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PREFACE 

A project on "Biomechanics at Micro- and Nanoscale Levels," the title of this 
book, was approved by the Ministry of Education, Culture, Sports, Science and 
Technology of Japan in 2003, and this four-year-project is now being carried out by 
fourteen prominent Japanese researchers. The project consists of four fields of 
research, which are equivalent to four chapters of this book, namely, Cell Mechanics, 
Cell Response to Mechanical Stimulation, Tissue Engineering, and Computational 
Biomechanics. 

Our project can be summarized as follows. The essential diversity of 
phenomena in living organisms is controlled not by genes but rather by the 
interaction between the micro- or nanoscale structures in cells and the genetic code, 
the dynamic interaction between them being especially important. Therefore, if 
the relationship between the dynamic environment of cells and tissues and their 
function can be elucidated, it is highly possible to find a method by which the 
structure and function of such cells and tissues can be regulated. The first goal of 
this research is to understand dynamic phenomena at cellular and biopolymer-
organelle levels on the basis of mechanics. An attempt will then be made to apply 
this understanding to the development of procedures for designing and producing 
artificial materials and technology for producing or regenerating the structure and 
function of living organisms. 

We are planning to publish a series of books related to this project, this book 
being the second in the series. The trend and level of research in this area in Japan 
can be understood by reading this book. 

Hiroshi Wada, PhD, 
Project Leader, 
Tohoku University, 
Sendai, 
March, 2005. 
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High sensitivity of human hearing is believed to be achieved by cochlear amplification. The 
basis of this amplification is thought to be the motility of mammalian outer hair cells (OHCs), 
i.e., OHCs elongate and contract in response to acoustical stimulation. This motility is 
thought to be based on voltage-dependent conformational changes of a motor protein 
embedded in the lateral wall of the OHC. In 2000, this motor protein was identified and 
termed prestin. Since identification of prestin, intensive research has been done using 
prestin-expressing cells to elucidate the function of prestin. However, the motor function of 
prestin at the molecular level is still unclear. To obtain knowledge about the function of 
prestin, it should be studied using not only prestin in cells, but also prestin in solution. For 
this purpose, a method of obtaining a large amount of prestin as material is required. In this 
study, an attempt was therefore made to construct an expression system for prestin. Prestin 
cDNA was introduced into Escherichia coli (E. coli), insect cells and Chinese hamster ovary 
(CHO) cells, and the expression of prestin was examined by Western blotting. As CHO cells 
expressed prestin well, we generated prestin-expressing cell lines using CHO cells by limiting 
dilution cloning. The stable expression, the N-linked glycosylation and the activity of prestin 
in generated cell lines were then confirmed. 
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1 Introduction 

Mammalian hearing sensitivity relies on a mechanical amplification mechanism 
based on the electromotility of outer hair cells (OHCs) [1-5]. This mechanism 
enables the high sensitivity, wide dynamic range and sharp frequency selectivity of 
hearing in mammals [6]. The molecular basis of this mechanism is thought to be 
voltage-dependent conformational changes of motor proteins, which are embedded 
in the plasma membrane of the OHC lateral wall [7, 8]. 

In 2000, this motor protein was identified by a cDNA library subtraction 
procedure and termed prestin [9]. Since its identification, prestin has been 
intensively researched to elucidate the characteristic behavior of the OHCs. As a 
result, it has been confirmed that prestin-transfected mammalian cells show 
characteristic features of the OHC based on its motor protein, i.e., they exhibit 
voltage-dependent nonlinear capacitance [9-11], electromotility [9] and force 
generation [10]. It has also been clarified that intracellular anions act as voltage 
sensors of prestin [13]. In addition, the importance of prestin for the auditory 
mechanism was demonstrated by the fact that prestin knock-out mice exhibited a 
loss of outer hair cell electromotility in vitro and a significantly elevated hearing 
threshold of 40-60 dB in vivo [14, 15]. 

However, the motor function of prestin still needs to be understood at the 
molecular level. To obtain knowledge about the function of prestin, it is necessary 
to study prestin using purified protein. For this purpose, a method of obtaining a 
large amount of prestin as material is required. In this study, an attempt was 
therefore made to construct an expression system for prestin. First, a prestin gene 
was introduced into Escherichia coli (E. coli), insect cells and Chinese hamster 
ovary (CHO) cells, and the expression of prestin was examined by Western blotting. 
Second, as it was verified that CHO cells expressed prestin, limiting dilution cloning 
was done to generate prestin-expressing cell lines using the transfected CHO cells. 
Third, the stable expression of prestin in the generated cell lines was investigated by 
Western blotting. The N-linked glycosylation of prestin was also analyzed by 
Western blotting. Finally, the localization of prestin and the activity of prestin in 
the cell lines were examined by immunofluorescence experiments and whole-cell 
patch-clamp measurements, respectively. 

2 Materials and Methods 

2.1 Verification of expression in cells 

E. coli expression vectors pET28b (Novagen, Madison, WI), pET20b (Novagen) 
and pMAL-c2 (New England Biolabs, Beverly, MA) were used for the E. coli 
expression system. Gerbil prestin cDNA was inserted into these vectors. The open 
reading frame of the prestin cDNA was fused in a frame with the His6-tag coding 



Heterogeneous Expression of the Motor Protein Prestin of Cochlear Outer Hair Cells 5 

sequence of the expression vector pET28b or pET20b. For this purpose, the stop 
codon was removed. To express prestin as a maltose-binding protein (MBP)-fusion 
protein, prestin cDNA was inserted into the pMAL-c2 expression vector. The E. 
coli strains BL21 and JM109 were transformed with pET28b or pET20b and 
pMAL-c2 E. coli expression vectors containing prestin cDNA, respectively. E. coli 
transformed with pET28b or pET20b was cultured in 200 ml 2 x YT medium at 
28°C, and E. coli transformed with pMAL-c2 was cultured in 200 ml LB medium at 
37°C. When the bacteria had grown to an optical density at 600 nm of 0.6, IPTG 
was added to a final concentration of 1 mM. After 2-5 hours, cells were harvested 
and the expression of prestin in bacteria was examined by Western blotting. When 
pET28b or pET20b was used, the expression was examined with anti-His6 antibody 
(Invitrogen, Rockville, MD), and when pMAL-c2 was used, the expression was 
examined with anti-MBP antibody (New England Biolabs). 

To use the baculovirus expression system, the pVL1392 transfer vector 
(PharMingen, San Diego, CA) was employed. Prestin cDNA fused at its 3 ' end to 
the His6-tag coding sequence was introduced into the pVL1392 transfer vector. 
Linearized baculovirus DNA (BaculoGold, Pharmingen) and the constructed 
pVL1392 transfer vector containing the prestin cDNA were co-transfected into Sf9 
insect cells using Lipofectin Reagent (Invitrogen). The recombinant baculovirus 
was then amplified. Sf9 cells plated onto a 35-mm plate with 2 ml of fresh medium 
were infected with amplified baculovirus. After incubation for 3 days, cells were 
harvested and the expression of prestin in Sf9 cells was examined by Western 
blotting with anti-His6 antibody. 

For the mammalian expression system, the pIRES-hrGFP-la (Stratagene, La 
Jolla, CA) mammalian expression vector was used. The open reading frame of the 
prestin cDNA was fused in the frame with the FLAG-tag of the expression vector. 
CHO-K1 cells (provided by the Cell Resource Center for Biomedical Research, 
Tohoku University) were transfected with the constructed expression vector using 
LipofectAMINE 2000 Reagent (Invitrogen). Transfected CHO cells were cultured 
in RPMI-1640 medium with 10% fetal bovine serum, 100 U penicillin/ml and 100 
(ig streptomycin/ml at 37°C with 5% C02 for 2 days, and the expression of prestin in 
CHO cells was then examined by Western blotting with anti-FLAG antibody 
(Sigma-Aldrich, St. Louis, MO). 

When Western blotting was performed, cell proteins were separated on 10% 
SDS-polyacrylamide gel and electroblotted onto nitrocellulose membrane. After 
blocking with skim milk, membranes were incubated with the primary antibody 
described above. Bands were visualized using horseradish peroxidase-conjugated 
secondary antibody and the ECL Western blotting detection system (Amersham 
Pharmacia Biotech, Buckinghamshire, UK). Signals were recorded with a 
luminescent image analyzer (LAS-1000, Fuji Film, Tokyo, Japan). 
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2.2 Cloning of prestin-expressing CHO cells 

As prestin was expressed in CHO cells, an attempt was made to generate stable 
prestin-expressing cell lines using CHO cells. Wild-type prestin cDNA or C-
terminal FLAG-tagged prestin cDNA contained in the pIRES-hrGFP-la mammalian 
expression vectors was transfected into CHO cells using LipofectAMIN 2000 
Reagent. After transfection, cells were plated out at a density of one cell/well in 96-
well tissue culture plates. Plates were incubated at 37°C with 5% C02. Single 
colonies contained in 96-well plates were scaled up. Clones with slow growth were 
discarded. As the pIRES-hrGFP-la vector includes the green fluorescent protein 
(GFP) gene, transfected clones were chosen based on the fluorescence of GFP using 
a fluorescent microscope. 

2.3 Deglycosylation treatment 

To evaluate N-linked glycosylation of prestin expressed in the generated CHO cell 
lines, cells were treated with PNGase F (New England Biolabs) according to the 
manufacturer's instructions. The molecular mass of deglycosylated prestin and that 
of untreated prestin were analyzed by Western blotting. 

2.4 Immunofluorescence experiments 

To confirm the localization of FLAG-tagged prestin in the generated cell lines, 
immunofluorescence experiments were performed. CHO cells transfected with 
FLAG-tagged prestin and untransfected CHO cells were fixed with 4% 
paraformaldehyde in phosphate buffer for 5 min at room temperature and washed 
with PBS. The samples were then incubated with skim milk and fetal bovine serum 
for 30 min at 37°C. After PBS washing, cells were incubated with anti-FLAG 
primary antibody in PBS with 0.1% saponin solution for 1 hour at 37°C. The 
samples were then washed with PBS and incubated with TRITC-conjugated anti-
mouse IgG secondary antibody (Sigma-Aldrich) in PBS containing 0.1% saponin 
solution for 30 min at 37°C. Finally, the samples were washed with PBS, and 
immunofluorescence images of the samples were obtained using a confocal laser 
scanning microscope (LSM-GB200, Olympus, Tokyo, Japan). 

2.5 Functional analysis of the generated cell lines 

To confirm the activity of prestin expressed in the generated cell lines, the 
electrophysiological properties of these cell lines were measured. Patch pipettes for 
whole-cell patch-clamp recordings were pulled from glass capillaries with a puller 
(PP-830, Narishige). Patch pipettes had a resistance of 2-3 MQ. when filled with an 
internal solution composed of 140 mM KC1, 3.5 mM MgCl2, 5 mM EGTA, 5 mM 
HEPES, 0.1 mM CaCl2 and 2.5 mM Na2ATP, adjusted to pH 7.3. The bath solution 
contained 145 mM NaCl, 5.8 mM KC1, 1.3 mM CaCl2, 0.9 mM MgCl2, 10 mM 
HEPES, 0.7 mM Na2HP04 and 5.6 mM glucose, adjusted to pH 7.3. 
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A block diagram of the measurement system is shown in Fig. 1. This system 
consisted of a patch amplifier (Axopatch 200B, Axon Instruments, Foster City, CA), 
an A/DD/A converter (Digidata 1320A, Axon Instruments), a personal computer 
and a function generator (WF1944, NF Electronic Instruments, Kanagawa, Japan). 
Measurements of cell capacitance were performed using the membrane test feature 
of pCLAMP 8.0 acquisition software (Axon Instruments). A test square wave 
(amplitude, 20 mV; period T = 4 msec, i.e., frequency, 250 Hz) was generated by 
the personal computer controlled by pCLAMP 8.0 software and applied to the cell 
through the amplifier. The transient current, which is caused by the test square wave, 
was then sampled through the amplifier. Transient current Q, current decay rand 
total resistance Rt were continuously calculated by pCLAMP 8.0 software at a 
resolution of 25 Hz, by averaging the responses to 10 positive and 10 negative 
consecutive test steps, and measured values of these parameters were stored in 
the computer. Access resistance 7?a, membrane resistance Rm and membrane 
capacitance Cm were then obtained by substituting Q, T and /?, into the following 
equations (Huang and Santos-Sacchi, 1993): 

Ra= W , (1) 
QR,+TV/ 

Rm = Rt-Ra, (2) 

where Vc is a voltage step. To determine the voltage dependence of membrane 
capacitance, triangular voltage ramps were superimposed on the above-mentioned 
square test wave. This triangular voltage wave (period T = 2 sec) was generated by 
the function generator and swung the cell potential from -140 mV to +70 mV [16]. 

After the measurements, the membrane capacitance was plotted versus the 
membrane potential. The membrane capacitance was fitted to the derivative of a 
Boltzmann function [17], 

Cm(V) = Clin+
 Q' 

V-Vm ( f-Vi/2 V 

ae a 1 + e 
(4) 

where Ciin is the linear capacitance, Qmm is the maximum charge transfer, V is the 
membrane potential, a is the slope factor of the voltage dependence of the charge 
transfer and Vm is the voltage at half-maximal charge transfer. When the membrane 
capacitance of the cell was fitted to Eq. (4) with the correlation coefficient R > 0.98, 
the cell was defined as showing nonlinear capacitance. 



Figure 1. Block diagram of the 
measurement system. This system 
consisted of a patch amplifier, an 
A/DD/A converter, a personal computer 
and a function generator. Test square 
waves and triangular voltage ramps were 
generated by the personal computer and 
function generator, respectively. These 
waves were superimposed and applied to 
the cell through the amplifier. The 
transitional current was then measured 
and the membrane capacitance was 
calculated from this current. 

3 Results 

3.1 Prestin expression in cells 

Prestin cDNA was introduced into E. coli, Sf9 insect cells and CHO cells, and the 
expression of prestin was examined by Western blotting. Prestin has a predicted 
molecular weight of 81.4 kDa. The results of Western blotting used to assay the 
expression of prestin are shown in Fig. 2. When the E. coli expression system was 
employed, bands, which show the expression of prestin, were not detected, although 
three kinds of expression vectors were used for transformation. By contrast, when 
the baculovirus expression system was used, a band around 65 kDa and some weak 
bands below that were detected in transfected cells, but no band was detected in 
untransfected cells. When the CHO cell expression system was used, a strong, 
broad band around 90 kDa was detected in transfected cells, and bands around 30 
kDa were detected in both untransfected cells and transfected cells. These results 
indicate that the prestin is expressed well in CHO cells. An attempt was therefore 
made to construct stable prestin-expressing cell lines using transfected CHO cells. 

3.2 Generation of prestin-expressing CHO cell lines 

Transfected CHO cells were plated out into 96 wells. In the case of CHO cells 
transfected with wild-type prestin, 26 wells contained a single colony, the growth of 
22 of them being good. In two of their clones, it was confirmed by fluorescence 
observation that all cells expressed GFP. In the case of CHO cells transfected with 
FLAG-tagged prestin, 21 wells contained a single colony, the growth of 13 of them 
being good. In two of their clones, it was confirmed by fluorescence observation 
that all cells expressed GFP. These four clones were then passaged over 40 times 
for four months, examination revealing that they retained the expression of the GFP. 
One of the obtained wild-type prestin-expressing cell lines and one of the FLAG-
tagged prestin-expressing cell lines were then used for the following analysis. 

H. Wada et at. 

Patch pipette Cell 4 msec 
Test square wave 
^ Personal 
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Wr 
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A A A I - + 7 0 m V 

- v y v h .,40mV 
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generator 
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3.3 Expression and glycosylation of prestin in generated cell lines 

Expression and N-linked glycosylation of prestin in generated cell lines were 
examined by Western blotting (Fig. 3). When cells were untreated with PNGase F, 
which is an enzyme that removes N-linked carbohydrates, a broad band around 90 
kDa was detected. By contrast, when cells were treated with PNGase F, the band 
around 90 kDa disappeared and a new band around 65 kDa appeared. 

3.4 Localization of prestin in generated cell lines 

The localization of FLAG-tagged prestin in generated cells was examined by 
immunofluorescence experiments. Results are shown in Fig. 4. The plasma 
membrane of 83% of the generated cells was stained. By contrast, untransfected 
cells were not stained. 

PNGase F 

Figure 2. Expression of prestin examined by Western blot 
analysis. Lane 1: E. coli BL21 transformed with the pET28b 
vector containing prestin cDNA. Lane 2: E. coli BL21 
transformed with the pET20b vector containing prestm cDNA. 
Lane 3: E. coli JM109 transformed with the pMAL-c2 vector 
containing prestin cDNA. Lane 4: Untransfected Sf9 insect 
cells. Lane 5: Sf9 insect cells transfected with the pVL1392 
vector containing prestin cDNA. Lane 6: Untransfected CHO 
cells. Lane 7: CHO cells transfected with the pIRES-hrGFP-la 
vector containing prestin cDNA. Arrows indicate the prestin 
bands. Bands were not detected using the E. coli expression 
system. By contrast, bands showing prestin were detected 
when a baculovirus expression system or a mammalian 
expression system was used. 

Figure 3. Western blot of FLAG-
tagged prestin-transfected CHO 
cells with or without PNGase F 
digestion. Lane 1: Untreated cells. 
Lane 2: Cells treated with PNGase 
F. 
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Figure 4. Immunofluorescence images, (a) 
FLAG-taggcd preslin Iransfecled CHO cell 
line. (b) Untransfected CHO cells. 
Fluorescent stains were observed in the 
Iransfecled cell line after four months of 
subculture. By contrast, untransfected cells 
were not stained. Scale bars are 50 urn. 

3.5 Activity ofprestin expressed in generated cell lines 

After the expression of prestin was confirmed by immunofluorescence staining, the 
activity of prestin expressed in the generated cell lines was examined by patch-
clamp measurements. Before obtaining the electrophysiological properties of CHO 
cells, those of OHCs of guinea pig were measured. They exhibited bell-shaped 
nonlinear membrane capacitance in response to ramping of the transmembrane 
voltage (Fig. 5). This nonlinear membrane capacitance was well fitted to a 
derivative of a Boltzmann function (Eq. (4)). In a group of 11 cells, the fitting 
parameters of Eq. (4) were obtained as Cn„ = 26.8 ± 3.7 pF, Qmiix = 2.88 ± 0.65 pC, 
a= 28.4 ± 2.3 mV and Vu2 = -40.1 ± 9.5 mV (mean ± SD) (Table 1). 

The electrophysiological properties of wild-type prestin-expressing CHO cells 
and those of FLAG-tagged prestin-expressing CHO cells were then measured. The 
membrane capacitance versus membrane potential measured in a wild-type prestin-
expressing CHO cell and that measured in a FLAG-tagged prestin-expressing CHO 
cell are shown in Fig. 6(a) and (b), respectively. As shown in these figures, wild-
type prestin-expressing cells and FLAG-tagged prestin-expressing cells exhibited 
bell-shaped nonlinear membrane capacitance fitted to Eq. (4). In the case of wild-
type prestin-expressing cells, 20 of 57 randomly measured cells showed nonlinear 
membrane capacitance, the fitting parameters of Eq. (4) being obtained as Cu„ = 
19.7 ± 4.1 pF, QmM = 75.5 ± 37.3 fC, a= 38.1 ± 4.8 mV and Vm = -74.8 ± 11.6 mV 
(mean ± SD) (Table 1). In the case of FLAG-tagged prestin-expressing cells, 19 of 
53 randomly measured cells showed nonlinear membrane capacitance, the fitting 
parameters of Eq. (4) being obtained as CliB = 24.5 ± 8.3 pF, Qmm = 101.3 ± 51.9 fC, 
a= 38.0 ± 5.5 mV and Vm = -73.0 ± 12.9 mV (mean ± SD) (Table 1). By contrast, 
untransfected cells (n = 21) did not exhibit nonlinear membrane capacitance (Fig. 
6(c)). 

Figure 5. Representative data of the voltage 
dependent membrane capacitance of a guinea 
pig OHC. Data points are fitted to Eq. (4), 
which is shown by the solid line. Fitting 
parameters are C\\„ = 33.1 pF, (?max = 2.33 pC, 
a= 28.0 mV and Vm = -40.3 mV. 

Membrane potential (mV) 

(a) (b) 

^ 5 5 . 0 

S 20.0 
-2IK1 -ISO .100 
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(a) 

S 162 
-150 -100 -50 0 50 

Membrane potential (mV) 
1(10 -150 - 1 0 0 - 5 0 0 50 

Membrane potential (mV) 
10(1 

(c) 

- 176 
-200 -150 -100 

Membrane potential (mV) 

Figure 6. Representative data of the measured membrane capacitance versus membrane potential, (a) 
Membrane capacitance of a wild-type prestin-expressing CHO cell. Data points are fitted to Eq. (4), 
which is shown by the solid line, with the following parameters: C\m = 16.2 pF. (2nm = 127.1 fC, « = 
36.8 mV and V\n = -76.9 mV. (b) Membrane capacitance of a FLAG-tagged prestin-expressing CHO 
cell. Data points were fitted to Eq. (4), which is shown by the solid line, with the following parameters: 
Can = 25.3 pF, Q„HX = 103.6 fC, a= 33.8 mV and V1/2 = -70.4 mV. (c) Membrane capacitance of an 
untransfected CHO cell. 

Table 1. Fitting parameters of the derivative of a Boltzmann function and charge density. 

