transition between proliferation and di!er-
entiation, the down regulation of genes for cell prolifer-
ation and collagen synthesis coincides with the onset of
gene expression for matrix maturation which gives rise to
mineralization. Based on the "ndings of the current study
it can be assumed that mechanical strain intensi"es the
proliferation phase by a prolongation of cell growth stage
or by a inhibition of cell di!erentiation. Similar e!ects
have been shown for TGF-b that was added to osteoblast
cultures during the proliferation stage (Lian and Stein,
1993). TGF-b has also been shown to be induced in
osteoblasts by mechanical signals (Klein-Nulend et al.,
1995a; Zhuang et al., 1996) and is therefore suggested to
be a regulator of mechanically induced cell reactions.
These "ndings "t well into the concept of bone modeling
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and remodeling. The reinforcement of the proliferation
phase would lead to an increased matrix production that
is necessary to functionally adapt bone tissue to mechan-
ical stress. Matrix mineralization, on the other hand, is
reduced by mechanical loading and does not recom-
mence until the local strain magnitude is decreased.

The sensitivity to mechanical forces may be di!erent
during the di!erent stages of the life of an osteoblast. We
used subcon#uent cell cultures in contrast to other inves-
tigators who worked with con#uent layers of probably
more di!erentiated cells and measured di!erent results
(Binderman et al., 1984; Brighton et al., 1996,1992; Owan
et al., 1997b). For future investigations the e!ects of
mechanical forces on di!erent developmental stages
should be studied.

Our experiments showed a consistent e!ect of physio-
logic mechanical strain on the cell activity of "ve di!erent
human osteoblast populations. This suggests that we
have a reliable system to investigate strain in#uences on
bone cell activity. The data presented in this paper show
slight di!erences between osteoblast activities of cells
stimulated by cyclic mechanical strain and unstimulated
cells. Although modest, these in vitro e!ects con"rm in
vivo observations about mechanically in#uenced bone
tissue adaptation.
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