OHC0i = l l ) 

Wild-type prestin-
expressing CHO 
cells (n= 20) 

FLAG-tagged 
prestin-expressing 
CHO cells (n= 19) 

Clin(pF) 

26.8 ±3.7 

19.7 ±4.1 

24.5 + 8.3 

Smx(fO 

2,878 ±653 

75.5 ±37.3 

101.3 + 51.9 

ffi(raV) 

28.4 ±2.3 

38.1 ±4.8 

38.0 ± 5.5 

Vl/2(mV) 

-40.1 ±9.5 

-74.8 ±11.6 

-73.0 ±12.9 

Charge density (urn2) 

6,830 ±1,910 

246+125 

255 ±88 

4 Discussion 

To obtain a large amount of prestin, we attempted to construct an expression system 
for prestin using E. coli, insect cells and CHO cells. Neither E. coli nor insect cells 
expressed prestin well. By contrast, prestin was found to be expressed in CHO cells. 
As the composition and constitution of the membrane of E. coli are generally 
recognized to be quite different from those of the mammalian plasma membrane, we 
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did not expect prestin to be expressed in the membrane of E. coli. We alternatively 
expected that prestin, which is a hydrophobic membrane protein, would be 
expressed as an inclusion body using the pET28b expression vector or as a 
solubilized protein fused with hydrophilic maltose-binding protein using the pMAL-
c2 expression vector. Contrary to expectations, however, prestin was not expressed 
in these cells at all. Proteins expressed in E. coli differ from those in mammalian 
cells. Thus, it is presumed that prestin is not expressed in E. coli because some 
kinds of proteins which essentially interact with prestin are not expressed in E. coli. 
Alternatively, there is a possibility that prestin is toxic for E. coli. 

By Western blot analysis (Fig. 2), when the CHO expression system was used, 
a broad band around 90 kDa representing prestin was detected in transfected cells 
(lane 7). Bands around 30 kDa detected in both transfected CHO cells (lane 7) and 
untransfected CHO cells (lane 6) may have resulted from nonspecific binding of 
antibodies. As shown in Fig. 3, when cells were treated with PNGase F (lane 2), a 
band around 90 kDa, which was detected in untreated cells (lane 1), disappeared and 
a new band around 65 kDa appeared. This result suggests that prestin expressed in 
CHO cells is glycosylated. As prestin expressed in CHO cells is modified by 
different lengths of carbohydrate chains leading to variation of molecular weight, the 
band detected in untreated CHO cells is broad. The idea that prestin is glycosylated 
in CHO cells agrees with findings of a glycosylation study of prestin [18]. Although 
prestin without carbohydrate chains has a predicted molecular weight of 81.4 kDa, 
the band of deglycosyalted prestin was detected around 65 kDa. A possible 
explanation for this disagreement is related to the hydrophobicity of prestin. When 
SDS-PAGE was carried out, more SDS may have bound to prestin compared to the 
case of average soluble proteins because prestin is a hydrophobic membrane protein. 
As a result, prestin may have migrated through the polyacrylamid gel faster than 
average soluble proteins. 

As shown in Fig. 2, when the baculovirus expression system was used, a band 
around 65 kDa and some weak bands below that were detected in transfected Sf9 
cells (lane 5), while no band was detected in untransfected cells (lane 4). The 
position of the highest band was almost same as that of the band of deglycosylated 
prestin detected in Fig. 3. This result indicates that prestin expressed in Sf9 cells is 
not glycosylated. The other lower bands are likely to represent fragments of prestin. 
In Fig. 2, the fact that the band detected in CHO cells was brighter than that detected 
in Sf9 cells suggests that prestin is highly expressed in CHO cells due to its 
stabilization realized by glycosylation. 

In our experimental results, prestin was not expressed in E. coli at all and only 
slightly expressed in insect cells. However, since few attempts were made to 
express prestin in insect cells and bacterial cells, there is a possibility that it could be 
expressed in such cells using other host vector systems. Even though there are other 
possibilities to obtain prestin, we adopted the CHO cell expression system because 
prestin was well expressed in CHO cells. 
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Transfected cell lines were obtained by limiting dilution cloning, and GFP was 
stably expressed for over four months in these cell lines. As the prestin gene and the 
GFP gene are transcribed into sequential mRNA when the constructed expression 
vector is used, stable expression of prestin may be achieved in these cell lines. In 
fact, according to the results of Western blotting (Fig. 3) and immunofluorescence 
experiments (Fig. 4), it was confirmed that FLAG-tagged prestin was stably 
expressed in the generated cell line after subculturing for four months. As the same 
expression vector was applied, it was anticipated that wild-type prestin was also 
stably expressed in the generated cell line. We therefore considered that the stable 
prestin-expressing cell lines have been established using transfected CHO cells. 

The electrophysiological properties of the OHCs measured in this study agree 
with those of OHCs reported by Huang and Santos-Sacchi [8], and the 
electrophysiological properties of prestin-expressing CHO cells, which were 
subcultured for over four months and measured in this study, agree with those of 
transiently prestin-expressing CHO cells [10]. As both the established wild-type 
prestin-expressing and FLAG-tagged prestin-expressing cell lines exhibited bell-
shaped nonlinear membrane capacitance fitted to Eq. (4), similar to prestin in the 
OHCs, wild-type prestin and FLAG-tagged prestin expressed in the established cell 
lines have activity. Moreover, as there were no significant differences between the 
electrophysiological properties of wild-type prestin-expressing cells and those of 
FLAG-tagged prestin-expressing cells, it is concluded that the FLAG-tag does not 
interfere with the function of prestin (Table 1). 

Nonlinear membrane capacitance was not obtained in about half of the 
transfected cells. The reason for this result may have been individual differences in 
the expression level of prestin in the transfected cells. When the expression level of 
prestin was low, it was difficult to obtain nonlinear membrane capacitance which 
fitted Eq. (4) with a correlation coefficient of R > 0.98 because the measured 
membrane capacitance was affected by measurement noise. If measurement noise 
were decreased, more cells would show nonlinear capacitance. Although about half 
of the transfected cells do not show nonlinear capacitance, i.e., the expression level 
of prestin in some cells is low, it does not interfere with obtaining prestin from those 
cells. 

The expression level of prestin in the established cell line was then estimated 
using the obtained linear capacitance, Clin, and the maximum charge transfer, Qmax. 
As <2max indicates the total amount of charge carried by all prestin in the plasma 
membrane and e is electron charge, which is presumed to equal the charge carried 
by one prestin molecule, the number of prestin molecules in the cell is given by 
QmaJe. As CHn expressed in picofarads indicates the total capacitance of the plasma 
membrane of the cell, and the membrane capacitance of the cell per unit surface area 
is known to be 0.01 pF/um2 [19], the surface area of the cell is expressed by 
C|in/0.01 \ua . The expression level of prestin per unit surface area, i.e., charge 
density, of the cell can therefore be obtained with 
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Charge density = - ^ ^ / ^ - . (5) 
e l 0.01 V ' 

The charge density of the 20 measured wild-type prestin-expressing CHO cells 
and 19 measured FLAG-tagged prestin-expressing CHO cells were determined to be 
246 + 125/(xm2 and 255 + 88/(xm2, respectively (Table 1). The charge densities of 
established cell lines are lower than the average density of OHCs, which is 
6830/um2 as obtained in this study or 7500/u.m2 as reported by Huang and Santos-
Sacchi [8]. The charge densities are also lower than that of transiently prestin-
expressing TSA201 cells, reported to be 5360/|W [9]. Although the expression 
levels were 1/20-1/35 of those in OHCs and TSA201 cells, the stable expression of 
prestin in the established cell lines is an advantage. 

5 Conclusions 

In this study, to obtain a large amount of prestin, an expression system for prestin 
was constructed. The conclusions are as follows: 

1. Glycosylated prestin is expressed in mammalian cells, but not in E. coli nor in 
insect cells. 

2. Prestin-expressing cell lines can be generated by limiting dilution cloning. 
3. In established cell lines, although the expression levels are about 1/20-1/35 of 

those in OHCs and TSA201 cells transiently expressing prestin, prestin is 
expressed stably in the generated cell lines. 
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Actin filaments have been reported to be -1000 times stiffer than whole cells. Thus, they 
must play major roles in mechanical properties of cells. Effects of actin filament distribution 
and alignment on anisotropy and stiffness were studied on rat aortic smooth muscle cells. 
Freshly isolated cells (FSMCs), cultured cells (CSMCs), and CSMCs treated with 
cytochalasin D to disrupt their actin filaments (CSMCs-CYD) were stretched with an 
originally designed micro tensile tester. FSMCs were stretched in their major and minor axes 
directions to evaluate their anistropy. The normalized stiffness of FSMCs was significantly 
higher in the major axis (14.8+4.3kPa, mean+SEM, n=5) than the minor axis (2.8+1.0kPa, 
n=5). Long and thick fibers of actin filament were found running almost parallel to the major 
axis of the cells, indicating increased stiffness in this direction. CSMCs and CSMCs-CYD 
were stained for actin filament after the tensile test while they remained attached to the tester. 
Relative concentration of the actin filament in the central region of the cell F had significant 
positive correlation with normalized stiffness in both cells. These results indicate that elastic 
properties of smooth muscle cells are affected not only by the amount of their actin filaments, 
but also by their organization and distribution in cells. 

1 Introduction 

Cytoskeletal structures, such as actin filaments have a close correlation with 
mechanical properties of cells [1, 2]. One of the main reasons would be that 
cytoskeletons were much stiffer than whole cells. For example, Young's modulus of 
actin filaments has been reported to be 1.8 GPa for single fibers [3] and 3 MPa for 
bundles [4], while that of whole cell on the order of 1 to 10 kPa for aortic smooth 
muscle cells [5-8]. Thus, the actin filaments are several orders of magnitude stiffer 
than whole cells. Not only their amount but also their distribution and alignment 
must have close correlation with the elastic properties of whole cells. 

In this section, we would like to introduce our recent results on the effect of 
actin filaments on mechanical properties of rat aortic smooth muscle cells (SMCs): 
1) effects of actin filament alignment on the anisotropy of cells [7], and 2) effects of 
actin filament distribution on the cell stiffness [8]. 

To study the anitotropy of cells, we used SMCs freshly isolated from rat 
thoracic aortas by enzymatic digestion. SMCs are spindle-shaped and aligned 
almost parallel to the circumferential direction in the arterial wall. Their intra
cellular contractile apparatus, such as actin filaments and myosin filaments, run 
mostly parallel to their major axis, and their contraction takes place in that direction. 
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Thus, they may be stiffer in their major axis direction than in other directions. To 
check this hypothesis, we measured tensile properties of freshly isolated SMCs 
(FSMCs) in their major and minor axis directions using a cell tensile tester 
developed in our laboratory [7]. We also used FSMCs treated with 10"5M serotonin 
to induce their contraction, measured the tensile properties of the contracted cells in 
their major and minor axis directions, and examined the effect of cell contraction on 
the anisotropy of cells. We also observed the morphology of actin filaments in both 
untreated and contracted FSMCs to investigate the effect of actin filament 
morphology on the mechanical anisotropy of FSMCs. 

For the study on the actin filament distribution, we measured the tensile 
properties of cultured SMCs, and cultured SMCs whose actin filament network was 
disrupted with cytochalasin D, and examined the effect of actin filament on the static 
tensile properties of SMCs quantitatively [8]. The actin filament morphology, such 
as their length, thickness, orientation, organization and distribution are different 
from cell to cell. We thus need to observe the intracellular actin filaments of cells 
whose mechanical properties has been measured in the tensile test. For this purpose, 
we established an in process observation technique and observed the actin filament 
distribution in cultured cells while the cells were kept attached to the tester after the 
tensile test. 

2 Materials and Methods 

2.1 Preparation of freshly isolated smooth muscle cells (FSMCs) 

All animal experiments and treatments were conducted in accordance with the Guide 
for Animal Experimentation, Nagoya Institute of Technology. Male Wistar rats (8-
14 weeks of age) were killed by suffocation in a C02 chamber and their thoracic 
aortas were quickly excised. FSMCs were isolated from aortic tissue by enzymatic 
digestion [9]. Briefly, the excised aortas were placed in a 2 ml Ca2+-Mg2+-free 
Hank's balanced salt solution (HBSS(-), Sigma) at 37°C containing 300 U of 
collagenase type III (Worthington Biochemical) and 1.8 U of elastase type I (Sigma), 
and gently shaken at a rate of 50 cycle/min for 1.5 h. After the adventitia was 
separated, remaining tissues were placed into 2 ml of the fresh enzyme solution and 
shaken again for 0.5-1 h to yield an FSMC suspension. The cell suspension was 
filtered by a cell strainer (40|am Nylon, Falcon) to remove excess tissue, and diluted 
in HBSS(-) to about 1:10 to reduce the effect of the enzymes. 

Cells were used for the tensile test within 3 hours of the dilution, and were 
stored at 4°C until they were used. Untreated FSMCs possessing an axial length of 
more than 20 um and a smooth-looking surface were used for the tensile test of 
relaxed FSMCs. For contracted cells, they were treated with HBSS(-) containing 
10"5M Ca2+ and 10"5M serotonin (5-hydroxytryptamine, Sigma) at 37°C. The cells 
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completed their morphological changes (cell shortening and membrane bleb 
formation) within 20 min were used as contracted FSMCs. 

2.2 Preparation of cultured smooth muscle cells (CSMCs and CSMCs-CYD) 

SMCs cultured until 4-9th passage were used. They were harvested from the 
bottom of cell culture dish with 0.05% Trypsin-EDTA solution (Gibco), diluted in 
the HBSS(-) to about 1:10, and stored at 4°C. Thus harvested cells were called 
CSMCs and used for the tensile test within 3 hours after the trypsinization. 

Actin filament networks were disrupted by treating CSMCs adhered on the cell 
culture dish with 2ug/ml cytochalasin D (Sigma) for 1 h at 37°C. After the 
treatment, the cells were harvested with the trypsin and stored at 4°C as mentioned 
above. These cells were called CSMCs-CYD. 

2.3 Tensile test 

The cell tensile tester used for CSMCs and CSMCs-CYD was similar to that 
reported previously [5], which consisted of an upright microscope, a computer-
controlled electric micromanipulator (MMS-77, Shimadzu), a manual 
micromanipulator (MHW-3, Narishige), and an analog CCD camera (TM1650B, 
Toshiba). For the measurement of FSMCs, we used a slightly modified setup: an 
inverted microscope (TE2000E, Nikon) and the cooled digital CCD camera were 
employed instead of an upright microscope and an analog CCD camera, respectively. 

Cell holding method was similar for both setup (Fig. 1). An arm made from 
a glass micropipette, whose tip diameter was about 10 um, was set on each 
micromanipulator. A cell culture dish containing the cell suspension was set on the 
microscope stage, whose temperature was controlled at 37 °C, and waited for about 
10 min until the temperature of the suspension reached the preset value. A cell in 
the dish was randomly selected and held with two glass micropipettes: an operation 
pipette and a deflection pipette. The cell was held by gently pressing onto its 
surface two pipettes that had been coated with a urethane resin adhesive (Sista 
M5250, Henkel) [10, 11]. An operation pipette was moved with the electric 
micromanipulator to stretch the cell horizontally. The tension applied to the cell 
was measured by the deflection of the cantilever part of the deflection pipette. 

When the cell was stretched along its major axis, each of the glass micropipettes 
was gently pressed down on each end of the cell (Fig. 2). The cell was held gently 
on both sides with the two pipettes when stretched in the minor axis direction. After 
waiting for about 5 minutes to make the adhesion between the cell and the pipettes 
firm, we stretched the cell stepwise by moving the operation pipette 1 um every 5 
seconds until fracture occurred, or until the cell began to slip off from the pipette. 
The cell image was recorded during the stretch procedure via a CCD camera 
connected to a personal computer. Specimens were not preconditioned to eliminate 
possible stretch-induced contraction of the cells. 
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Figure 1. Schematic drawing of the test section of the tensile tester used for anisotropy analysis of 
FSMCs [7]. Upright microscope with similar setup was used for the measurement of CSMCs [8J. 
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Figure 2. FSMCs held with a deflction pipette (left side of each cell) and an operation pipette (right side) 
and their schematic drawings with cross-section. 

2.4 Evaluation of mechanical properties of the cells 

After the tensile test, we measured the distance between the two pipettes L and the 

displacement of the deflection pipette x on the recorded images. The tension 

applied to the cell 7" was calculated by multiplying x with the spring constant of the 

deflection pipette k measured after each experiment. The elongation of the cell AL 
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was calculated as the increment of L. To reduce the effect of cell dimension on 
mechanical properties, we normalized the tension T with the initial cross-sectional 
area of the cell A0, as given by o = T/A0, and refer to it as normalized tension. When 
we estimated A0 for a cell stretched along its major axis, we calculated the initial 
diameter of the cell D0 by dividing the initial tracing area of the cell C0 with the 
initial distance between the two pipettes LQ, as given by D0 = CQ/LQ, and assumed that 
the cell cross-sectional shape perpendicular to the stretch direction was circular, 
such that A0 = %{DQI2)2 (Fig. 2). We assumed that the cell cross-sectional shape 
perpendicular to the stretch direction in a cell stretched along the direction of its 
niinor axis was an ellipse with major and minor diameters DQ

L and D0
S, respectively. 

The initial major diameter D0
L was calculated as D0, as mentioned above, such that 

D0
L = CQ/LQ. The initial minor diameter D0

S was assumed to be equal to the initial 
distance between the two pipettes LQ. The nominal strain e was obtained by 
normalizing the elongation AL with the initial distance of the two pipettes LQ. 
Mechanical properties of the cells were evaluated with normalized tension-nominal 
strain (<?-£) curves. The initial normalized stiffness Emi was obtained by fitting a 
straight line from the origin to the low strain region (e< 0.2) of o-e curves. 

2.5 Observation of actin filament morphology 

Actin filaments in both untreated and contracted FSMCs were stained with 
rhodamine-phalloidin. The cells in the culture dish were fixed with formaldehyde 
for 5 min, rinsed gently with plain PBS, treated with PBS containing 0.1% Triton X-
100 (ICN Biomedicals) for 5 min, and stained with rhodamine-phalloidin 
(Molecular Probes) in PBS for 20 min at room temperature. Stained filaments were 
observed using an inverted microscope with a confocal laser scanning system 
(DIGITAL ECLIPSE CI, Nikon). Optically sectioned images (0.35-0.80 urn steps) 
were collected and reconstructed to form a plane image. 

Actin filaments were also observed in CSMCs and CSMCs-CYD while they 
were kept attached to the tester. The tensile test was terminated when the strain 
became within the range of 0.6-1.0, and the cell was immediately fixed and stained 
similarly. The operations were performed very carefully to avoid the cell 
detachment from the pipettes. The fluorescent image whose contrast of the cell 
periphery was the most clear was fed to the computer for each cell. 

3 Results 

Figure 3 shows the normalized tension-nominal strain curves of FSMCs. The 
relationship between the normalized tension and nominal strain was relatively linear 
along the major and minor axes in untreated cells, and so was in the major axis of 
contracted cells. In contrast, the contracted cells showed marked curvilinearity 
along their minor axis. In untreated cells, the slopes in the major axis looked steeper 
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than those in the minor axis. On the other hand, the slope of the curves in contracted 
cells seems to show little difference between major and minor axes. £i„i of untreated 
cells was significantly higher (P < 0.05, paired t test.) in the major axis (14.8 + 4.3 
kPa, mean ± SEM, n = 5) than in minor (2.8 ± 1.0 kPa, n = 5), indicating that freshly 
isolated SMCs are anisotropic. In contracted cells, Eini was significantly higher than 
that obtained for untreated cells in both directions, but the difference between the 
two directions was insignificant in contracted cells: EM was 88.1 + 13.3 kPa (n = 4) 
and 59.0 ± 9.4 kPa (n = 4) for the major and minor axis, respectively. Actin 
filaments in untreated cells were observed as long and thick fibers running almost in 
parallel with the direction of the major axis (Fig. 4). The actin filaments in 
contracted cells looked entangled and possessed bulk-like structures, and appeared 
to exhibit no preferential direction. 

IB 
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(n = 5) 

0.2 0.4 0.6 0.8 
Nominal strain e 
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(a) Untreated FSMCs 

0.2 0.4 0.6 0.8 
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0.2 0.4 0.6 0.8 
Nominal strain E 

(b) Conlracted FSMCs 

Figure 3. Normalized tension-nominal strain curves in major and minor axes of FSMCs. Please note 
that the full scale of ordinate is different between untreated and contracted cells [7], 
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Figure 4. Examples of morphology of aclin filaments in untreated and contracted FSMCs [7], 

The examples of normalized tension-nominal strain curves of CSMCs and 
CSMCs-CYD were shown in Fig. 5. The slopes of the curves were more gradual in 
CSMCs-CYD than in CSMCs. The relationship between the normalized tension and 
nominal strain was relatively linear. EM was significantly lower in CSMCs- CYD 
(1.3 + 0.3 kPa, n = 13) than in CSMCs (3.4 ± 0.7 kPa, n = 21). Examples of 
CSMCs and CSMCs-CYD stained for actin filaments are shown in Fig. 6. Although 
the cells were treated with the same protocol, their normalized stiffness was highly 
variable among them. In the fluorescent images, the actin filament distribution also 
looked variable, especially in their central region. To evaluate the effect of the 
difference of actin filament distribution on the mechanical properties of cells, we 
defined a normalized actin filament concentration in the central region of cell F 
(Fig. 7). We separated each of the cell image into 5 segments with equal length, 
measured average fluorescent intensity of each segment, and obtained the relative 
intensity of the central segment to that of all segments. There was a significant 
positive correlation between £ini and F both in CSMCs and CSMCs- CYD. The 
slope of the regression line was much steeper in CSMCs than in CSMCs-CYD. 

2 r 
CSMCs-CYD 

( n - 1 1 ) 

Nominal strain e Nominal strain t 

Figure 5. Examples of normalized tension-nominal strain curves of CSMCs and CSMCs-CYD. 
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Figure 6. Examples of in-process staining of actin filaments in cultured rat aortic smooth muscle cells 
(CSMCs) and those treated with cytchalasin D (CSMCs-CYD). Length marker applied to all. 
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Figure 7. Definition of the normalized actin filament concentration in the central region of the cell (a), 
and relationship between the initial normalized stiffness Emj, and normalized actin filament 
concentration in the central region F. 
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4 Discussion 

In untreated FSMCs, the thick actin filament bundles were observed running almost 
parallel to their major axis direction (Fig. 4). When the cell was stretched along the 
major axis direction, the actin bundles of the cell may be able to resist the tension 
applied to the cell. When stretched in the minor axis direction, the actin bundles 
may not participate in resisting the tension. Thus, the cells may be softer when the 
stretch direction is perpendicular to the fiber direction. While in the contracted 
FSMCs, their anisotropy dissapeared although the cells stiffened drastically both in 
their major and minor axis directions. The three-dimensional morphology of actin 
filaments in contracted FSMCs showed an aggregated structure without a 
preferential direction. Actin bundles formed in such a way may have no preferential 
direction. Thus, FSMCs may not only increase their stiffness, but also reduce their 
mechanical anisotropy. 

With regard to cultured cells, the normalized actin filament concentration in the 
central region F had a positive correlation with their normalized stiffness both in the 
CSMCs and CSMCs-CYD (Fig. 7). In contrast, there was no significant correlation 
between the average fluorescent intensity of whole cells and their normalized 
stiffness as noted in Fig. 6. Caille et al. [12] measured the mechanical properties of 
the nucleus isolated from endothelial cells to find that the elastic modulus of the 
endothelial nucleus was on the order of 5 kPa, which was significantly higher than 
that of the cytoplasm (about 0.5 kPa). If there were a strong mechanical interaction 
between the actin filaments and nucleus, the relatively high elastic modulus of the 
nucleus may cause the stiffening of the cells whose actin filaments concentrated on 
their central region. 

It would be also interesting to note that the slope of the regression line between 
Eini and F in CSMCs and CSMCs-CYD was different. The reason for this difference 
may be due to the difference in actin filament morphology. The well organized actin 
filament network was observed in CSMCs, while the network was disrupted and 
looked like clusters following cytochalasin D treatment [7]. These results may 
indicate that not only actin filament distribution but also their organization has 
remarkable effect on the mechanical properties of the smooth muscle cells. 

Acknowledgments 

We wish to thank Mr. Y. Nagano and Prof. M. Sato at Tohoku University for their 
superb researches adopted in this paper. This work was supported financially in part 
by Grants-in-Aids for Scientific Research 15086209 and 16360052 from the 
Ministry of Education, Culture, Sports, Science and Technology of Japan and the 
Tatematsu foundation. 



Effects ofActin Filaments on Anisotropy and Stiffness of Aortic Smooth Muscle Cells 25 

References 

1. Franke, R.P., Grafe, ML, Schmittler, H., Seiffge, D., Mittermayer, C, 
Drenckhahn, D., 1984. Induction of human vascular endothelial stress fibers by 
fluid shear stress. Nature 307, 648-649. 

2. Wang, H.C.J., Goldschmidt-Clermontb, P., Willea, J., Yin, C.P.F., 2001. 
Specificity of endothelial cell reorientation in response to cyclic mechanical 
stretching. J. Biomech. 34, 1563-1572. 

3. Kojima, H., Ishijima, A., Yanagida, T., 1994. Direct measurement of stiffness 
of single actin filaments with and without tropomyosin by in vitro 
nanomanipulation, Proc. Natl. Acad. Sci. USA 91, 12962-12966. 

4. Deguchi, S., Ohashi, T., Sato, M., 2003. Single Stress Fibers Isolated from 
Vascular Smooth Muscle Cells Possess Surprisingly High Extensibility, Proc. 
ASME Summer Bioengng. Conf., 833. 

5. Matsumoto, T., Sato, J., Yamamoto, M., Sato, M., 2000. Smooth muscle cells 
freshly isolated from rat thoracic aortas are much stiffer than cultured bovine 
cell: Possible effect of phenotype. JSME Int. J., Ser. C 43, 867-874. 

6. Miyazaki, H., Hasegawa, Y., Hayashi, K., 2002. Tensile properties of 
contractile and synthetic vascular smooth muscle cells. JSME Int. J., Ser. C 45, 
870-879. 

7. Nagayama, K., Matsumoto, T., 2004. Mechanical Anisotropy of Rat Aortic 
Smooth Muscle Cells Decreases with Their Contraction: Possible effect of actin 
filament orientation, JSME Int. J., Ser. C 47, 985-991. 

8. Nagayama, K., Nagano, Y., Sato, M., Matsumoto, T., in press. Effect of Actin 
Filament Distribution on Tensile Properties of Smooth Muscle Cells Obtained 
from Rat Thoracic Aortas, J. Biomechanics. 

9. Chamley, J., Campbell, G., McConnell, J., 1977. Comparison of vascular 
smooth muscle cells from adult human, monkey and rabbit in primary culture 
and in subculture. Cell and Tissue Research 177, 503-522. 

10. Shue, G.H., Brozovich, F.V., 1999. The frequency response of smooth muscle 
stiffness during Ca2+-activated contraction. Biophysical Journal 76, 2361-2369. 

11. Smith, P.G., Roy, C , Fisher, S., Huang, Q., Brozovich, F.V., 2000. Cellular 
responses to mechanical stress: Selected contribution: Mechanical strain 
increases force production and calcium sensitivity in cultured airway smooth 
muscle cells. Journal of Applied Physiology 89, 2092-2098. 

12. Caille, N., Thoumine, O., Tardy, Y., Meister, J. J., 2002. Contribution of the 
nucleus to the mechanical properties of endothelial cells. Journal of 
Biomechanics 35, 177-187. 



M I C R O - V E S S E L N E T W O R K F O R M A T I O N O F E N D O T H E L I A L C E L L S 
W I T H I N V I T R O T H R E E D I M E N S I O N A L M O D E L 

K. TANISHITA, A. UEDA, M. KOGA, R. SUDO, S. KUDO AND M. IKEDA 

School of Fundamental Science and Technology, Keio University, 
3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan 

E-mail: tanishita@sd.keio.ac.jp 

Bovine pulmonary microvascular endothelial cells were seeded onto collagen gels with basic 
fibroblast growth factor (bFGF) to make a micro-vessel formation model. We observed this 
model in detail using phase contrast microscopy, confocal laser scanning microscopy and 
electron microscopy. The results show that cells invaded the collagen gel and reconstructed 
the tubular structures, containing a clearly defined lumen consisting of multiple cells. The 
model was placed in a parallel-plate flow chamber. A laminar shear stress of 0.3 Pa was 
applied to the surfaces of the cells for 48 hours. Promotion of micro-vessel network 
formation was detectable after approximately 10 hours in the flow chamber. After 48 hours, 
the length of networks exposed to shear stress was 6.17 (± 0.59) times longer than at the 
initial state, whereas the length of networks not exposed to shear stress was only 3.30 (+ 0.41) 
times longer. The number of bifurcations and endpoints increased for networks exposed to 
shear stress, whereas the number of bifurcations alone increased for networks not exposed to 
shear stress. These results demonstrate that shear stress applied to the surfaces of endothelial 
cells on collagen gel promotes the growth of micro-vessel network formation in the gel and 
expands the network due to repeated bifurcation and elongation. 

1 Introduction 

Angiogenesis is the formation of new micro-vessels (capillaries) by endothelial cells 
(ECs) migrating and proliferating from the pre-existing vessel. This process is 
essential for numerous physiological events such as embryonic development, 
ovulation, and wound healing (1). Angiogenesis is also beneficial for tissue 
recovery by reperfusion of ischemic tissue, but is maladaptive for arteriosclerosis, 
diabetes, and tumor growth (2). With three-dimensional (3D) models, in vitro 
experiments have significantly advanced the understanding of angiogenesis. These 
models are based on the ability of stimulated ECs to invade substrates in a 3D 
manner. When confluent cells cultured on gels are activated by cytokines such as 
bFGF (3) and VEGF (4) or by phorbol esters (5), they invade the underlying gel and 
form capillary-like structures. Compared with 2D models (e.g., Matrigel model), 3D 
models more accurately represent an in vivo environment. In 3D models, depending 
on the culture media composition, ECs are induced to sprout, proliferate, migrate, or 
differentiate in a 3D manner (6). Shear stress also plays a role as a significant 
stimulus for angiogenesis. In vivo studies, Ichioka et al. (7) indicate that wound-
healing angiogenesis is enhanced by the adaptive response of microvasculature to 
shear stress, and Nasu et al. (8) show that increased blood flow causes tumor 
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vascular enlargement. Recent in vitro experiments, Gloe et al. (9) identify that shear 
stress induces capillary-like structure formation, and Cullen et al. (10) find that shear 
stress is a physiologically relevant stimulus for EC migration and angiogenesis. 

To clarify the details of the physiological and pathophysiological processes of 
angiogenesis under shear stress stimulus, 3D networks of capillary-like structure 
must be reconstructed. We successfully reconstructed the 3D network formation 
under shear stress stimulus (11). To assess the effect of shear stress on micro-vessel 
formation, we used an in vitro 3D model in which ECs were induced by a basic 
fibroblast growth factor (bFGF) to invade a collagen gel. Bovine pulmonary 
microvascular ECs (BPMECs) were seeded onto collagen gels with bFGF and then 
placed in a parallel-plate flow chamber. A laminar shear stress of 0.3 Pa was applied 
to the surfaces of the ECs for 48 hours. The total length of the networks was 
measured and used as an index of network formation. The density and the number 
of bifurcations and endpoints of the networks were measured to evaluate the 
morphology of the network. The migration velocity and direction of the ECs on the 
surface of collagen gel were measured to evaluate the influence of shear stress on 
the cells of the confluent monolayer of the 3D model. We considered the effect that 
shear stress applied to the ECs on the surface of collagen gel had on the network 
formation in the gel. Our results reveal that shear stress induces network formation, 
enhances EC migration velocity, and affects both the direction of EC migrate and the 
morphology of the network. 

2 Methods 

2.1 Endothelial cell culture 

Cultured BPMECs were purchased from Cell Systems (lot. 32030, USA) and were 
used in all experiments. BPMECs had been used in vitro experiments (12, 13) as 
capillary ECs, the property and culture methods of these cells have been established. 
These cells were cultured in Dulbecco's modified Eagle's medium (DMEM; 31600-
34, GIBCO, USA) supplemented with 10% fetal bovine serum (FBS; lot. 9K2087, 
JRH Biosciences, USA), 1% antibiotic-antimycotic (15240-062, GIBCO, USA), and 
15 mM HEPES (346-D1373, DOJINDO, Japan). The BPMECs were seeded in 60-
mm culture dishes (430166, Corning, USA.) and cultivated under standard 
conditions (37°C, 5% C02). BPMECs were passaged using of trypsin-EDTA 
(25300-054, GIBCO, USA). In our experiments, we used BPMECs passaged 
between 5 and 9 times. 

2.2 In vitro network formation assay 

Collagen gels were prepared as follows: 8 volumes of type I collagen solution (3.0 
mg/ml; Cellmatrix Type I-A, Nitta Gelatin, Japan) were mixed with 1 volume of 5x 
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DMEM and 1 volume of 0.1 N NaOH (192-02175, Wako Pure Chemicals Industries, 
Japan) on ice. The mixture was then poured into a glass-base dish (3911-035, 
IWAKI, Japan) and allowed to gel at 37°C for 30 minutes. BPMECs were seeded 
onto 1.53-mm-thick collagen gels at 4xl05 cells per 35-mm culture dish. The cells 
reached confluence 72 hours after seeding, and 30 ng/ml bFGF (Recombinant 
Human Fibroblast Growth Factor-basic; 100-18B, Pepro Tech, UK) was added to 
the culture medium to promote network formation (3, 4). The ECs were then 
incubated at 37°C in 5% C02. After the addition of bFGF, the ECs invaded the 
underlying gel and began forming the network. This 3D network model was used in 
the experiments. 

2.3 Application of shear stress 

Collagen gels with 3D networks were placed into a parallel-plate flow chamber 
made of polycarbonate (Fig. 1), and the ECs grown on these collagen gels were 
subjected to well-defined laminar fluid shear stress by the flow of culture medium 
(DMEM). Flow of DMEM was provided by a sterile continuous-flow loop. Shear 
stress on ECs (x, in Pa) was calculated by using the following formula: 

T = 6Qju/bh2 

where |j, is fluid viscosity (8.5xl0~4 Pas at 37°C), Q is flow rate (cm3/s), h is the 
flow chamber height (0.2 mm), and b is the flow chamber width (20 mm). Because 
the main objective of this study was to show that the ability of micro vasculature ECs 
to form new micro-vessel was modified under the conditions whether shear stress 
exists or not, the x in the chamber was 0.30 + 0.06 Pa to compare with previous in 
vivo study (7). The BPMECs were subjected to this x for 48 hours. The flowing 
culture medium was kept at 37°C in a water bath and was gassed with 5% C02-95% 
air to maintain pH 7.5 throughout the experiment. Bubbles were removed by a 
bubble trap. The perfusate was circulated by a roller pump (MP-3N, EYELA, 
Japan) in the flow circuit. The total priming volume was 60 ml for the entire circuit. 
For control, the 3D models were left at rest (static conditions, x = 0) under standard 
conditions (37°C, 5% C02) throughout the experiments. 

2.4 Images of the structure of 3D networks 

The 3D network models under static conditions were dyed with CellTracker Green 
BODIPY (C-2102, Molecular Probes, USA) to observe the 3D structure of the 
network in detail. After 3D networks were formed, the collagen gel sample was 
washed in serum-free culture medium. CellTracker at 25 mM concentration was 
added, and the network was incubated for 45 minutes at 37°C. After the sample was 
washed in serum-free culture medium, the images were recorded by using a laser 
scanning confocal microscope (MRC-600; BIO-RAD Laboratories, CA, USA) with 
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a 20x objective lens. The emission of BODIPY excited at a wavelength of 488 nm 
with a 25-mW argon ion lasers was detected in the wavelength region longer than 
515 nm. Images were recorded every 5 (Am in depth, starting from the confluent 
layer. 
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Figure 1. Apparatus to 
apply shear stress to 
endothelial cells. (A) 
A flow chamber (dark 
shading) placed on 
the stage of a phase 
contrast microscope 
was connected to a 
continuous flow 
circuit of culture 
medium (DMEM; 
arrows) and gas (5% 
C02-95% air; broken 
line). (B) ECs (ovals) 
in collagen gel (light 
shading) were 
subjected to shear 
stress by flow 
of DMEM (white 
arrows) for 48 hours. 
The height and width 
of the flow chamber 
were 0.2 mm and 20 
mm, respectively. 

EC 

2.5 Measurement of network morphology and EC migration 
using 2D parameters 

Although there were 3D networks in the gel, we used 2D parameters because the 
formation of networks in a horizontal direction to the collagen surface was much 
larger than that in a perpendicular direction. The acquired phase images were 
analyzed by using a scion image analyzer (Scion Corporation, USA). When we 
measured the following parameters, we focused only on one network per dish. As 
ECs began forming the network all over the dish 24 hours after the addition of bFGF, 
there were more than 500 early networks in the dish and one network, near the 
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center of the culture dish was randomly selected for analysis. The growth of the 
network was quantified by determining the total additive length of the network. The 
network density was calculated from the total additive length of the network divided 
by the area enclosing all the endpoints of the network (Fig. 2C). The network length 
and its density with time were respectively normalized by the initial length and 
density (i.e., at 0 hours of applied shear stress). Coordinates of the network centroid 
were calculated as follows: 

x = Txj/n 

y - Ly(/n 

where Xj and y; are the x- and y-coordinates of the i-th point along the network. 
Migration velocity and direction of ECs on the surface of collagen gel were 
calculated by tracking a single cell in the phase contrast images. Because these 
images were recorded at 10-minute intervals for 48 hours, it was easy to detect the 
successive movements of individual cells. We randomly chose some cells in the 
region near the network centroid (distance in the direction parallel to collagen 
surface between the network centroid and the cell was within 100 Jim) and some 
cells far from the centroid (over 100 nm) and tracked each cell. The downstream 
direction of the flow was defined as 0°. 

Figure 2. In vitro model of 3D network formation. ECs 
(A) grown to confluent on the surface of collagen gel and 
(B) incubated with bFGF (30 ng/ml) for 48 hours under 
static conditions. Bar scale: 100 (im. 

3 Results 

Growth factor bFGF enhanced the network 
formation in vitroTo assess the effect of shear 
stress on micro-vessel formation, we used an in 
vitro 3D model in which ECs were induced to 
invade a collagen gel. BPMECs formed a 
confluent monolayer on the surface of the 
collagen gel 72 hours after seeding (Fig. 2A), 
which we added 30 ng/ml bFGF. 24 hours after 
the addition of bFGF, the cells had invaded the 
underlying gel to begin forming the networks, 
which was slightly beneath the original 



Micro-Vessel Network Formation of Endothelial Cells with In Vitro Three Dimensional Model 31 

Figure 3. Fluorescent image of 3D network formation model under static conditions. Fluorescent image 
of (A) confluent monolayer and (B) structure 20 urn below the confluent monolayer. (C) Fluorescent 
image and (D) phase contrast image of the 3D structure of the network. Bar scale: 100 um. 

monolayer. After 48 hours of incubation with bFGF, these cells organized into 
branching capillaries and formed an extensive network under the surface monolayer 
(Fig. 2B), same as previous studies (3, 4). 

To observe the 3D structure of the network in detail, the ECs were dyed with 
CellTracker after 72 hours of incubation with bFGF and images were recorded every 
5 um in depth, starting from the confluent layer by using confocal laser scanning 
microscopy. These images were used to clarify the 3D structure of the network with 
the help of image analysis software. The results clearly show that cells invaded the 
collagen gel (Fig. 3), and reached a depth of up to 50 um. Images of thin sections 
perpendicular to the collagen surface obtained by using electron microscopy 
confirmed that the EC reconstructed the tubular structures, containing a clearly 
defined lumen consisting of multiple cells. 

To investigate the effect of shear stress on network formation, cells were 
incubated with bFGF for 24 hours and then subjected to laminar shear stress or left 
at static condition for 48 hours. The total length of the network was measured as an 
index of network formation. Results show that after 9 hours (Fig. 4), applied shear 
stress did not significantly affect the network formation; the total length of the 



32 K. Tanishita et al. 

network under applied shear stress increased by a factor of 1.38 + 0.14 compared 
with the initial length (i.e., at 0 hours of applied shear stress), similar to the increase 
under static conditions (1.42 ± 0.13). After approximately 10 hours, however, 
applied shear stress started to enhance the network formation (Fig. 4), compared 
with network formation under static conditions. After 24 hours, the enhancement 
was significant; the network length increased by a factor of 3.13 ± 0.46 under 
applied shear stress, compared with 2.17 + 0.29 for static conditions (P < 0.01). 
After 48 hours, the enhancement reached a maximum; a factor of 6.17 ± 0.59 under 
applied shear stress, compared with 3.30 ± 0.41 for static conditions (P < 0.01), 
indicating that the total length under applied shear stress was 1.87 times longer than 
under static conditions. These results clearly show that the 3D network formation 
was significantly enhanced by shear stress loading. 
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Figure 4. Effect of shear stress on network length. Total length of the network under shear stress and 
static conditions were calculated every 3 hours. Total length was normalized by the initial total length 
(i.e., at 0 hours). Data are mean ± S.D., n=6, *P<0.01 vs static cultures. 
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4 Discussion 

Correlation between blood flow and angiogenesis in vivo has been reported (7, 8). 
For example, Ichioka et al. (7) showed that the blood flow in vessels influenced 
angiogenesis. They used vasodilator prazosin to modify the blood flow, and found 
that angiogenesis during wound healing in the rabbit ear chamber was positively 
influenced by elevated prazosin-induced shear stress. Nasu et al. (8) observed 
growing tumor vessels in vivo to elucidate the relationship between blood flow and 
vascular enlargement, and showed that tumor angiogenesis depended more on local 
hemodynamics than on vascular growth factors. In an in vitro study, Albuquerque et 
al. (14) demonstrated that physiological shear stress enhances wound closure in 
cultured human umbilical vein and coronary artery ECs through the action of EC 
spreading and migration. In another in vitro study, Urbich et al. (15) indicated that 
the shear stress-induced migration was independent of cell proliferation, but was 
dependent on the fibronectin receptor Ck,fi\. Only few studies, however, have 
quantified the relationship between network formation and shear stress. Recent in 
vitro studies showed that flow induced the growth of the network formation of ECs 
in 2D (10, 9). In our study, we successfully reconstructed a 3D network formation 
model that mimics the conditions of an in vivo environment (6). The application of 
shear stress on the ECs resulted in an increased length of the entire network after 
approximately 10 hours (Fig. 4), the same time that active migration of cells on the 
collagen gel began. 

This refractory period, which required transmitting the effect of shear stress to 
EC features, was thought to be similar to previous studies. Franke et al. (10) 
showed that the endothelial stress fibers could be induced by a 3 hours exposure of 
shear stress of 0.2 Pa and Ookawa et al. (17) indicated that stress fiber-like structure 
was formed by a 3 hours exposure of shear stress of 2.0 Pa. Wechezak et al. (18) 
exposed shear stress of 0.93 Pa on ECs for 2 hours and observed that microfilament 
bundles and their associated focal contacts were concentrated in the proximal cell 
regions. As just described, these changes in cytoskeleton and adherence protein 
need several hours and probably cause the refractory period of EC migration and 
network formation. For EC migration, Tanishita et al. (19) also observed ECs under 
shear stress of 5 Pa in which migration velocity was 1-5 ftm/h initially, accelerated 
slightly after 12 to 16 hours, finally reaching approximately 16 (J.m/h after 16 hours. 
In our study, we observed that ECs required approximately 10 hours to transmit the 
effect of shear stress to not only EC migration but also network formation. Our 
study also revealed that the migration velocity and direction of ECs on the confluent 
surface depended on the distance from the network centroid. Thus, the nature of 
cellular migration strongly affects the network formation in the gel. 

Numerous previous studies focused on relationships between shear stress and 
growth factors such as bFGF and VEGF. For example, Gloe et al. (9) demonstrated 
that shear stress induced the release of bFGF from EC, and Malek et al. (20) 
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reported that laminar shear stress induced bFGF mRNA expression. Milkiewicz et 
al. (21) reported that higher capillary shear stress increases VEGF expression, 
whereas Conklin et al. (22) reported that low shear stress increases VEGF 
expression in ECs. Furthermore, NO is associated with angiogenesis. For example, 
Smith et al. (23) reported that eNOS enhances angiogenesis, and Lee et al. (24) 
showed that NO induces angiogenesis in vivo and in vitro by promoting EC 
migration and differentiation into capillaries. Lee et al. (24) also demonstrated that 
NO increased a,/^ integrin expression in ECs, a critical mediator of EC-matrix 
adhesion and migration. Although proteolysis is a key step in angiogenesis, matrix 
metalloproteinase does not increase after stimulation by shear stress (25). Our 
results show that in the presence of bFGF the migration velocity of ECs without 
applied shear stress (static conditions) only slightly increased, whereas that of ECs 
under shear stress conditions significantly increased. 

In summary, shear stress promoted the growth of 3D network formation in 
vitro. The enhancement became detectable 10 hours after the initiation of shear 
stress. After 48 hours, the growth rate (i.e. increase in network length) of a network 
under shear stress conditions was approximately 2 times faster than that of a network 
under static conditions. Furthermore, shear stress applied to ECs on the surface of 
collagen gel influenced the process of network formation in the gel. The endpoints 
of the network branches were extended, and the networks were significantly 
expanded due to repeated bifurcation and elongation. 
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The excellent performance of very low friction and long durability of natural synovial joints 
is maintained with synergistic metabolism of articular cartilage and synovial fluid. To study 
metabolic mechanism including repair process, it is important to know the stress-strain state 
of the cartilage and extracellular matrix around chondrocytes during cartilage deformation, 
where chondrocytes seem to experience similar deformation to extracellular matrix. The 
articular cartilage of high water content has a biphasic viscoelastic property and shows the 
time-dependent deformation behavior. In this study, the compressive behaviors in articular 
cartilage containing chondrocytes were observed in the compressive apparatus located in the 
stage of confocal laser scanning microscope. The time-dependent behavior of articular 
cartilage was evaluated by the finite element method for biphasic model. 

1 Introduction 

The natural synovial joints have excellent tribological performance known as very 
low friction and very low wear for various daily activities in human life. To 
maintain the excellent performance, the adaptive multimode lubrication mechanism 
is likely to operate under various activities in which the elastohydrodynamic 
lubrication, weeping, adsorbed film and/or gel film lubrication can become effective 
depending on the severity of operating conditions [1-3]. In natural synovial joints 
subjected to severe loading and rubbing, various protective roles of synovial fluid, 
cartilage surface layer, extracellular matrix and chondrocyte are required. It is 
important to repair the damaged surface layer by not only synovial fluid containing 
phospholipids, proteins, hyaluronic acid etc. but also supply of proteoglycan from 
extracellular matrix produced by chondrocytes as shown in Fig. 1 [4-6]. For supply 
of proteoglycan to surface gel film, the chondrocytes in surface zone appear to 
play an important role. The articular cartilage adapts to changing mechanical 
environments, but the detailed adaptive and/or restorative process has not yet been 
clarified. To study such mechanism involved, it is important to know the stress-
strain state of the cartilage and extracellular matrix around chondrocytes during 
cartilage deformation, where chondrocytes seem to experience similar deformation 
to extracellular matrix. The articular cartilage has a biphasic viscoelastic property 
based on a high water content up to 80%. In this study, therefore, the time-
dependent deformation of compressed articular cartilage was observed in the 

37 

mailto:tmura@mech.kyushu-u.ac.jp


38 T. Murakami el al. 

compressive apparatus located in the stage of confocal laser scanning microscope 
(CLSM). The stained chondrocytes were used as markers to evaluate the local 
strain of articular cartilage. The enlarged images of chondrocytes at higher 
magnification exhibited the deformed state of chondrocyte. In this study, the 
excessive deformation of chondrocyte in the surface zone is focused. 

The finite element method (FEM) for biphasic model was applied to evaluate the 
time-dependent mechanical behavior of articular cartilage. The influence of surface 
boundary conditions on deformation was examined. 

, .. ._, Articular cartilaqe ~ ,,-, 
Phospholipids, a ^ Ge l f i lm 
Proteins, —____̂  ^ ^ . ^ ^ ^ / 
Glycoproteins, """---——•" / „ j u J 
Hyaluronic acids, * " - - ±? ^m"*"*™—^ A d s o r b e d 
Others »»*<W5L ^7 fi lm 
via synovia -—^C " 

Articular c a r t i l a g e \ ^ Proteoglycans, 
Others 

^ 

Chondrocyte 

Figure I. Restoration of locally damaged articular cartilage surfaces via synovial fluid and extracellular 
matrix. 

2 Materials and Methods 

2. / Experimental compression test in confocal laser scanning microscope 

The cartilage specimens are prepared from the intact femoral condyle of porcine 
knee joints. The cylindrical specimen of 3 mm diameter was prepared by the punch. 
Then, the cylinder was sectioned as half size with a scalpel. The semi-cylindrical 
specimen includes the subchondral bone of about 0.5 mm thickness. Next, we 
observed the changes in local strain in articular cartilage specimens by monitoring 
the position of stained chondrocyte in the CLSM. The staining of chondrocyte is 
treated with calcein-AM, at 1 u.l/ml and 37°C for 30 min. The compression 
apparatus (Fig. 2) with high precision within 0.2 |im for position control was newly 
developed [5, 6]. This apparatus was allocated on the stage of CLSM and the 
compression speed can be adjusted from 1 u,m/s to 4 mm/s by feed-back control of 
DC servo-motor. In this study, 13% or 15% total compressive strain was applied by 
moving impermeable alumina ceramic plate at constant speed. The local strain was 
estimated as the approaching distance divided by the initial distance in 
perpendicular direction to the surface between corresponding chondrocytes in each 
layer in cartilage. On the basis of these visualized images, the time-dependent and 
depth-dependent changes in local strain of articular cartilage were evaluated. 
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Figure 2. Test apparatus and specimen. 

2.2 Finite element method for biphasic articular cartilage 

The articular cartilage with high water content is treated as the biphasic model 
proposed by Mow et al. [7]. To evaluate time-dependent and depth-dependent 
compression behavior in articular cartilage, the biphasic FEM analysis [8] was 
applied for an axisymmetric cylindrical model. The governing equations for linear 
biphasic model are given as follows; 

V ( ^ s v s + ^ ' v r ) = 0 ( I ) 

a s=-^ spI + /ltr(es)I + 2//es 

a r =-^fpI 

V - a s + - ^ - ( v f - v s ) - p V 0 f =0 
K 

(2) 

(3) 

(4) 

V . c
f - ^ - ( v r - v > ) + p V ^ = 0 

K 
(5) 

Here, v : velocity, ^ : constituent volume fraction, a: stress, >£,//: Lame constants, 
e:.strain, p : pore pressure, / : identity tensor, K : permeability, superscripts " s " 
and " f " correspond to solid phase and fluid phase, respectively. 

The dependence of permeability on strain (e < 0 for compression) expressed as 
the following formula proposed by Jurvelin et al. [9]. 

Kz =Ar0 + A-exp(£/t) (6) 
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The cylindrical model of 1.5 mm radius and 2.0 mm height is composed of 
tetrahedron elements with 10 nodes (including midpoints) as shown in Fig. 2, where 
the bottom plane of z = 0 mm is fully fixed as the tidemark connected to 
subchondral bone without fluid flow. The upper surface (z = 2.0 mm) was 
uniformly compressed to attain 15% total compression at the constant rate in 10 s 
and then kept as constant total compressive deflection under unconfined condition 
for outer cylindrical surface. In this study, the typical values for ^s=0.17, #>f=0.83, 
/l = 0.1MPa, ju = 0.3MPa were used. For the permeability, constant values in 
horizontal direction of KX = K"y = 9.14xlO~15m4/Ns were used and the equation 
(6) was applied in the compressed direction with x"0 =1.75xl0"15 m4/N-s, 
A = 23.7xl0-15m4/N-s, t =0.025. 

The influence of surface conditions on the compressive behavior was evaluated 
by changing the friction level and permeability as shown in Table 1. The healthy 
articular cartilage keeps low friction level of 0.01 as friction coefficient and lower 
permeability. The progress of osteoarthritis induces the increasing of friction and 
permeability, while the normal cartilage surface is covered with proteoglycan gel 
layer and adsorbed films, and keeps the lower permeability. Therefore, the 
condition 2 corresponds to normal cartilage, and condition 3 corresponds to 
degenerated cartilage in osteoarthritis. The intact cartilage is considered to be 
simulated with condition 2 but may be influenced by friction increase in local direct 
contact with indenter and the existence of some permeable region. 

Table 1. Surface conditions for FEM analysis. 

Condition 1 
Condition2 
Condition3 

Condition4 
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Fixed 
Frictionless 

Fixed 

Frictionless 

Permeability 

Impermeable 
Impermeable 

Permeable 

Permeable 

2.0mm 

z 

: 

A, 

X 

o c, c2 a 15 

Figure 3. FEM model for articular cartilage. 
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3 Results 

3.1 Experimental compression test in confocal laser scanning microscope 

In Fig. 4, the estimated values of local strain in cartilage specimens immediately 
after the total compressive deflection of 15% (0.15) was attained are plotted against 
the relative location in the depth direction, where 0 % means surface and 100% 
means the tidemark as the boundary of subchondral bone. We estimated the local 
strain by calculating the changes of the distance before and after compression in 
perpendicular direction to the cartilage surface between the definite stained 
chondrocytes as reported in the previous paper [5-6]. The local strain behaviors 
exhibited some depth-dependence, although the observation in top surface zone was 
difficult in many cases immediately after compression. It is noticed that the middle 
zone shows larger compression than deep zone particularly at lower strain rate. 

Next, the changes in local strain at equilibrium during stress relaxation process 
under constant total compression of 15% (0.15) are shown in Fig. 5. The 
deformation of deeper zone was clearly recovered probably accompanied with 
flowing of fluid into the middle and deep zone. On the contrary, the surface zone 
was largely compressed than average strain during stress relaxation in unconfined 
compression. The corresponding movement of stained chondrocytes in the surface 
zone is visualized in Fig. 6, where three chondrocytes are indicated by circles. The 
chondrocytes located near surface before compression (Fig. 6(a)) were moved to the 
surface (Fig. 6(b)) and then significantly moved towards the surface resulting in 
remarkable flattening of chondrocytes (Fig. 6(c)). 

20 40 60 

Distance from surface % 

80 100 

Figure 4. Local strain in articular cartilage immediately after compression. 
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Figure 5. Changes in local strain in articular cartilage at equilibrium during stress relaxation process 
after compression. 
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Figure 6. Changes in location of chondrocyte near surface in unconfined compression test. 

To observe precisely the changes in deformation of chondrocytes, the 
morphology of chondrocyte was examined with large magnification. The three-
dimensional images for chondrocyte morphology were reconstructed by stacks of 
images sliced by CLSM with about 1.5 |im thickness. The three-dimensional 
images for the surface region of 154 u.m x 154 u.m x 50 |xm are shown in Fig. 7. In 
the intact condition the chondrocyte located near surface has a flattened geometry 
compared with one in deeper zone. Under compressive condition, chondrocytes are 
deformed with similar strain to cartilage. It was confirmed that the chondrocytes in 
the surface zone change their location immediately after compression, and then 
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approached significantly to the surface during stress relaxation process. At 
equilibrium condition, the chondrocytes are largely strained as shown in Fig. 7. 

Figure 7. Three-dimensional visualization of chondrocytes in surface zone before and after compression. 

3.2 Finite element analysis for biphasic articular cartilage 

The time-dependent and depth-dependent compression behaviors of articular 
cartilage were evaluated by changing the surface boundary conditions. In this 
analysis, the strain in z-direction was calculated at the slow speed of 30 u.m/s for 10s 
to attain 15% (0.15) total strain. Figure 8 shows the distribution in compressive 
strain at z axis at 10 s, when 15% total strain has been attained. Under simplified 
condition 1 where both upper surface and lower planes are fixed, the middle zone is 
intensely compressed as larger strain than average level of 0.15, as suggested from 
the bulging behavior of cylindrical specimen. Under condition 2 which corresponds 
to healthy cartilage, the constant strain higher than the average is observed at the 
zone from middle layer to surface. At this low friction surface, the movement or 
extension of surface region to outer direction is not constrained, and thus the 
uniform compressive strain appears to be formed at higher level than the average but 
at lower level than the middle zone under condition 1, as indicated for soft tissues 
[10]. In contrast, under the condition 3 corresponding to degenerated cartilage, the 
larger compressive strain in the middle zone at similar level to condition 1 and 
higher strain near surface were observed. Under condition 4, the strain distribution 
combined of the condition 2 with condition 3 was produced. At the deep zone, 
there are not large differences among these four kinds of conditions. The strains 
from middle to surface zones are affected with differences in surface conditions. 
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Next, time-dependent strain behaviors near surface at z = 1.9 mm (at 5% location 
from the surface) under these surface conditions are shown in Fig. 9. In this analysis 
for biphasic material of uniform and isotropic properties except permeability, all of 
the equilibrium strain values under four surface conditions approach to the average 
strain of 0.15, although the time-dependent paths are different. Under condition 1, 
the strain gradually increases. Under condition 2 for normal intact cartilage, at 10 s 
the strain attain a little higher value than the average but changes to decrease during 
stress relaxation process. Conditions 3 and 4 show some progress in deformation. 
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Figure 8. Strain distribution of cartilage at 10s under four kinds of surface conditions. 
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Figure 9. Changes in strain near surface under four kinds of surface conditions. 
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Figure 10 shows the distribution of pore pressure along thickness direction at 10 
s, when total compressive strain of 0.15 has been just attained. Under conditions 1 
and 3, high friction at upper surface and fixation at subchondral bone form higher 
pressure gradient from both bottom and surface-side to middle zone, which produces 
fluid flow towards the middle zone. For normal cartilage under condition 2, pore 
pressure gradually decreases from bottom, and thus one-way flow alone is expected. 
The larger pressure gradient near surface under conditions 3 and 4 suggests that the 
local strain can increase even after compressive process ended at 10 s as shown in 
Fig. 9. 

0.14 , , , , , , , , , . , 

0 10 20 30 40 50 60 70 80 90 100 
Distance from surface % 

Figure 10. Distribution of pore pressure at 10 s. 

4 Discussion 

In compression tests of articular cartilage in the apparatus on the stage of CLSM, the 
time-dependent and depth-dependent behaviors in the local strain of cartilage could 
be evaluated by observing the stained chondrocytes as markers. The fluorescent 
images indicated that the surface zone responded at more or less than the average at 
the initial stage of compression and then was largely compressed during stress 
relaxation. Although excessive strain of cartilage and chondrocyte in surface zone 
at equilibrium is mainly caused by unconstrained compression, similar situation 
might occur during deteriorating process with wear in osteoarthritis. 

The time-dependent and depth-dependent compressive behaviors were evaluated 
by FEM analysis of corresponding biphasic cylindrical model with homogeneous 
and isotropic properties with an exception of strain-dependent permeability under 
four kinds of surface conditions for friction and permeability. The higher local 
strain in the middle zone immediately after compression at lower compression speed 



46 T. Murakami et al. 

(Fig. 4) might be related to some increase in friction during lower speed compression, 
where the experimental condition might approach to condition 1 or 3, as suggested 
by calculated results in Figs. 8 and 10. The restoration in the middle zone and the 
strain increasing in surface zone during relaxation process from slow to high 
compression speed ranges (Fig. 5) in experiment seem to correspond to not only the 
calculated pressure gradient in Fig. 10 but also the inhomogeneity particularly in 
surface zone. Although there are still problems to observe precisely the location of 
definite chondrocyte near surface in many cases immediately after compression, 
high or similar local strains compared with middle zone are observed near surface. 
As indicated in Figs. 5, 6 and 7, the cartilage and chondrocytes in the surface zone is 
excessively compressed at equilibrium after stress relaxation. In contrast, FEM 
analysis for homogeneous and isotropic material shows the asymptotic behavior to 
average strain for all conditions in Fig. 9. In our FEM analysis, the strain-dependent 
permeability did not induce large change in local strain at equilibrium compared 
with constant permeability. The phenomena of excessive strain appear to be 
influenced by heterogeneous and anisotropic properties of cartilage. Wang et al. 
[11] indicated that large strain of 50 % occurs near surface during the ramp loading 
phase in confined stress-relaxation compression with porous plate at average strain 
of 10%, although deep zone experiences only low strains less than average strain in 
the finite deformation biphasic analysis for articular cartilage with depth-dependent 
aggregate modulus ranging 20-fold difference between the surface and the deep 
zones. They confirmed that at equilibrium after stress relaxation, the inhomogeneous 
tissue can no longer achieve a uniform equilibrium strain state through the depth 
although uniform strain state is attained in a homogeneous tissue model. At our 
next stage of FEM analysis, inhomogeneous properties should be considered. 

In summary, the fact that both cartilage and chondrocytes show the time-
dependent and depth-dependent deformation was demonstrated in unconfined 
compression test of articular cartilage in this study. It was shown that the 
chondrocytes near surface particularly at equilibrium experiences larger strain than 
average state. FEM analysis indicated the importance of surface conditions for 
friction and permeability in time-dependent and depth-dependent deformation 
behaviors. To evaluate the actual function and durability of natural synovial joints 
with good metabolism, further researches by experimental visualization and 
numerical simulation [12-13] at both macroscopic tissue level and microscopic 
cellular level are required. Furthermore, we are exploring the biomechanical 
behaviors of chondrocytes and surrounding matrix at nanoscopic cytoskeleton 
and/or molecular level with consideration of mechano-transduction. 
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In reorganization process of the actin stress fibers, a change in its mechanical condition has 
been suggested as one of the key mediators. Some experimental studies have clarified that 
tension release in the stress fibers induces the fiber depolymerization that is considered as the 
initial phase of its reorganization. However, quantitative mechanical values such as strain or 
stress that induce the depolymerization still have not been evaluated. This study tried to 
quantify the fiber strain that induces the depolymeridzaion of the actin stress fibers to gain a 
basic understanding of the reorganization phenomenon from a mechanical viewpoint. 
Osteoblastic cells were cultured on prestretched silicone rubber substrate. Compressive 
deformation was applied to the cells by uniaxially releasing the prestretched substrate strain 
and the change of the stress fiber structure was observed. The results indicated that the 
compressive strain, not in the whole cell body but in the stress fiber itself, is important to 
induce the disassembly of the fiber structure. In addition, the existence of a threshold strain 
for initiating fiber disassembly was suggested. 

1 Introduction 

The cytoskeletal actin stress fibers is known to act as one of the important 
components in the mechanosensory mechanism by which cells can sense mechanical 
stimuli such as force and deformation [1-4]. In osteoblasts, actin stress fibers 
particularly have a dense network-like structure aligned along the major axis of the 
spindle-like cell as shown in Fig. 1. This distinctive aligned structure may affect the 
characteristics of the intracellular calcium signaling response to the mechanical 
stimulus [4]. In addition, the structure of the stress fibers itself is dynamically 
reorganized under the change of the surrounding mechanical environment [5-8]. 
Although the details of the reorganization mechanism activated by a mechanical 
stimulus still are not clearly understood, the intracellular tension existing in the 
cytoskeletal structure is proposed as one of the mediators of the reorganization 
mechanism [9]. 
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Figure 1. Cyloskclelal actin stress fiber 
network structure in the osteoblast-like cells 
(MC3T3-EI) labeled by the Rhodamine-
Phalloidin (Bar = 50 uni). 

The intracellular tension is believed 
to play essential roles in various cellular 
dynamic functions such as cytokinesis 
[10], cell movements [11], signal 
transduction [12], remodeling of the 
extracellular matrix [13, 14], and the 
apotosis [15]. The source of the 
intracellular tension is believed to relate 
with the stress fibers that contain actin 
polymer filaments and type-2 myosin 
[16-19]. Therefore, it is considered that 
the stress fiber itself can generate 
internal tensile force, and that tension 
normally exists in the stress fiber 
structure. 

Regarding the role of intracellular 
tension in the reorganization mechanism, 
interesting phenomena have been 
reported: the compressive deformation, 
applied to the cell body, that partially 
releases the intracellular tension induces 
the disassembly of the stress fibers as an initial phase of the fiber structure 
reorganization [9, 20]. On the basis of this observation, intracellular tension can be 
considered as one of the mediators in reorganization mechanism. However, the 
quantitative evaluation of the mechanical value at which the reorganization of the 
stress fiber structure is induced has not yet been conducted. 

The aim of this study was to evaluate the mechanical values, such as stress/strain, 
at which the stress fiber reorganization is induced. Because it is difficult to directly 
measure the intracellular tension in a living cell, except for the indirect measurement 
of the traction force in moving cells on a soft clastic substrate [21, 22], the fiber 
strain magnitude is evaluated as a mechanical measure related to the intracellular 
tension. 

A new experimental apparatus for applying uniaxial compressive deformation to 
a cell body was designed. The apparatus holds a silicone rubber chamber in which 
osteoblast-like cells (MC3T3-E1) were plated and incubated on its prestretched 
bottom substrate. Controlled compressive uniaxial strain is applied to the chamber, 
by which the cells are deformed via elastic substrate deformation and the 
intracellular pretension in the cytoskeletal stress fibers is released. Then, the change 
of the stress fiber structure following the strain application is observed to 
quantitatively evaluate the strain magnitude at which stress fiber reorganization is 
induced. 
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2 Materials and Methods 

2.1 Cell culture 

Osteoblast-like MC3T3-E1 cells obtained from the RIKEN BioResourse Center 
were plated sparsely at a density of 3.0 x 104 cells / chamber (75.0 cells / mm2). The 
cells were cultured in a-minimum essential medium (a-MEM: ICN Biomedicals) 
containing 10% fetal bovine serum (FBS: ICN Biomedicals) and were maintained in 
a 95% air - 5% C02 humidified environment at 37 degree C. At 24 hours of 
incubation after plating, cells were used in the experiment. 

2.2 Fluorescent labeling and observation of actin stress fibers 

Actin stress fiber structures in the cells were observed using fluorescent labeling 
techniques. At t = 15 min after the release of tension of the actin stress fibers, cells 
were fixed with 5% paraformaldehyde for 30 min at 4 degree C, rinsed with PBS, 
permeabilized by 0.1% Triton X-100, and labeled with Rhodamine-Phalloidin in 
PBS for 2.5 hours at 37 degree C , Phalloidin associates specifically with actin 
polymer filaments (F-Actin). Therefore, the stress fiber structure, which contains 
mainly actin polymer filaments, is specifically labeled. In contrast, unpolymerized 
monomeric actin (G-Actin) in cytosol is not labeled. Fluorescent images were 
obtained using a confocal laser-scanning microscope (Digital Eclipse CI: Nikon). 
Obtained images were recorded as 12-bit digitized image data using a PC. The focal 
plane was set at the bottom level of the cell where cells adhere to the substrate and 
the actin stress fibers are highly organized. 

2.3 Experimental apparatus 

A new apparatus for applying uniaxial compressive strain to the cells was designed 
for this study [23], as shown in Fig. 2. The apparatus can be mounted on the stage of 
an inverted microscope and operated at the installed position. The apparatus consists 
of two parallel linear guides, a shaft with right- and left-handed screws, and two 
sliders on which the silicone rubber chamber is mounted. The screw shaft drives 
these two sliders in opposite directions, and a stepping motor controls their 
displacements. Thus, controlled uniaxial strain can be applied to the silicone rubber 
substrate on which osteoblastic cells are plated. 

Cells were plated in a 4 cc (inner dimensions: 20 x 20 x 10 mm) silicone rubber 
chamber (Scholertec, Japan). The bottom of the chamber is made of a thin 
transparent silicone rubber sheet with a thickness of 100 urn, through which cells 
can be observed using an inverted microscope system. The inner surface of the 
chamber was treated with 5 M sulfuric acid for 30 min to promote cell adhesion to 
the substrate. Prior to the experiment, the chamber was washed with distilled water 
and sterilized in an autoclave. 
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Figure 2. A schematic of experimental apparatus. The apparatus was mounted on an inverted microscope. 
The silicone rubber chamber in which cells were seeded was mounted on the two parallel sliders. Sliders 
were driven by a right- and left-handed screw shaft connected to the stepping motor, and controlled 
uniaxial strain was applied to the chamber [23]. 

2.4 Evaluation of axial strain of stress fiber 

In this study, we evaluated axial strain of the stress fibers as well as the magnitude 
of the strain applied to a whole cell body. Cytoskeletal actin stress fibers in 
osteoblastic cells mainly align along the long axis of the cell [4]. Therefore, the axial 
fiber strain depends on its relative angle to the direction of strain release of the 
silicone rubber substrate. The cellular axis was determined as the major axis of an 
ellipse fitted to the cell shape determined using image-processing software (Image 
Pro Plus: Media Cybernetics), as shown in Fig. 3, the following procedure. First, the 
obtained fluorescent image (Fig. 3(a)) was binarized to clarify the cell outline 
(Fig. 3(b)). Secondly, the ellipse fitted to the outline was calculated, and the angle 
between the major axis of the ellipse and the direction of strain release was defined 
as 6 (0 < 6 < 90 deg) (Fig. 3(c)). The released axial stain of the stress fibers, £SF, 
was calculated based on the change of the gauge lengths of the chamber, l0 and /, 
and the stress fiber orientation angle, 8, as shown in Fig. 4(a). 

€SF '-
IF-l. F ~~lFQ { 2 1 ' 

l0
2 +(lUUL0/{v{lo-i)/k+l)) J 'F0 

lF = l/cos8 
(1) 

Here, vis an apparent Poisson's ratio defined as -Ey I ex at esub = 0.30. The substrate 
was supported by the lateral wall of the chamber, however, the substrate actually 
deforms elastically along the perpendicular direction to the direction of strain 
release because of Poisson's effect. The constant V at esub = 0.30 was measured as 
0.24. The relationship between the released axial strain of the stress fibers, es?, and 
the angle of stress fiber orientation, 6, is plotted in Fig. 4(b). 
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(a) Actin fiber image (b) Binarized image (c) Direction of the major axis 9 

Figure 3. Procedure to define the cellular axis, (a) Fluorescent image of actin stress fibers in a single cell. 
(b) The image was binarized to clarify the cell outline, (c) The major axis of an ellipse fitted to the 
cellular outline was defined as the cellular axis. The angle between the direction of strain release and the 
cellular axis was defined as 6 (0 < 0 < 90 deg.). 

(a) (b) 

Figure 4. The axial strain of the stress fiber ESH was calculated. Although uniaxial compressive strain was 
applied to the chamber, the substrate deformed in the direction perpendicular to the direction of strain 
release because of Poisson's effect. 

2.5 Experimental protocol 

Osteoblastic cells were plated on the uniaxially prestretched silicone rubber 
substrate in the chamber. The experimental procedure is shown in Fig. 5. In the 
initial prestretched state, the gauge length was defined as l0 (Fig. 5(a)). The chamber 
was shortened to the length of / at t = 0 min (Fig. 5(b)). Consequently, the silicone 
rubber substrate was shortened to a state where strain was defined as £;Ub = (/ - l0) I 
lo- In this study, the released strain was set as £;Ub = 0.30 at a rate of 0.045/sec. The 
cell shape deforms as the substrate deforms, because osteoblastic cells adhere to the 
surface of the silicone rubber substrate. The cellular deformation causes the release 
of the preexisting intracellular tension in the stress fibers which leads to an 
unbalance of the mechanical equilibrium state in the cytoskeletal fiber structures. 
This mechanical perturbation will induce the reorganization of the stress fiber 
structure as shown in Fig. 5(e). The amount of actin stress fibers in the cell after the 
release of intracellular tension was evaluated at t = 15 min (Fig. 5(c)) and analyzed 
in terms of the strain magnitude along the fiber axial direction $&. 
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h 
Silicone rubber substrate 

(c) Reorganization of S.F. 

Figure 5. Schematic of experimental procedure, (a) Osteoblastic cells were plated on the prestretched 
silicone rubber substrate in the chamber with the gauge length /,,. (b) Tensile strain on the substrate was 
released to the gauge length / at I = 0. (c) The change of stress fiber (SF) structure in the reorganization 
process was observed at I = 15 min. Strain applied to the substrate, £,„b = (/ - /o) / h>, was -0.30. (d), (e) 
After elastic deformation, the actin fiber structure reorganized depending on the fiber strain ftp. 
(Fluorescent image of the stress fibers were labeled by EGFP). 

3 Results 

Fluorescent images of the actin stress fibers at the bottom level in the cell are 
observed. In a normal cell, without any mechanical perturbation, stress fibers spread 
throughout the whole cell making dense network-like structure, as shown in Fig. 1. 
The stress fiber network has a characteristic aligned structure, the orientation of 
which corresponds to the major axis of the cell. Contrary to this, in a cell with strain 
release (e^ab = 0.30), the fiber structure can be observed only in the peripheral region 
of the cell. In the center region of the cell, the fiber network structure cannot be 
observed clearly. This result revealed that strain release induces disassembly of the 
stress fibers as the initial phase of the reorganization process. However, not all the 
cells responded in this manner. For example, a cell that aligned perpendicular to the 
direction of strain release did not show significant disassembly of the stress fibers. 
That is, even though compressive strain of the same magnitude was applied to the 
whole cell body, not all of the cells exhibited stress fiber disassembly. This result 
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suggests that the release of axial fiber strain is a key determinant of the dynamic 
stability of the stress fiber structure. 

Figure 6 shows the average fluorescence intensity of the actin stress fibers 
labeled by Rhodamine-Phalloidin for cells responding to different magnitudes of 
released axial fiber strain after 15 min. In each groups, the number of cells which 
were used for analysis was n = 13. Fluorescence intensities of the cells with released 
axial fiber strain £SF = -0.20 ~ 0.00 did not show any significant difference from that 
of the control cells. In addition, the cells with tensile axial fiber strain £"SF = 0.00 ~ 
0.10 also did not show any significant difference. In contrast, fluorescence 
intensities of the cells with fSF = -0.30 —0.20 significantly decreased (p < 1.0 x 
10~7, r-test). This result demonstrates that axial strain release along the fibers is an 
important factor in the fiber stability that relates to cytoskeletal actin stress fiber 
reorganization. Quantitative evaluation of the axial strain magnitude enabled us to 
posit that there exists a threshold value at which fiber disassembly is induced; its 
value can be estimated to be about eSF = -0.20. 
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Figure 6. Relationship between the axial strain of the stress fibers (£SF) and the average fluorescence 
intensity of the observed actin stress fibers. The fluorescence intensity was recorded using a PC, in a 12-
bit digitized format, minimum 0 to maximum 4095. In each groups, number of cells which were used for 
analysis was n = 13. There are no signi ficant differences in fluorescence intensity between cells with 
axial strain magnitude of £SF = -0.10 ~ 0.20 and the control cells. In contrast, there are significant 
decrease in fluorescence intensity in cells with axial strain magnitude of £SF = -0.20 —0.30. 



58 T. Adachi & K. Sato 

4 Discussion 

In many kinds of cells, reorganization of the stress fiber structure induced by 
changes in the mechanical environment has been reported under quantitatively 
controlled mechanical strain conditions [24-26]. We found, in this study, that the 
threshold magnitude of the axial fiber strain that induced stress fiber disassembly 
was approximately -0.20. However, other researchers have reported [24,25], for 
example, that cyclic stretch deformation of a magnitude of approximately 0.10 
activated biochemical signals that modulate the reorganization of the cytoskeletal 
actin structure, which involve integrin-related signaling paths [24] and intracellular 
calcium signaling paths [25]. One possible reason for the difference in the strain 
magnitude between our result and others is the difference in the form of the applied 
deformation: cyclic and transient. In addition, the observed phenomena themselves 
differ slightly. That is, other researchers observed the stress fiber structure after the 
completion of the reorganization, whereby the fiber orientation had been rearranged 
[26]. On the contrary, we focused on the disassembly of the stress fibers, which can 
be considered as the initial phase of the reorganization process. In actin stress fibers, 
polymerization and depolymerization of monomeric actin molecules take place 
continuously, and the structure is maintained under the dynamic equilibrium of these 
coupling assembly and disassembly reactions. Therefore, results in other studies 
likely include the influence of assembly factors that act in later phases of 
reorganization. 

Many studies have indicated that osteoblastic cells can sense mechanical stimuli 
to which they respond in various ways. Such cellular responses arise due to the 
intracellular transmission of the mechanical stimulation into biochemical signaling 
cascades. In the same way, the disassembly of the stress fibers observed in this study 
seems to appear due to such activation of biochemical signaling. Therefore, there is 
a possibility that the threshold strain magnitude evaluated in this study only indicates 
the threshold of cellular mechano-sensitivity, that is, the threshold mechanical value 
at which biochemical signaling cascades are activated. However, in this study, there 
were two groups of cells, those exhibiting disassembly of stress fibers and those that 
did not, even though we applied uniaxial compressive strain of the same magnitude 
(£Sub = -0.30) to the whole cell body. This result suggests that, not the strain applied 
to the cell body, but the axial fiber strain is the key determinant of stress fiber 
stability. In addition, in another experimental study [20], we proposed an 
experimental technique by which we can selectively apply local contraction to 
release the intracellular tension of the targeted stress fiber in a single cell. The result 
observed in this experiment revealed that only the tension-released stress fiber was 
disassembled in a single cell, even though biochemical signals, such as intracellular 
calcium signaling are activated in the whole cell body. This result also supports our 
suggestion that axial strain release is the key mediator of stress fiber stability. 
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We have shown that axial strain release of the stress fibers induces disassembly 
of the stress fiber structure, and that there is a threshold strain magnitude for the 
initiation of this phenomenon. It is important to discuss the physical meaning of the 
threshold strain magnitude. In the reorganization process, many biochemical factors 
play important roles in the modulation of the actin structure. It is known that some 
proteins sever filaments by directly associating with the actin filament itself, while 
some proteins inhibit the actin polymerization by capping the plus end of the 
filaments, and other proteins modulate the balance between actin polymerization and 
depolymerization by associating with the monomeric actin molecule pool in cytosol 
[27]. Our results revealed that the axial fiber strain is the key determinant of the 
filament stability, so that the proteins directly associating with the stress fibers is 
suggested to be a main player in this disassembly mechanism. For example, a new 
hypothesis can be proposed here: the release of axial fiber strain might induce the 
conformational change of the actin filament or monomeric actin molecule itself, and 
this conformational change consequently might affect the affinity of the actin 
depolymerizing factors with actin filament. The examination of this hypothesis will 
be the next challenge to further the understanding of the mechanics-related 
cytoskeletal stress fiber dynamics. 
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Morphological responses of cultured bovine endothelial cells (ECs) exposed to hydrostatic 
pressure were investigated. ECs were exposed to physiological blood pressure under a 
hydrostatic head of culture medium for 24 h. Pressured ECs exhibited marked elongation and 
orientation with the random direction, together with development of centrally located, thick 
stress fibers. Pressured ECs also exhibited multilayered structure unlike under control 
conditions. The area and the shape index value significantly decreased after exposure to 
hydrostatic pressure, which was in good agreement with the results from conventional flow-
imposed experiments. In contrast, a tortuosity index, which was newly introduced to represent 
cell shape tortuosity, significantly increased for pressured ECs, while sheared ECs had no 
difference in turtuosity index from control. In addition, pressured ECs aligned with no 
predominant direction, while sheared ECs aligned in the flow direction. These results indicate 
that ECs can respond very specifically to the type of imposed mechanical stimuli such as 
hydrostatic pressure and fluid shear stress. 

1 Introduction 

Vascular endothelial cells (ECs) play important roles in physiology and pathology of 
blood vessel walls. ECs have a large variety of physiological functions to support 
our life, for example, regulation of permeability between blood and surrounding 
tissues, coagulation of blood, transmigration of leukocytes, and regulation of vessel 
diameter. For their anatomical location, ECs are exposed to hemodynamic forces in 
vivo: shear stress due to blood flow and hydrostatic pressure due to blood pressure. 
These mechanical forces are important factors of remodeling in EC morphology [1]. 
Morphological changes elicited by mechanical stresses are known to influence 
several aspects of EC biology that are critical to normal endothelium functions [2]. 
Therefore, the effects of hemodynamic forces on EC morphology and cytoskeletal 
structure have been studied. 

A large number of studies have previously been reported to evaluate the effects 
of shear stress [3-5] on EC structure because blood vessels would have experienced 
complex blood flow such as boundary layer separation and secondary flow in the 
preferential regions of atherosclerosis. For example, Nerem et al. [3] have quantified 
time course of changes in morphology of bovine aortic ECs exposed to shear stress 
and have shown that ECs elongated and aligned to the flow direction depending on 
the level of shear stress and exposure duration. In contrast, few studies have been 
reported to evaluate the effects of hydrostatic pressure on EC morphology so far. 
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Acevedo et al. [6] have reported that after exposure to hydrostatic pressure of 12 
mm Hg for 7 days, bovine pulmonary artery ECs showed elongation without 
predominant cell orientation and the cytoskeletal reorganization with the formation 
of multilayer. Salwen et al. [7] have also demonstrated elongation and multilayering 
of bovine pulmonary artery ECs exposed to sustained hydrostatic pressure of 8 mm 
Hg for 7 days. These studies used pulmonary artery ECs, and therefore in the 
pressure range of several mm Hg and higher. From the viewpoint of vascular disease 
such as atherosclerosis, it would be necessary to use arterial ECs in the pressure 
range of around 100 mm Hg. Sumpio et al. [8] have reported that bovine aortic ECs 
under sub-confluent conditions were elongated and randomly orientated after 
exposure to hydrostatic pressure of 80 mm Hg. 

In this report, I summarized our published data [9] on cytoskeletal structures of 
confluent bovine aortic ECs exposed to hydrostatic pressures of 50, 100 and 150 
mm Hg for 24 h. In addition, since shear stress together with hydrostatic pressure 
affects EC morphology in vivo, we also compared pressured ECs with sheared ECs 
in morphology to examine the morphological dependence of ECs on different 
mechanical stimuli. 

2 Methods 

2.1 Endothelial cells 

ECs were obtained from bovine thoracic aortas and cultured according to standard 
cell culture techniques. The culture medium consisted of Dulbecco's Modified Eagle 
medium (Invitrogen, USA) supplemented with 10% heat-inactivated fetal bovine 
serum (JRH Biosciences, USA), and penicillin-streptomysin (Invitrogen, USA). For 
hydrostatic pressure-imposed experiments, ECs were plated on a cell culture dish of 
35mm in diameter (Asahi Techno Glass, Japan) and cultured until reaching 
confluence. 

2.2 Hydrostatic pressure-imposed experiments 

The hydrostatic pressure-imposed system consists of a damping chamber, a flow 
chamber, a reservoir, and a roller pump (Master Flex, USA). These are connected 
with silicone tubes. The flow chamber is composed of the cell culture dish, an I/O 
unit, and a gasket with the thickness of 1mm. The height of the reservoir can be 
adjustable to apply hydrostatic pressure to EC monolayer in the flow chamber. 
Pulsatile part of fluid flow produced by the roller pump is eliminated by a damping 
chamber. During experiments, the temperature of culture medium was maintained at 
37°C by soaking the damping chamber in a thermostatic chamber and pH by 
pumping mixed gas (5% C02/ 20% 02/ 75% N2). Using this system, hydrostatic 
pressure of 50, 100 and 150 mm Hg was applied to ECs for 24 h to roughly 
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represent diastolic, mean, systolic blood pressures. It should be noted that very slow 
fluid flow with shear stress less than 0.1 Pa was applied to ECs to perfuse nutrients 
and oxygen. It has been confirmed that shear stress less than 0.5 Pa does not induce 
any morphological changes in ECs [10]. In a separate study, we performed 
conventional flow-imposed experiments to compare with hydrostatic pressure-
imposed experiments. A detailed description of flow-imposed experiments has been 
reported elsewhere [11, 12]. A fluid shear stress of 2 Pa was applied to EC 
monolayer for 24 h using the same experimental system. As control, ECs were 
statically cultured in a standard incubator under atmospheric pressure. 

2.3 Fluorescence staining 

The fluorescence staining of F-actin filaments was performed as follows. Briefly, 
ECs after exposure to hydrostatic pressure were fixed with 10 % formaldehyde for 5 
min. Then, ECs were stained with 150 nM concentration of rhodamine-phalloidin 
for 20 min. A confocal laser scanning microscope (Olympus, Japan) was used to 
observe distribution of F-actin filaments of ECs in all experimental conditions. 

2.4 Morphological analysis 

Morphological analysis was performed on ECs to evaluate parameters such as area, 
the shape index (SI) [13], a toruosity index and the angle of cell orientation. 

Figure 1 shows the protocol for EC morphological analysis. The cell outline 
was manually extracted by tracing outsides of peripheral thick actin filaments in 
fluorescent images with the public domain NIH Image program version 1.62 
(National Institute of Health, USA) (a). Cell area and cell perimeter were then 
measured automatically (b). In addition, an equivalent ellipse for the cell outline, 
which has the equal area and the equal moment of inertia corresponding to the 
extracted cell shape, was also determined (c). The angle of cell orientation is defined 
as the deviation of the major axis of equivalent ellipse from the flow direction. For 
control cells, the horizontal direction from left to right in the images was defined as 
0°. The shape index is defined as follows. 

Shape index = 4TIA / P2 (1) 

where A is the cell area, P the cell perimeter. The shape index is defined as 1.0 for 
the circle and approaches zero for highly elongated shape. The tortuosity index is 
newly defined [9] as follows. 

Tortuosity index = P/P' (2) 
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where P is the cell perimeter and P' (he equivalent ellipse perimeter of the cell. The 
tortuosity index increases from 1.0 when the cell shape becomes more tortuous, 
while the tortuosity index is 1.0 when the circle or the ellipse. 

• Cell Area: A 
• Cell Perimeter: P 
• Shape Index: AnAlP2 

• Angle of Cell Orientation: 9 
• Perimeter of Equivalent Ellipse: P' 
• Tortuosity Index: PIP' 

Equivalent ellipse 

Figure 1. The protocol of determining morphological parameters of ECs. Reprinted from [9] with 
permission from JSME. 

2.5 Statistical analysis 

Statistical comparisons were made using unpaired Student's t-test and unpaired 
Welch's t-test for equal variance and unequal variance, respectively. A value of/? < 
0.05 was considered significant in all analyses. Statistical data were shown in terms 
of the mean ± standard deviation (mean ± SD). 

Results 

Time course of changes in morphology of ECs under sheared and pressured 
conditions was observed with a phase contrast microscope, as shown in Fig. 2. The 
same cell is enclosed with black line in the center of each figure. At 3 h, pressured 
ECs seemed to contract without any apparent elongation (b). The same tendency was 
observed for sheared ECs (0- At 6 h, ECs showed an increase in cell areas (c, g). At 
24 h, sheared ECs then elongated and oriented in the direction of flow (h), while 
pressured ECs elongated and randomly oriented (d). It should be noted that ECs 
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showed active migration during exposure to hydrostatic pressure and shear stress. 
Interestingly, some of pressured ECs repeated this time course of changes several 
times during 24 h. 

Figure 2. Typical morphological changes in ECs exposed to hydrostatic pressure of 100 mm Hg (a, b, c, 
d) and shear stress of 2 Pa (e, f, g, h). (a, e) Oh, (b, f) 3 h, (c, g) 6 h and (d, h) 24 h. Bar = 20 urn. 
Reprinted from [9] with permission from JSME. 

Typical fluorescence images of rhodamine-phalloidin stained ECs are shown 
in Fig. 3 for (a) control, (b) hydrostatic pressure of 100 mm Hg for 24 h, and (c) 
shear stress of 2 Pa for 24 h. Similar images to hydrostatic pressure of 100 mm Hg 
were obtained for 50 and 150 mm Hg hydrostatic pressure. For control cells, ECs 
exhibited a rounded shape, and thin and short F-actin filaments were observed 
centrally with web-like configurations. In contrast, exposure to hydrostatic pressure 
resulted in cell elongation with no predominant orientation. Distinctive differences 
were also seen in the F-actin filament structures. Pressured ECs exhibited centrally 
(arrow head) and peripherally (arrows) located long and thick filaments, which 
aligned with the cell major axis. Moreover, the cells proliferated in the three-
dimensional directions and exhibited multilayered structure. Sheared ECs showed 
elongation and alignment with the flow direction, together with development of 
centrally located thick stress fibers. The area, the shape index, the tortuosity index, 
and the angle of cell orientation are summarized in Table 1 for the three pressured 
conditions. There were significant differences in the changes in morphological 
parameters between control and the three pressure conditions. 

The area, the shape index, and the tortuosity index are summarized in Fig. 4 for 
control, pressured, and sheared ECs. Both the area and the shape index significantly 
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Figure 3. Typical fluorescence images of rhodamine-phalloidin stained ECs for (a) control, (b) 
hydrostatic pressure of 100 mm Hg for 24 h. (c) shear stress of 2 Pa for 24 h. Bar = 50 pm. Arrow and 
arrow head represent actin filaments located peripherally and centrally, respectively. Reprinted from |9[ 
with permission from JSME. 

Table I. Morphological parameters of ECs exposed to hydrostatic pressure of 50. 100 and 150 mm Hg. * 
p < 0.05 vs. control. Reprinted from |9 | with permission from JSME. 

Pressure Area [urn ] Shape Index Tortuosity Index Angle of cell orientation [deg] 

Control 

50 mm Hg 

lOOmmHg 

150 mm He 

718 ± 178 

641 ± 126* 

620 ± 98* 

638+ 107* 

0.86 ± 0.06 

0.46 ±0.10* 

0.36 ±0.16* 

0.51 ±0.10* 

1.04 ±0.03 

1.32 ±0.14* 

1.27 ±0.14* 

1.26 ±0.10* 

0,6 ± 50.2 

16.1 ±59.8 

12.2 ±48.0 

-1.7 ±57.4 
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Figure 4. Morphological parameters of ECs exposed to hydrostatic pressure of 100 mm Hg for 24 h and 
shear stress of 2 Pa for 24 h. * /) < 0.05 vs. control. + /) < 0.05 vs. sheared. Reprinted from [9] with 
permission from JSME. 



M. Solo 

decreased under pressured and sheared conditions. In contrast, the tortuosity index 
for pressured cells significantly increased compared with control. There are also 
significant differences in shape index and tortuosity index between sheared and 
pressured conditions (p < 0.05). 

Distributions of the angle of cell orientation are shown in Fig. 5 for the three 
groups. The angle for pressured ECs was distributed almost uniformly, which was 
similar to that for control. In contrast, the SD for sheared ECs was significantly 
smaller than that for the other two groups and centered nearly on the 0°. 
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Figure 5. Histograms of angle of cell orientation, (a) control, (b) hydrostatic pressure of 100 mm Hg for 
24 h. and (c) shear stress of 2 Pa for 24 h. Reprinted from |9 | with permission from JSME. 

4 Discussion 

The present study investigated morphological changes and cytoskeletal 
rearrangement of cultured ECs exposed to physiological hydrostatic pressures of 50, 
100 and 150 mm Hg for 24 h. These results were compared with those obtained 
from a conventional flow-imposed experiment. For the result of time course of 
change in morphology, ECs firstly showed contraction after exposure to shear stress 
and hydrostatic pressure. As following changes, ECs elongated and oriented to the 
flow direction under sheared condition. In contrast, pressured ECs also elongated 
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but showed no predominant orientation. The observation of cytoskeletal structures 
clarified detail differences in morphology between sheared and pressured ECs. 
Under hydrostatic pressure, ECs exhibited long and thick filaments, concomitant 
elongation with no predominant orientation, and multilayering (Fig. 3b). In contrast, 
sheared ECs elongated and aligned with the flow direction, developing thick stress 
fibers (Fig. 3c). Thus, ECs responded uniquely in accordance to each mechanical 
stimulus. Among the three pressure conditions, the same characteristic of 
morphology was observed and morphological analysis showed no significant 
differences (Table 1). 

Sumpio et al. [8] reported that ECs were elongated and aligned randomly 
under 80 mm Hg for 9 days but did not form multilayer. In their experiment, since 
ECs were exposed to hydrostatic pressure after cells were seeded and allowed to 
attach for 24 h, ECs did not reach confluent. It has also been known that ECs form 
cell to cell contact, i.e. intercellular adhesion, in confluent conditions. Therefore, 
intercellular adhesion may have an important role in morphological response of ECs 
to hydrostatic pressure. 

Acevedo et al. [6] and Salwen et al. [7] have exposed bovine pulmonary artery 
ECs to up to 12 mm Hg for 7 days and have shown the EC elongation and the 
formation of multilayer. Although there were differences in pressure level and 
exposure time between present study and their studies, the similar tendency such as 
multilayering was obtained. This result may indicate that multilayering does not 
depend on locations where ECs exist, but depends on cell density conditions 
together with the combined effects of shear stress and hydrostatic pressure. 

Under pressured conditions, the area and shape index significantly decreased, 
which showed the similar tendency to those under sheared conditions (Fig. 4). 
Although the tortuosity index significantly increased under pressured conditions, the 
index was almost constant under sheared conditions. In addition, distributions of the 
angle of cell orientation were quite different between the two mechanical conditions 
(Fig. 5). In the previous study [11], Ohashi et al. have suggested through numerical 
simulations that F-actin filaments might be rearranged in accordance to intracellular 
stress distributions under flow conditions, i.e. development of stress fibers could be 
observed around a region of stress concentration. To take this into consideration, the 
mechanism of cell responses to hydrostatic pressure can be assumed as follows. 
When exposure to hydrostatic pressure, nonuniformity in intracellular stress state 
occurs or increases due to nonuniformity in initial cell morphology and cytoskeletal 
structure. Then, the cytoskeleton develops to reduce the stress concentrations, 
followed by cell elongation until desired stress state will be reached. Since this is 
just the hypothesis, it requires further study to elucidate the mechanism. 

ECs do not continue to grow after they have formed a confluent monolayer, 
which is known as contact inhibition. However, in this study, pressured ECs piled up 
on top of one another and formed multilayer unlike under in vivo conditions. 
Vascular endothelial growth factor (VEGF), which is an endothelium-specific 
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mitogen, may associate with multilayering of ECs. It is known that VEGF induces 
EC proliferation, migration and differentiation. Confluent ECs were found to 
respond poorly to the proliferative signals of VEGF [14]. It was also shown that 
gene expression of VEGF-2 is pressure sensitive [15]. Taken together, hydrostatic 
pressure might enhance synthesis of VEGF production of ECs and then increase cell 
proliferation. In addition, it was reported that VEGF stimulates dephosphorylation 
of catenins, which associate with VE-cadherin and localize to adherens junctions 
[16]. Adherens junctions, which mechanically connect and provide the structural 
base for interendothelial mechanical stability, have an important role in contact 
inhibition. Pressure-induced VEGF may decrease formation of adherens junction 
and induce inefficiency in contact inhibition, resulting in multilayering of ECs. On 
the other hand, it was demonstrated that physiological arterial shear stress of 1.5 Pa 
decreased VEGF synthesis of porcine arterial ECs [17]. Although, in vivo, ECs are 
exposed to both shear stress and hydrostatic pressure, multilayering has never been 
observed as far as our knowledge. The combined effect may alter the role of VEGF 
to ECs, but the mechanism is still unclear. 
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Uptake of food, water and nutrients may cause mechanical stress on the intestinal villi that 
regulates villous and intestinal motilities and digestive functions. However, the mechanism of 
mechanosensing in intestine is not yet clear. We pay attention a cellular system, subepithelial 
fibroblasts, that form a cellular network just under the epithelium of the gastrointestinal tract. 
Using primary cultured cells isolated from rat duodenal villi, we previously found that 
subepithelial fibroblasts had many kinds of receptors for vaso- and neuro-active substances, 
such as endothelins (ETs), ATP, serotonin, and that they reversibly changed cell morphology 
between flat and stellate-shape depending on intracellular cAMP levels. Recently we found 
that subepithelial fibroblasts were sensitive to mechanical stress such as "touching" and 
"stretching". Mechanical stimulations evoked Ca2+-increase in the cells and ATP-release 
from the cells. The released ATP activated P2Y1 type ATP receptors on the surrounding cells 
and propagated Ca2+-waves through the network. Concomitant with Ca2+-waves, a transient 
contraction of the network was observed. ATP-release and Ca2+ signaling were cell-shape 
dependent, i.e., they were abolished in stellate-shaped cells treated with dBcAMP, and 
recovered or further enhanced in re-flattened cells treated with ETs. From these unique 
properties, we propose that subepithelial fibroblasts work as a mechano-sensor in the intestine, 
and as a regulator of mechanical property and movement of the villi. 

1 Introduction 

The gastrointestinal tract is not only regarded as a digestive and an immune organ 
but also as a sensory organ [1]. Food and water uptake and their digestion may give 
rise to chemical and mechanical signals that induce the peristaltic reflex in the gut. 
Chemical and mechanical signals control motility, secretion and immune defenses in 
local and/or central neural and/or non-neural pathways [1, 2, 3]. Even in isolated gut, 
distension caused by intraluminal hydrostatic pressure induces peristalsis [4] and 
there seems to exist mechano-sensors in mucosa, submucosa and muscle layer 
including myenteric plexus. However, the mechanosensing machinery is not yet fully 
elucidated. 

The luminal surface of the intestine forms villous structure (Figure 1A). The 
intestinal villi are not simple amplifiers of the mucosal surface to absorb nutrients, 
but rather are functional units which resolve contradictory functional demands such 
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as a smooth transfer and a long-term folding of the content of digesting food. 
Although the fact that intestinal villi exhibit motility was first noted in 19th century, 
how these flexible, graceful and bendable properties of intestinal villi are achieved is 
still obscured [5, 6, 7, 8]. 

Figure I. Intestinal villi and subepithelial fibroblasts. A: Villous structure covering all over inner 
surface of intestine (mouse duodenum). Shapes of villi exhibit two forms, fingcrlike and leaflike, 
depending on the species. Rat and mouse we used here have the leaflike villi. B: A schema of intestinal 
villi. Subepithelial fibroblasts locate just under the epithelium and form a cellular network. The network 
connects with epithelium, capillary, smooth muscle and neural networks. C: Scanning electron 
micrograph of rat intestinal villi in which the epithelium was removed by osmic acid maceration method 
[12]. Subepithelial fibroblasts network is exposed. Photo is courtesy of Dr Terumasa Komuro with 
copyright permission of Arch Histol Cytol (53 (1990): 1-21). D: Light micrograph (Nomarski 
differential interference contrast image) of subepithelial fibroblasts in primary culture isolated from ral 
duodenum. The method of culture was described in [13]. 

Subepithelial fibroblasts form a cellular network just under the epithelium of 
the gastrointestinal tract (Figure IB). They have flattened cell bodies with numerous 
long, attenuated cell processes, are rich in a-smooth muscle actin (a-SMA), 
communicate via gap junctions and their cellular network ensheaths lamina propria 
of intestinal villi, just like a nylon stocking (Figure 1C) [9, 10, 11, 12]. Subepithelial 
fibroblasts communicate with epithelium, blood vessels, smooth muscles and neural 
networks (Figure IB). We established a primary culture method of subepithelial 
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fibroblasts isolated from rat duodenal villi (Figure ID) [13]. Using the cultured cells, 
we found that subepithelial fibroblasts express many kinds of receptors for vaso- and 
neuro-active substances, such as endothelins (ETs), substance-P, serotonin (5HT), 
angiotensin II and ATP, and that they form a syncytium via functional gap junctions 
[13, 14, 15]. Furthermore, subepithelial fibroblasts change cell morphology 
drastically and reversibly between flat morphology with broad cell processes (flat-
shape) and round cell body with thin cell processes (stellate-shape) depending on 
intracellular cAMP levels (Figure 2) [13]. The "Flat-shape' is maintained by a 
numerous actin fibers in the cell, and the cell possesses contractility. On the other 
hands, in stellate shaped cells such dense actin fibers are de-polymerized [13]. 

dBcAMP, forskolin, ([cAMP] I) 
Figure 2. Cell shape changes in 
subepilhelial fibroblasts. Subepithelial 
fibroblasts change their cell shape 
between flat morphology with broad cell 
processes (flat-shape, left image) and 
round cell body with thin cell processes 
(stellate-shape, right image) within 10 
min depending on intracellular cAMP 
level. Nomarski images with indo-l 
fluorescence. 

ETs,FCS([cAMP]|) 

Recently, we revealed that subepithelial fibroblasts are highly sensitive to 
mechanical stimulations, such as 'touch' and 'stretch', and release ATP by the 
stimulations, and that the mechano-sensitivities are cell-shape dependent. From 
these findings, we have proposed that subepithelial fibroblasts are working as a 
mechano-sensor in the intestinal villi via ATP releasing [16]. 

ATP and nucleotides are now recognized as important and ubiquitous 
extracellular messengers in various kinds of tissues and organs [17, 18]. ATP is 
often released by mechanical stimulations and activates surrounding cells via many 
subtypes of P2Y metabotropic and P2X ionotropic ATP receptors [19]. The released 
ATP works as autocrine and paracrine mediators, and play pivotal roles in the 
mechano-transduction in many tissues and organs; e. g., in blood vessel, blood flow 
induces ATP release from endothelial cells and ATP enhances mechano-sensilivity 
to the share stress [20]; in airway, ciliated epithelial cells release ATP by foreign-
substances induced mechanical-stress, and enhance salt and water transport, ciliary 
beat frequency and mucin secretion to increase defense mechanisms [21, 22]; in 
mammary alveoli, myo- and secretory epithelial cells interact mutually via 
mechanically released ATP to enhance milk secretion [23, 24]; in tubular and 
bladder visceral organs, such as intestine [25] and urinary bladder [26, 27], 
nociceptive mechano-sensory transduction occurs by ATP released from epithelium 
by the distension or distortion of these organs. 
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Here, we review our results and discuss Ihe roles of subepithelial fibroblasts in 
intestinal functions, especially concerning their mechanical properties. 

2 Mechanosensitive Network of Subepithelial Fibroblasts 

We applied two types of mechanical stimulations to the cultured subepithelial 
fibroblasts isolated from 10 to 12 day old rat duodenum. One is touching a cell with 
fine glass rod and another is stretching the cells, which are cultured on an elastic 
chamber made with silicone elastomer f 16]. We measured intracellular Ca~+ changes 
with indo-1 fluorescence using an UV-laser scanning confocal microscope and 
released ATP with luciferin-luciferase bioluminescence using a luminometer or a 
luminescence imaging system. 

2.1 Touch induced Ca -waves and ATP release 

The touching of a subepithelial fibroblast with a fine glass rod induced an 
intracellular Ca"+ increase in the cells and the Ca2* increase propagated to 
surrounding cells (intercellular Ca~+ waves). Ca"+ wave propagations were reversibly 
blocked by MRS2179 (100 uM), an inhibitor of P2Y1, but not by CBX (100 uM), a 
gap junction blocker (Figure 3). Ca"+ waves propagated to separate cells where no 
physical contact existed between the cells [16J. These results strongly suggest that 
touch induced a release of nucleotides from stimulated cells, which activated P2Y1 
receptors in surrounding cells. 

touch 
0s ; 5s 10s 15s 

Figure 3. Mechanical stimulation (touch) induces Ca2* waves in subepithelial fibroblasts. Ca2* waves 
were suppressed in MRS2I79 (100 pM). a P2YI ATP receptor blocker (upper panel), and recovered after 
the washout (middle). Ca"* waves were not affected by CBX (100 pM). a gap junction blocker (lower). 
Ca"* changes were measured by indo-1 fluorescence using an UV-laser confocal microscope. Two 
fluorescence images of indo-1 (F405 as red, F480 as green) were superimposed onto Nomarski images. 
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To confirm the result, we measured the touch induced ATP release using an 
imaging system of luciferin-luciferase bioluminescence. By touching a cell briefly, 
intense luminescence occurred and it diffused to the surroundings (Figure 4), 
indicating ATP is released from the touched cells. For the ATP receptor subtype, 
histochemical, RT-PCR, western blotting and Ca 
P2Y1 is a dominant functional subtype [16]. 

2+ response analyses indicated 

Figure 4. Touch induces ATP release 
in subepithelial fibroblasts. ATP-
release is visualized by luciferin-
luciferase bioluminescence using a 
uminescence imaging system. 

where the luminescence is amplified 
using an image inlensifier and a 
high-sensitive cooled CCD camera. 
Top-left Nomarski image is observed 
simultaneously with the 

luminescence using IR illumination. 

So, mechanical stimulation (touching) of subepithelial fibroblasts induces ATP 
release and the released ATP activates P2Y1 on surrounding cells. These processes 
form propagating intercellular Ca~+ waves in subepithelial fibroblasts and may work 
as important messenger in the villi. 

Figure 5. Propagaling contractions of 
subepithelial fibroblasts. Following the 
touch evoked Ca~* waves brief cell 
contractions were observed. The Ca2+ 

change and the contraction in each cell 
(shown by different colors in upper left 
figure) were shown in middle and bottom 
traces, respectively. Cell contractions were 
measured by the shortening of cell-length. 
Contractions occur with about 10 s delays 
after the Ca2* change. 

20 30 

time (s) 
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2.2 Contractile network 

When a subepithelial fibroblast was stimulated by touch, concomitantly with Ca~+ 

wave propagation, transient cellular contractions were sometimes propagated 
(Figure 5). Cell contractions reached maximum at about 10 s delay after the peak of 
Ca2+ increase. Application of ATP (0.1-100 uM) and ETs (0.1-10 nM) also induced 
transient contraction following the Ca"+ increase. These transient and brief cellular 
contractions of subepithelial fibroblast networks may affect mechanical properties of 
villi and may cause the villous motility in a part. 

2.3 Stretch induced Ca~* responces and ATP release 

Another type of mechanical stimulation, stretching (10-60%, 3 s) of cells cultured on 
silicone elastomer also induced Ca"+ increase (Figure 6B, lower panel). The 
response was transient and disappeared after a few tens of seconds. The number of 
responsive cells increased dependant on an increase in stretch length [16]. 

Simultaneously to the Ca~+ measurement, we measured ATP content in 
perfusates using luciferin-luciferase bioluminescence and detected clear ATP release 
by stretch (Figure 7). So, subepithelial fibroblasts respond to stretch and release 
ATP. This stretch sensitivity may serve in mechanosensing in the intestinal villi. 

Figure 6. Cell-shape dependent mechanosensitivity. Mechanical stimulations, touch (A) and stretch 
(B). induced-Ca-*-responses and -waves in subepithelial fibroblasts were suppressed in dBcAMP 
treated stellate-shaped cells (upper panels in both A and B) and recovered in ETI-treated flat-shaped 
cells (lower panels in both A and B). 
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Figure 7. Stretch induced ATP 
releases were suppressed in 
dBcAMP-treated stellate-
shaped cells and recovered or 
enhanced further in ET-treated 
flat shaped cells. ATP contents 
in perfusate were measured at 
every minute by luciferin-
luciferase bioluminescence 
using a luminometer. 

2.4 Cell shape dependent mechanosensitivity 

As shown in above (Figure 2), subepithelial fibroblasts change their cell shape from 
flat-shape to stellate shape depending on intracellular cAMP level. We found that 
the mechano-sensitivities were highly cell-shape dependent. Mechanically (touch: 
Figure 6A and stretch: Figure 6B) induced Ca2+ signaling was abolished in stellate-
shaped cells treated with dBcAMP (Figure 6A upper, 6B upper panels), and 
recovered in re-flattened cells treated with endothelin (Figure 6A lower, 6B lower 
panels). The ATP release was suppressed in stellate-shaped cells and recovered or 
further enhanced in re-flattened cells (Figure 7). The response to ATP also 
decreased in stellate-shaped cells [16]. 

These findings indicate that cAMP-mediated intracellular signaling causes 
cell-shape change, which accompanies the changes in mechano- and ATP sensitivities. 

3 Roles of Subepithelial Fibroblasts in Intestinal Villi 

Subepithelial fibroblasts secrete extracellular matrices and form basal lamina under 
the epithelium. It is now being recognized that subepithelial fibroblasts play major 
roles in the regulation of proliferation, migration, transepithelial resistance and 
secretory responses of epithelial cells, and in the regulation of inflammatory and 
injury responses in the gut [28, 29]. From the unique mechanical properties of 
subepithelial fibroblasts we found, some additional physiological functions are 
considered. 

3.1 Barrier/Sieve functions 

Under basal lamella, dense collagenous fibrils and subepithelial fibroblasts networks 
form subepithelial reticular sheets [12, 30]. Basal lamina and subepithelial reticular 
sheets work together as a sieve for various substances and immune cells. In addition 
to their direct sieve function, they may control the permeability of epithelium to ions, 
nutrients and water by releasing various cytokines, such as TGF-(3, TNF-oc, HGF, 
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PGEs. These cytokines are secreted from subepithelial fibroblasts [31] and modify 
the assembly of tight junctions of epithelium to change their permeability [32, 33]. 
So, the subepithelial fibroblast network may work as a barrier or sieve by itself and 
by controlling the epithelium in the intestinal villi (Figure 8A). Subepithelial 
fibroblasts change their shape quickly and dramatically by ETs applications 
depending on intracellular cAMP levels, suggesting that the barrier or sieve 
properties are controlled locally and dynamically in the villi. 

Release of 
Cytokines 

TGFp 
TMFa 

<- HGF 

Bending 

B 
Subepithelial 
Fibroblasts 

P2Y, 

Mechanical 
1 Stress 

Enterochromaffin 
Cells 

Figure 8. A model for subepithelial fibroblasts 
working in the intestinal villi. A: Barrier/Sieve 
functions. Subepithelial fibroblasts work as barrier 
or sieve for nutrients, ions. H<0. immune cells etc. 
by changing their morphology anil releasing 
cytokines that affect permeability of epithclia. 
B: Mechano-sensor. Subepithelial fibroblasts 
release ATP by the mechanical stress of villi. 
Released ATP activates P2X?.i on terminals in 
sensory neurons. C: Regulation of villous 
movements. Subepithelial fibroblasts work as a 
mechanical frame that determines the mechanical 
property of the villi. Passive and active 
movements of villi may be regulated by the cell 
morphological change and the cell contraction. 

3.2 Meclumasensor in the intestinal villi 

Food and water intake give rise to mechanical signals that induce the villous motility 
and the peristaltic movement in the gut, meaning that the intestine is a 
mechanosensing organ. There seems to be several mechanosensors located in 
mucosa, submucosa and muscle layer including myenteric plexus. In the mucosa, it 
was suggested that luminal stimuli release sensory mediators from mucosal 
epithelium, which then activate nerve terminals of sensory neurons [2, 34, 35]. 
Cholecystokinin and serotonin are reported to be chemo-mediators that excite nerve 
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terminals in mucosal sensory neurons, and are released by luminal stimuli [36, 37]. 
ATP is also reported to activate nerve terminals of intrinsic sensory neurons via 
P2X2 and/or P2X3 [3, 38, 39, 40]. In P2X2 or P2X3 gene deleted mice, the 
intraluminal pressure-induced peristalsis was inhibited [39, 40]. The source of ATP 
in mucosa is thought to be released from enterochromaffin and from epithelial cells 
by mechanical stress of the intestine [34, 35]. However, there is a considerable 
distance from epithelial to neuronal termini. Between them, there exist basal lamina 
and also a network of subepithelial fibroblasts that are sensitive to serotonin and 
ATP [14]. Furthermore, subepithelial fibroblasts are sensitive to mechanical stress 
and release ATP as shown herein. From their location and from their displayed 
characteristics, subepithelial fibroblasts are thought to plausibly be the mechano-
sensor in (he intestinal villi (Figure 8). Actually, nerve terminals are located near 
subepithelial fibroblasts in the villi [9, 10]. 

To confirm the idea, we co-cultured neural cells (NG108-15 cells) on 
subepithelial fibroblasts (Figure 9). Ca2+ waves induced mechanically in 
subepithelial fibroblasts propagated to and activated the neuron (Figure 9). So, we 
propose that subepithelial fibroblasts release ATP upon stretch or distension of villi 
and that the ATP acts on P2X2 and/or P2X3 receptors on intrinsic sensory enteric 
neurons to regulate peristalsis and on extrinsic sensory neurons originating in dorsal 
root ganglion to induce nociception. In urinary bladder, similar mechanism is 
working for nociception of bladder fullness, although the mechanosensing or ATP 
releasing cells arc thought to be epithelial cells [26, 27J. 

Figure 9. Propagation of Ca"* 
signal from subepithelial 
fibroblasts to the neuron. A: Co-
culture of differentiated NG108-15 
neural cells and subepithelial 
fibroblasts. Neurons with well- (2 
developed processes are seen on 
subepithelial fibroblasts. B: 
Touching of subepithelial 
fibroblasts evoked Ca"* waves 
(yellow parts). The Ca2+ signal 
spread to the neural processes (N). 
C: Traces show Ca"* increase in 
several subepithelial fibroblasts 
and Ihe neuron. 
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3.3 Regulation of mechanical properties and movements of the villi 

Subepithelial fibroblasts are rich in a-smooth muscle actin and their cellular 
networks ensheath the laminar propria of intestinal villi as a contractile network. So, 
they may work as a mechanical frame to keep the flexible structure and contractility 
of the villi (Figure 8C). We think the structure and mechanical properties of villi are 
kept by not only smooth muscle in laminar propria but also subepithelial fibroblast 
networks. Further, this mechanical frame is not static and the properties may be 
regulated by the morphological changes of subepithelial fibroblasts. 

We showed that subepithelial fibroblasts made transient (10-20 s) contractions 
synchronizing to Ca2+ wave propagations (Figure 5). The contractions were due to 
the released ATP. Application of ETs also induced brief but oscillatory contraction 
in subepithelial fibroblasts. The intestinal villi are known to move spontaneously 
with retraction-extension and bending modes (Figure 8C) [8]. Contractility of 
subepithelial fibroblast networks may regulate such villous motility [9]. 

The roles of intestinal villi are not only to expand the area of absorption but 
also to transport smoothly and slowly the contents (chyme), which are the mixture of 
solid and fluid. So, mechanical properties of intestinal villi must be flexible and 
regulated dynamically. These extra-ordinary mechanical properties may be achieved 
by dynamical networks of subepithelial fibroblasts. 

4 Summary 

Subepithelial fibroblast networks form a syncytium under the epithelium in the villi, 
respond to many kinds of baso- and neuro- active substances, and change shape 
rapidly or contract transiently. They are also highly sensitive to mechanical stress 
and release ATP. Subepithelial fibroblast networks are not only connected with 
lamina propria fibroblast-like cells, but also closely contact the capillary network, 
sensory and motor neuronal networks, smooth muscles, and epithelium in the villi. 
Subepithelial fibroblasts communicate among these cell systems via ATP release 
and other humoral factors. From these views, we consider that subepithelial 
fibroblasts work as (1) barrier/sieve, (2) mechano-sensor and (3) mechanical frame 
in the villi. These functions are likely regulated locally and dynamically in the villi 
by rapid cell-shape changes and contraction, and cell-shape dependent mechano-
sensitivities, which may play crucial roles in intestinal functions. 
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Progress in both cell biology and biomaterial technology has led to the possibility of 
therapeutic applications of tissue engineering for the repair of cartilage defects. The 
regulation of cell differentiation and the cell source have been a big challenge for this tissue 
engineering approach. The re-aggregate approach is an attempt to achieve a more or less 
complete regeneration of tissues from dispersed cells of a particular origin, under controlled 
culture conditions. Mesenchymal stem cells (MSCs) are expected to be a useful cell souse for 
cartilage tissue engineering. In order to explore the feasibility of applying these cells, MSC 
aggregates mixed with chondrocytes were examined. For regulating cell differentiation and 
forming micro-tissue element of cartilage, rotational culture system was innovated. Rapid 
and large-scale "microelements of cartilage" were formed in this system. 

1 Introduction 

Chondrocytes in articular cartilage synthesize collagen type II and large sulfated 
proteoglycans, whereas the same cells cultured in monolayer (2D) dedifferentiate 
into fibroblastic cells and express collagen type I and small proteoglycans [1]. Cell-
cell interaction realized in cell aggregation is thought to play a pivotal role in cell 
differentiation. Pellet culture system or 3D culture system was developed as a 
method for preventing the phenotypic modulation of chondrocyte, and promoting 
the redifferentiation of dedifferentiated one [2, 3]. It is difficult to obtain the 
required mass of autologous chondrocytes because of the limited availability of 
donor tissue and donor site morbidity. Mesenchymal stem cells (MSCs) are 
expected to be a useful cell source for cartilage tissue engineering [4-7]. 
Chondrogenesis can be induced by culturing MSCs in condensed pellets in defined 
media in vitro [4, 5]. However MSCs can hardly differentiate into chondrocytes 
after repeated passages. Some strong inductive signals for chondrogenesis are 
required to differentiate the passage cultured MSCs into chondrocytes. Co-culture 
of MSCs with mature chondrocytes in one pellet is a strategy that both provides 
inductive signals and solves the cell source problem. 

Because the pellet culture system forms only one cell-aggregate each tube by a 
centrifugator, the pellet could not be applied to produce a tissue-engineered cartilage 
and this is a critical issue for cartilage tissue engineering. Previously we reported a 
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rotational culture system to fibroblast aggregates for skin tissue engineering [8]. In 
this report, we analyzed the effects of co-cultured MSCs with mature chondrocytes 
in mixed pellet culture in vitro and we showed an effectiveness of a rotational 
culture for forming a large number of chondrocyte-aggregates at once. 

2 Methods 

2.1 Co-culture ofMSC with mature chondrocytes 

Bovine articular chondrocytes (BCH) were isolated from the shoulder articular 
cartilage of a four-week old calf. The isolated chondrocytes were cultured for one 
week and two-passaged BCH were used for assay. Human mesenchymal stem cells 
(MSCs) were purchased from Poietics, Inc. in the second passage. Thawed cells 
were cultured with defined growth used for pellet culture after another passage. 
BCH and MSC were harvested and suspended in chondrogenic medium with TGF-B 
for induction of chondrogenesis. The cell suspensions of MSCs and chondrocytes 
were mixed at 5 ratios as shown in Table 1. The cells were spun down in 
polypropylene conical tubes after mixture and maintained with medium changes 
three times per week. Free-floating pellets were formed within the first 24 h of 
culture. After 4 weeks post-inoculation in tubes, the pellets were analyzed 
histologically. The chondrogenic phenotype was evaluated with safranin-0 staining. 

Table 1. Mixture ratio of mesenchymal stem cell and 
articular chondrocyte. M, MSC alone; 1:2, 1 volume of 
MSC to 2 volumes of BCH; 1:1, equal volume of each 
kind of cells; 2:1, 2 volumes of MSC to 1 volume of 
BCH;B, BCHalone.[9] 

2.2 RNA preparation and semi-quantitative RT-PCR of co-culture pellets 

Total RNA was prepared from the pellets after 1, 2, 3 and 4 weeks culture. RNA for 
RT-PCR was converted to cDNA. Semi-quantitative PCR amplification was carried 
out and gene expression of type I collagen, type II collagen, 18S ribosomal RNA, 
human B2 microglobulin and human type II collagen primers were analyzed [9]. 
Human 62 microglobulin and type II collagen primers were designed to be human 
specific, while other primers react to bovine and human equally. The reaction 
products were resolved by electrophoresis and the blot areas were measured using 
NIH image software. The ratios of human specific B2 microglobulin to 18S and 
type II collagen to type I collagen were calculated. 

-'ell ratio 

1:2 

1:1 

2:1 

B 

MSC 

2.5 x 10' 

2.0 x 10* 

2.0 x 10' 

2.0 x 10-' 

BCH 

4.0 x 10' 

2.0 x 10' 

1.0 X 10' 

1.0 X 106 

( cells) 
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2.3 Rotational culture of chondrocytes 

Four-passaged bovine articular chondrocytes were accomplished with our new 
method by an orbital shaker. Single prepared cells were finally resuspended at 
0.3x107 cells/ml with the chondrogenic medium with or without TGF-B for a 
rotational culture. Five milliliter of the suspension was conducted into a dish 
(diameter; 35 mm, Costar, NY, USA) fabricated for non-adhesive cell culture. The 
shaking speed was set at 80 rpm, so that cells could be distributed at the center of 
the dish [10]. The dishes were placed in a humidified C02 incubator. Chondrocyte-
aggregates were harvested and measured their diameters. 

3 Results 

3.1 Gross Appearance and histological findings of co-cultured pellets 

Pellets of the mixed cells were formed and floated in the culture medium within 24 
hours (Fig. 1). All pellets showed spherical or oval shapes in the first few days after 
their formation. The pellets formed from chondrocytes alone and MSC/BCH 
(mixed pellet) gradually grew bigger and their surfaces became smooth and glossy. 
The 2:1 pellets gained over twice the size (Fig. 2). The mixed pellets showed a 
stronger and more homogenous staining as the cell ratio of MSC to BCH increased 
from 1:2 to 2:1 (Fig. 3). The mixed pellet of 2:1 showed the highest growth, 
strongest safranin O staining and most homogenous distribution of cartilaginous 
extracellular matrices (Fig. 4). 

3 r 

1.5 

1 
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0 

2:1 

•i\v 

Figure 1 (Left). A Pellet in a 15 ml polypropylene conical tube. Cells aggregated within a day after 
ccntrifugation. By tapping, the pellets were detached from the wall of lube and maintained their shape 
during the culture period.[9] 

Figure 2 (Right). Pellet sizes after 1 day and 4 weeks culture. BCH and mixed pellets increased their size 
while MSC pellets slightly decreased in size. [91 
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Figure 3. Gross appearance of pellets (A-E) and histological staining with Safranin-0 (F-J) after 4 weeks 
culture. A and F are MSC pellet. B and G arc 1:2 . C and H are I: I. D and I are 2:1. E and J are BCH 
pellets. [9] 

Figure 4. Histological staining with safranin-O of 2:1 pellet at a magnification. Cells in the central pan 
showed a round shape and abundant cartilaginous extracellular matrix while peripheral cells negatively 
stained and was fibroblast-like. |9 | 

3.2 Cell proportion during co-cull lire 

Human MSC and total cell number were detected by an internal standard by RT-
PCR using a B? microglobulin primer designed specifically for human, and an 18S 
ribosomal RNA primer designed for a consensus sequence of human and bovine. 
respectively. The ratio of the two internal standards of mixed pellets was calculated 
on the basis of MSC only pellets. At the early stage, R2 microglobulin contents in 
mixed pellets approximately equaled the initial mix ratio. The cell proportion had 
no significant change during the 4 weeks culture (Fig. 5A). which indicates that the 
proliferations of both kinds of cells were almost the same. 
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2W SW 4W 

Figure 5. (A) Variation of cell proportion in the pellets during co-culture. The ratio of human specific 
62 microglobulin to total 18S rRNA correlates to the proportion of human cells in the pellets. (B) Time 
course of the ratio of expression of gene encoding type H collagen to that of type I collagen. [9] 

3.3 Chondrogenic gene expression in MSC pellet and mixed pellets 

MSC rarely expressed the gene encoding type II collagen during the first 2 weeks 
and expressed it slightly after 4 weeks culture, which was contrary to our 
expectations. Chondrocyte phenotype was evaluated by the ratio of type II collagen 
to type I collagen gene expression. The ratio of type II collagen to type I collagen 
gene expression decreased with the increase in percentage of MSC in the pellets. 
After 4 weeks culture, higher MSC ratio in the mixed pellets showed a higher gene 
expression ratio of type II to type I collagen (Fig. 5B). A higher content of MSC in 
the mixed pellets facilitated type II collagen gene expression. Human specific type 
II collagen gene expression was examined to clarify the origin of the collagen 
expressed in the mixed pellets. After 4 weeks culture, almost no expression of 
hCOL II mRNA in either MSC or mixed pellets was detected, while human specific 
82 MG mRNA was evident (Figure 6). 

Figure 6. RT-PCR analysis of total 
RNA isolated from each pellet. Human 
articular chondrocytes were used for 
positive controls. Mixed pellets 
increased in total type II collagen 
expression after 4 weeks, however 
human specific type II collagen gene 
expression level was very low. [9] 

3.4 Aggregate formation of chondrocytes in rotational culture 

The shaking speed was set at 80 rpm, so the cells would be distributed in the center 
of the dish to augment the frequency of cell-cell contact. Bovine articular 
chondrocytes started aggregating in few hours and the surfaces of aggregates were 
irregular, not smooth at initial stage. The diameter of aggregates increased with 
time and gradually the surfaces became smooth. In 24-36 hours of rotational culture, 



92 K. Tsuchiya, K. S. Furukawa & T. Ushida 

aggregates with smooth surface were formed under the condition as shown in Fig. 7. 
The medium with TGF-B made the diameter increase than medium without TGF-8 
(Fig. 7). The diameters of the aggregates distributed in the range from 
approximately 200 um to 600 um (Fig. 8). The results showed that parameters such 
as culture time and addition of TGF-B controlled the diameter. 

Figure 7 (Left). Effect of incubation time on aggregate formation. [10] (A, D) 2 days, (B, E) 7 days, (C, 
F) 14 days. (A, B, C) Without TGF-B, (D, E, F) with TGF-8. Bar= 500 fim 

Figure 8 (Right). Time course change in diameter of chondrocyte-aggregates. [10] D: Without TGF-B, 
DT: with TGF-B 

4 Discussion 

4.1 Cell source for cartilage tissue engineering 

Tissue engineering protocols usually require handling of isolated autologous cells. 
So far, most approaches to tissue repair by autologous cells use biopsies from 
healthy sites on contra lateral tissues such as joint cartilage for articular cartilage 
repair. The shortfalls of these protocols are obvious: the small number of available 
cells, the morbidity at the donor site and the limited ability of the harvested cells to 
proliferate and undergo differentiation. Meanwhile, research is increasingly focused 
on tissue regeneration by relevant precursor or multipotent stem cells [5]. 
Mesenchymal stem cells isolated from bone marrow are pluripotent cells capable of 
differentiating into many cell types and may be suitable for autologous articular 
cartilage repair [6]. 

4.2 Cell-cell interaction is nessesary for cell differentiation 

Intercellular communication confers on tissues the ability to coordinate several 
cellular functions, such as the regulation of cell metabolism. Cell-to-cell 
communication between the same cells in a tissue via gap junctions can also couple 
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different cell types [11] owing to the molecular compatibility of the connexins 
expressed [12]. In hepatocytes both gap junctions and paracrine stimulation can 
support cell-to-cell signaling, suggesting that the two mechanisms might co-operate 
in controlling tissue homeostasis and in co-coordinating cell responses against 
changes in the extracellular environment. Homologous and heterologeous 
intercellular communication is critically involved in the development of cartilage 
during differentiation. In normal cartilage tissue, chondrocytes lose their cell-to-cell 
communication owing to their rich extracellular matrix. Chondrocytes extracted 
from cartilage tissue, however, retain the ability to form functional gap junctions in 
culture [13]. 

4.3 MSCs affect to up-regulation of the cartilagenous phenotype 

There is a possibility that isolated chondrocytes give or receive signals to or from 
MSCs. If there are agreeable effects on each cell type following mixing of the 
MSCs with mature chondrocytes, a co-culture system has the potential to be a useful 
approach to cartilage tissue engineering. In this study we mixed xenogenic cells to 
clarify the origin of cartilaginous matrix products. It was verified that human and 
bovine cells coexisted and maintained their initial mixture ratio during the 4 weeks 
culture. Therefore the changes of-cartilage phenotype were not from the change of 
cell property in the pellets. MSC pellets did not show any positive signals for 
neocartilage formation. We could not deny the possibility that the passaged MSCs 
might have lost their chondrogenic capacity during cell proliferation. Despite the 
low potential of MSCs to differentiate in the present study, the mixed pellets showed 
up-regulated cartilaginous phenotype as the MSC ratio increased in the mixture. 
The effects might be derived from the differentiation of MSC and BCH. RT-PCR 
for the gene encoding human type II collagen did not detect its expression in any 
pellets, which indicates that MSC did not directly contribute to the up-regulation of 
cartilaginous matrix production. The increase of type II collagen gene expression 
and cartilaginous matrix production can be accounted for by the up-regulation of the 
cartilaginous phenotype of BCH. Redifferentiation of dedifferentiated chondrocytes 
requires a three-dimensional environment and growth factors to enhance its 
efficiency. These growth factors are secreted constantly from monolayer cultured 
MSC or start to secrete in abundance during chondrogenesis. One possible 
mechanism of co-culture may be that some growth factors secreted from MSC 
mediate a paracrine effect on BCH and up-regulate their cartilaginous phenotype. 
Moreover cell-to-cell interactions may be concerned with this effect because 
additional culture media or trans-well culture did not affect the chondrogensis of 
cells in this study (data not shown). Co-culture of MSC and BCH increased the 
growth of BCH and up-regulated the chondral phenotype of BCH. The co-culture 
strategy will be useful for in vitro expansion of mature chondrocytes without 
decreasing their differentiation ability. 
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4.4 Rotational culture system for cartilage tissue elements 

For tissue engineering application, we introduced a rotational culture system to 
achieve a large volume of functional cartilage. In our method, a large number of 
chondrocyte-aggregates could be formed at once [10]. If the aggregates are 
inoculated to 3 dimensional scaffolds, the aggregates will outgrow in the scaffolds 
with keeping the differentiated phenotype, and secretion of matrices. For tissue-
engineered cartilage, various kinds of scaffolds (non-woven fiber scaffolds, sponge 
like scaffolds etc.) have been developed thus far. Pore sizes of the scaffolds for 
tissue-engineered cartilage widely distribute in the range from several um to mm 
[14]. In our experiment, the size of the aggregate could be controlled with some 
parameters, such as incubation time, and addition of growth factors, i.e. TGF-6. 
Therefore, easy inoculation of chondrocyte-aggregates to scaffolds would be 
realized, adjusting the diameter to pore size of the scaffold. The aggregates formed 
by our rotational culture method would be widely applied to tissue-engineered 
products. It is thought that there is possibility to use the aggregates as seeds of 
differentiated cartilage and act as "microelements of cartilage for tissue engineering". 
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It is suspected that due to the presence of a filtration flow of water at the vessel wall, 
concentration polarization of low-density lipoproteins (LDL) occurs at the luminal surface of 
an implanted graft, leading to an increase in the uptake of LDL by the cells forming a 
pseudointima, rapid proliferation of the cells, and eventual development of intimal 
hyperplasia in the graft. Hence we have studied the interrelationship between water filtration 
velocity at the vessel wall measured before and after implantation of the graft and the 
thickness of a pseudointima formed in the graft by implanting three kinds of artificial grafts 
having an approximately the same diameter (3.0 mm) but very different water permeability at 
the vessel wall into the common carotid artery of the dog and harvesting them at different 
times postoperatively. It was found that the greater the water filtration velocity measured 
before and after implantation of the graft, the greater the thickness of the pseudointima 
formed in the graft, suggesting the impotance of the filtration flow of water which cause 
concentration polarization of LDL at the luminal surface of the implanted graft in the 
development of intimal hyperplasia. 

1 Introduction 

One of the big problems in carrying out vascular reconstructive procedures using 
small diameter artificial grafts is the development of intimal hyperplasia that occurs 
late postoperatively. For implanted grafts, in order to perform the same functions as 
host arteries for a long time, it is necessary to maintain non-thrombogenicity and 
prevent narrowing of the vessel lumen due to the development of intimal hyperplasia. 
It has been shown that the intimal hyperplasia that develops in implanted vein grafts 
resembles well the pathological change of the vessel wall observed at the early stage 
of atherosclerosis, and in some advanced cases, intimal hyperplasia develops into 
atherosclerosis. Thus atherosclerosis and intimal hyperplasia have been studied by 
many investigators of all over the world and from various points of view, producing 
numerous numbers of reports on them. It has been shown that intimal hyperplasia 
develops the slower the flow velocity (the lower the shear rate) [1-5] and the higher 
the concentration of lipoproteins in blood [6]. As an initial event, it is known that 
there occurs first an accumulation of low-density lipoproteins (LDL: main carriers of 
cholesterol in flowing blood) in subendothelial spaces [7-9]. Then it is followed by 
adhesion of macrophages onto the endothelium and intrusion into the subendothelial 
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spaces to recover the accumulated LDL, becoming form cells [10], thus increasing 
the thickness of the intima at such sites. It has been also reported that the degree of 
intimal thickening that occurs in autologous vein grafts is lower than that occurs in 
artificial grafts [11], and in the case of autologous arterial grafts such as the internal 
mammary artery, gastric artery, and radial artery, intimal thickening hardly occurs 
[12, 13]. Furthermore, with regard to artificial grafts, it has been reported that the 
lower the porosity, the lower the degree of intimal thickening [14], and in the case of 
nonporous grafts, intimal thickening do not occur at all [15]. Here the porosity is 
used as a synonym of the permeability of the vessel wall to plasma. Although it is not 
clear whether the porosity plays an important role in the development of intimal 
hyperplasia even after a pseudointima is formed at the luminal surface of implanted 
grafts, from our point of view, all the phenomena mentioned above indicate that the 
lower the permeability of the wall of a graft to water, the lower the degree of intimal 
thickening formed in the graft. 

In our laboratory, we have been carrying out a series of theoretical and 
experimental study on transport of lipoproteins that carry cholesterol (an important 
component of cell membranes) from flowing blood to an arterial wall taking an 
water-permeable nature of an arterial wall into consideration. As a result, we found a 
new phenomenon that due to a semi-permeable nature of a vascular endothelium 
which allows the passage of water and water-dissolved ions but not macromolecules 
such as plasma proteins and lipoproteins, flow-dependent concentration or depletion 
of plasma proteins and lipoproteins occurs at a blood-endothelium boundary [16-20], 
affecting the transport of low-density lipoproteins (LDL) which carry an important 
nutriment "cholesterol" from flowing blood to an arterial wall. Thus if we consider 
the case of implanting artificial grafts made of synthetic materials, since the water 
permeability of most of the grafts presently used clinically is incomparably higher 
than that of a host artery, it is very likely that the water permeability of the grafts 
remains high even after their implantation in vivo. Due to that, the concentration of 
LDL at the luminal surface of the grafts is elevated compared to that of host artery, 
resulting in augmented uptake of lipoproteins by the cells forming the pseudointima 
and eventual development of intimal hyperplasia at such sites. However, there have 
been no information on water filtration velocity at the wall of implanted grafts and its 
effects on the development of intimal hyperplasia that occurs in grafts implanted in 
the arterial system. Therefore we have studied the interrelationship between water 
filtration velocity at the vessel wall measured before and after the implantation of the 
graft and the thickness of a pseudointima formed in the grafts by implanting three 
kinds of artificial vascular grafts having an approximately the same diameter but 
very different water filtration velocity at the vessel wall into the common carotid 
artery of the dog and harvesting them at different times after implantation. 
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2 Materials and Methods 

2.1 The vascular grafts 

Three kinds of artificial vascular grafts having an approximately the same diameter 
(3.0 mm) but very different water filtration velocity at the vessel wall were prepared 
for implantation experiments. These included the grafts prepared by fixing the dog 
common carotid artery with glutalaldehyde and detoxifying with glutamic acid by the 
modification of the method of Grimm et al. [21] (GA graft), commercially available 
expanded poly-tetra-fluoro-ethylene grafts (ePTFE graft, IMPRA ePTFE graft, Bard 
Peripheral Vascular, Inc., Tempe, AZ), and polyester grafts (PE graft) which were 
hand made by wrapping a sheet of polyester cloth on a 3-mm diameter rod and 
fusing the edges using a plastic-bag sealer. Prior to implantation of the grafts, 
measurements of the inner diameter and water filtration velocity at the vessel wall 
were carried out on each graft at a transmural pressure of 100 mmHg and at 37°C by 
using a cell culture medium which did not contain serum and a head tank system 
shown in Fig. 1. The results are shown in Table 1. 

Table 1. The inner diameter and water filtration velocity measured prior to the implantation of each 
vascular graft. (100 mmHg, 37°C) 

Graft 

GA graft 

ePTFE graft 

PE graft 

Inner diameter [mm] 

2.7-3.2 

3.0 

3.0 

Water filtration velocity [cm/sec] 

1.5- 2.9 x lO"5 

0.5 - 12.5 x 10"2 

1.7-7.7 x 10"' 

2.2 Procedures for implanting the grafts 

Adult male mongrel dogs were used for this experiment. All animal experiments 
were carried out humanely in conformity with the "Guide for the Care and Use of 
Laboratory Animals" enunciated by the School of Medicine, Hokkaido University 
in 1988. The dog was sedated with ketamine hydrochloride by intramuscular 
injection of the drug and then anesthetized by giving sodium pentobarbital 
intravenously (30 mg/kg body weight), intubated, and maintained under anesthesia 
during the whole anastomotic procedures by further occasional administration of 
the drug. Then under sterile conditions, a median incision was made on the neck, and 
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Perfusate (RPMI 1640) 
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Figure I. Schematic diagram of the perfusion system used for the measurements of water filtration 
velocity at the vessel wall of the grafts. 

the bilateral common carotid arteries were exposed carefully. All the branches 
stemming from these arteries were ligated at locations close to their branching sites 
and then severed. An approximately 4-cm long segment of the common carotid 
artery was cut out at 90-degree angle, and a graft having a length of 4 cm were then 
implanted at its position by performing end-to-end anastomoses by a technique of an 
extraluminal continuous over-and-over suture with 7-0 Surgilene (monofilament 
polypropylene suturing thread). To protect the operated dogs from infectious 
diseases, two kinds of antibiotics were administered. Cefotaxime (500 mg) was given 
itravenously twice on the day of operation, and cephalexin (1 mg) was given orally 
twice a day for 5 postoperative days. Neither anticoagulants nor platelet 
antiaggregating drugs were used. Dogs were kept from 1 week to 13 months for 
recovery and healing, and then they were brought back to the operating room and the 
implanted vessels were harvested under general anesthesia with sodium pentobarbital. 

2.3 Measurements of water filtration velocity and the thickness of pseudointima 

Measurements of water filtration velocity at the vessel wall were carried out on all 
the harvested grafts at 37"C within 1 hour after harvesting the grafts by perfusing a 
cell culture medium under various pressures using the head tank system shown in Fig. 
1. The inner diameter of the implanted graft and the thickness of the pseudointima 
formed in each graft were measured by preparing thin sections of the vessel, staining 
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them with hematoxylin-eosin and Verhoeff-van Gieson elastica stains, and 
photographing the sections under a light microscope. Observations of 
the luminal surface of the grafts were also carried out using a scanning electron 
microscope. 

3 Results 

3.1 Histological observation of harvested grafts 

Observation of the luminal surface of the GA graft before implantation showed that 
there was no endothelial cell and bare internal elastic laminar was exposed. In the 
GA graft harvested one week postoperatively showed that the luminal surface was 
covered with a smooth thin layer of fibrin, and it was also the same even in the graft 
harvested at 12 months postoperatively as shown in Figs. 2A and 3A. The luminal 
surface of the ePTFE graft observed before implantation showed that although the 
graft was pre-clotted with native whole blood, no thrombus was formed and fibrils of 
the graft were exposed and red cells were seen attached here and there. The luminal 
surface of the ePTFE graft harvested at one week postoperatively was coated with a 
smooth thin layer of fibrin containing red cells and white cells. However, the fibrin 
layer was composed partly of a layer with smooth surface which was the same as that 
observed in GA graft at one week postoperatively and partly with a layer with rough 

Figure 2. Photographs of the harvested and longitudinally opened grails showing the gross appearance 
of their luminal surfaces. A: GA graft (12 months). B: ePTFE graft (13 months). 
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Figure 3. Photographs of the luminal surface of the harvested grafts observed with a scanning EM 
(upper) and a lighl microscope (lower) . A: GA graft (12 months). B: ePTFE graft (13 months), C: PE 
graft (2 months). F.L.: fibrin layer, E.G.: endothelial cells, S.M.C: smooth muscle cells. 

surface. The luminal surface of the graft harvested at 6 months postoperatively was 
partly covered with endothelial cells and partly with a fibrin layer containing red 
cells. The luminal surface of the ePTFE graft harvested at 13 months postoperatively 
was covered with a thin layer of cellular materials as shown in Fig. 2B, and the 
surface was completely coated with a monolayer of irregular-shaped endothelial cells 
as shown in Fig. 3B. The luminal surface of the PE graft observed before 
implantation was covered with a fibrin layer containing many red cells since it was 
pre-clotted with native whole blood. In the PE graft harvested at one moth 
postoperatively, it was found that although most of the luminal surface was covered 
with a fibrin layer, there were some areas where the cells that were considered to 
have intruded from outside of the vessel wall reached the luminal surface. In the PE 
graft harvested at 2 months postoperatively, a pseudointima consiting of cellular 
materials and incomparably thicker than that found in ePTFE grafts was formed, and 
the luminal surface was completely covered with a monolayer of endothelial cells as 
shown in Fig. 3C. 
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3.2 Water filtration velocity at the vessel wall of harvested grafts 

Measurements of water filtration velocity at the vessel wall were carried out on all 
the harvested grafts. Figure 4 shows the relationship between perfusion pressure and 
water filtration velocity at the wall of the three different types of implanted and 
harvested grafts. It was found that, in all the grafts, water filtration velocity increased 
almost linearly with increasing perfusion pressure. However, there was a clear 
difference in absolute value among the three types of grafts as it was so before their 
implantation, and the graft that showed the highest water filtration velocity before 
implantation showed the highest value even after its implantation in vivo. Figure 5 
shows the relationship between water filtration velocity measured at a transmural 
pressure of 100 mmHg and the duration of implantation of all the grafts. As evident 

P^ 100 mmHg . G A g r a f t 

• ePTFE gran 
A PE graft 

• 

J i — i — • — I — . I i I i — I — . — 

2 4 6 8 10 12 14 
Duration of implantation [months] 

Relationship between the duration of 
>n of the grafts and water filtration 
the wall of the implanted grafts. 

from the figure, in all the grafts, the values of water filtration velocity at the wall 
became smaller than those measured before their implantation, and approached the 
value obtained with dog common carotid arteries. Thus in the case of the GA grafts 
which showed the lowest value of (1.5 _ 2.9) x 10~5 cm/sec before implantation, the 
water filtration velocity remained almost the same even at 12 months postoperatively. 
In the cases of the ePTFE grafts and PE grafts that showed very high filtration 
velocities (in the order of 10"2 and 10"' cm/ sec, respectively) even after a pre-
clotting procedure was performed on them, the filtration velocity dropped drastically 
to the order of 10"4 and 10"3 cm/ sec, respectively, at 1 week postoperatively, and to 
the order of 10"5 cm/ sec at 1 to 13 months in both cases which was very close to the 
value obtained with freshly excised dog common carotid arteries (host artery: 1.4 x 
10"5cm/ sec). 
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3.3 Thickness of the pseudointima formed in implanted grafts 

Measurements of the thickness of the pseudointima formed in implanted grafts were 
carried out on all the grafts. The results are shown in Fig. 6 as a plot of the duration 
of implantation of the graft versus the thickness of the pseudointima formed at the 
wall of the implanted graft. In the case of the GA graft, the luminal surface was 
occupied with a thin layer of fibrin-like material at any time postoperatively, and the 
thickness of the layer was approximately 20 urn even in the graft harvested at 12 
months postoperatively, indicating that almost no intimal thickening occurred in this 
vessel. In the case of the ePTFE grafts, at the time of one month postoperatively, the 
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Figure 6. The relationship between the duration of implantation of the graft and the thickness of the 
pseudointima formed at the wall of the implanted graft. 

luminal surface of the graft was occupied with a relatively thick layer of fibrin and 
thrombotic material with a thickness of approximately 100 urn. However, with 
increasing the duration of implantation, the content of the pseudointima was replaced 
with cellular materials coated with a layer of endothelial cells at the luminal surface, 
and the thickness of the pseudointima diminished to 34 urn at 13 months 
postoperatively. In the case of the PE graft, the pseudointima which consisted of 
mainly fibrin and thrombotic materials at 1 month changed to cellular materials 
coated with a monolayer of endothelial cells, giving a thickness of 126 urn at 2 
months postoperatively. 
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4 Concluding Remarks 

We have studied the changes in water filtration velocity at the vessel wall and the 
thickness of pseudointima formed in the grafts as a function of the time lapsed after 
implantation by implanting 3 types of artificial grafts having very different water 
permeability into the common carotid artery of the dog and harvesting them at 
different times postoperatively. As the results, it was found that despite of the large 
difference in water filtration velocity at the vessel wall among the 3 types of grafts 
measured prior to their implantation, the water filtration velocities dropped 
drastically within one month after their implantation and attained values in the same 
order as that obtained with freshly excised dog common carotid arteries (host artery). 
However, there were some differences among the 3 types of grafts in the process by 
which pseudointima was formed and the thickness of the pseudointima formed in 
each graft. Thus in GA graft that showed the lowest water filtration velocity that 
were almost equal to that obtained with freshly excised dog common carotid arteries 
(host artery) prior to their implantation in vivo, the pseudointima was composed of 
fibrin-like materials and no smooth muscle cell nor endothelial cell was present 

Water filtration flow 
1 

Concentration polarization of LDL 
1 

Accumulation ol LDL at the luminal surface of ECs 

1 
Increase in the uptake of LDL by the cells, leading to proliferation of SMCs 

1 
Increase in the number of cells and the thickness ol the cell layer 

Figure 7. Schematic representation of the role of water filtration flow at the vessel wall in concentration 
polarization of LDL. and development of intimal hyperplasia. 
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there even one year after implantation of the graft. In contrast to this, in the PE grafts 
that showed the highest water filtration velocity prior to their implantation, the 
pseudointima was composed of cellular materials that seemed to have intruded from 
outside of the graft even only 2 months after implantation of the graft, and it was the 
thickest of all the 3 types of grafts. Based on these results, it was considered that, as 
we suspected earlier in Introduction, due to the presence of a filtration flow of water 
at the vessel wall, concentration of low-density lipoproteins (LDL) occurred at the 
luminal surface of the implanted grafts as shown in Fig. 7, providing the highest 
surface concentration of LDL at the wall of PE grafts that showed the highest water 
filtration velocity both before and after implantation of the grafts. Then this caused 
migration of smooth muscle cells and fibroblasts from exterior and enhanced the 
uptake of LDL by the cells, resulting in their rapid proliferation and eventual 
formation of pseudointima that was the thickest in all the 3 types of grafts used for 
implantation experiments. If we consider the case where a non-porous graft is 
implanted, since there is no filtration of water at the vessel wall, no accumulation of 
LDL will occur at the luminal surface of the graft. Thus no intimal hyperplasia will 
occur in such vessels as it was demonstrated in several animal experiments [15, 22]. 
These results suggest the possibility that anastomotic intimal hyperplasia that 
develops at sites of anastomotic junctions might be prevented or at least alleviated by 
locally lowering water permeability of the graft either by the application of certain 
drugs which reduce the permeability of the implanted graft as well as the host artery, 
or by covering the region of anastomotic junction with an external support. With 
respect to this, there have been several reports that support our idea. It was shown 
that it is possible to reduce neointimal and medial thickening that form in porcine 
saphenous vein bypass grafts by placing a macro-porous external stent [23] and 
protect vein grafts implanted in the common carotid artery of the rabbit from 
atherosclerosis by placing a rigid external support [24]. 
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The effects of mechanical stimuli to the fibrous tissues were investigated utilizing the 
collagen gel culture method. A specimen of thin collagen gel membrane, in which fibroblasts 
were proliferating and was supported by stainless steel wire mesh, was cultured in medium 
and subjected to static or repeated dynamic uniaxial tensile/compressive load in an incubator. 
The cell alignment and the shrinkage of collagen gel matrix were observed. Furthermore, 
mechanical tests were carried out under microscope and changes in mechanical properties of 
the specimens were measured. We found that both of static and dynamic loads strengthened 
the collagen matrix, however, the dynamic stimuli were concluded to be more effective in 
matrix strengthening than the static stimuli. 

1 Introduction 

Fibrous connective tissues such as tendons and ligaments have an ability to adapt to 
mechanical environments. Such functions attracted attentions of many researchers 
and some investigations have been carried out [1,2], but majority of them were of 
animal experiments of organ level and few were focused on cellular level responses. 
Since any functions of tissues originate from the involving cells, investigation of 
cellular phenomena is necessary to understand the mechanism of the adaptation of 
fibrous tissues. 

Collagen gel culture technique [3] enables us to realize the environment for 
cells similar to that observed in vivo. We also have developed the experimental 
culture model [4,5] to investigate mechanical behaviors of fibroblasts in collagen gel, 
and showed that fibroblasts generates tensile stresses and the cells align in the 
direction of tensile stress. In these experiments, however, the mechanical 
environments around the cells were static ones. While it was well known that the 
dynamic stimuli affects the cells significantly [6-9], experimental models have not 
been developed that enable us to examine the effect of controlled mechanical stimuli 
on the specimens of collagen gel and measure the change of mechanical properties 
of the collagen matrix. Hence here we constructed the equipment for the application 
of repeated dynamic mechanical stimuli to specimens of collagen gel, and we 
investigated the strengthening of the fibrous tissues under mechanical stimuli. 
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2 Materials and Methods 

2. / Materials 

Fibroblast-like cells were obtained from synovial membrane of a knee joint of 
Japanese white rabbit by the explant method, and cultured in an incubator with 37 
"C and 5% COi environment. The medium was aMEM with nucleosides (GIBCO), 
with 10% calf serum and 60 iig/ml kanamicin. The cells were subcuitured by the 
tripsin/EDTA solution digestion method. Since the cells after repeated subculture 
lost ability to contract collagen gel, the generations of 1st to 5th were used for the 
experiments. 

Figure 1 is the schematic illustration of the specimen for culture. The supporting 
parts made with stainless steel mesh were divided to the upper and the lower parts 
and had a square hole of 5x5 mm between them. The reconstituting collagen 
solutions were 8 parts of 0.3% collagen solution (CELL MATRIX type I-A, Nitta), 
1 part of xlO solution of MEM (Nissui), and 1 part of buffer (HEPES 4.77g/0.08N 
NaOH solution 100ml). The mixed solution of them was poured onto the supporting 
part placed on the silicone rubber mold of 10x10 mm. After the collagen gelation, 
the cuts were made along both sides of the center hole, and we had the thin collagen 
gel membrane specimen of 5mm length, 5mm width, and ca. lmm thickness 
supported by the stainless steel wire mesh[41. In the experiments for the observation 
of cell morphology, the mass of the cells of ca. lmm' were placed at the upper ends 
of the specimen and let the cell immigrate from there. In the experiments for the 
measurement of the mechanical properties of the specimens, the cells were dispersed 
over the collagen gel uniformly with r — stainless steel mesh 

the density of 0.2 x lO'Vml. 

2.2 Experimental apparatus 

Fibroblasts cultured in collagen gel 
generate tensile stresses and aligns in 
the direction of the tensile stress [4,5]. 
Hence in the static experiments to 
elucidate the effects of static stress on 
the cells, the both supporting parts 
were fixed and the static tensile 
stresses were generated in the 
specimens by the functions of the cells. 
In the dynamic experiments, an 
apparatus for the applications of 
repetitive tensile load to the specimens 
as shown in Figure 2 was constructed. 
T h e apparatus was composed of Figure I. Collagen gel specimen. 

/ \ 
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(a) Dynamic stimuli for specimen. 

autoclavable chambers for the 
specimens and an actuator equipped 
with an air cylinder. The aluminum 
chamber shown in Figure 2(b) holds the 
culture dish (60mm diameter, Corning) 
filled with the medium. The specimen 
was clamped by the stainless steel jigs 
at the mesh supports and kept within the 
medium. The jigs were fixed to 
stainless steel rods, which run through 
holes on the chamber wall. One end of 
the rod was connected to the actuator, 
and the other end to an adjustable 
stopper that enabled us to set the 
magnitude of the displacement of the 
rod. The setup of apparatus in an 
incubator is shown in Figure 2(c). The 
rod moved linearly along the hole on 
the chamber wall, and thus introduces 
(he repeated dynamic mechanical 
stimuli to the specimens. 

2.3 Experimental conditions 

In the static experiments, the both ends 
of the specimen were fixed and the 
original length of 5mm of the specimen 
was kept constant throughout the 
experiments. Although no external load 
was applied to the specimen, tensile 
stresses were generated in the specimen 
by the functions of the cells. 

In the dynamic experiments, the 
magnitude of the displacement was set to be 0.5mm and thus the strain of the 
specimen was set as 10%. The displacement cycles were 5 sec for stretching and 5 
sec for compression, continuously applied throughout the experiments. The original 
length of the specimen was set as the maximum stretch position, and the experiment 
was carried out in the compressive side from this setting. Just after the beginning of 
the experiment, the specimen was so soft and flexible that it bent at the maximum 
compressive position, and virtually no compressive stresses were induced in the 
specimen. As the experiment proceeds, the cells in the specimen generated tensile 
stresses, the rigidity of the specimen increased, so the tensile and/or compressive 

Loading apparatus in an incubator. 

Figure 2, Loading apparatus. 
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(a) Specimen with marker particles. 

stresses were induced in the specimen. 
We had made no attempts to measure 
the magnitude of the stress in this 
experiment. 

In the experiments for the cell 
morphology, the observations become 
difficult as the density of the cells 
increases. Hence the experiments were 
carried out mainly for the case of the 
cells proliferating from one end[4,5]. 
The length of the experimental period 
was 3 weeks or as long as the 
occurrence of the specimen's failure by 
self-elongation. 

In the experiments for the 
measurement of mechanical properties 
of the specimens, the cells were 
dispersed over the collagen matrix 
uniformly. In some control experiments, 
specimens without any cells were made 
utilized. The experiments period were 
zero (just after the making of the 
specimens) and 1 week for the specimens without the cells, and 0 week (I day after 
the making of the specimens), 1, 2 and 3 weeks for the specimens with the cells. 

2.4 Evaluation of the specimens 

Throughout the experimental periods, the specimens were observed time to time 
with a phase contrast microscope (I)iaphoi TMI), Nikon) and the shape of the 
specimens and the alignment of the cells were photographed. The planar shapes and 
the thickness of the specimens were measured by a tool microscope (Shadow Graph 
Model 6. Nikon), and the cross-sectional areas of the specimens were calculated 
assuming elliptical shapes of the sections. 

After attachment of carbon particles as markers, the specimen was kept in PBS 
and was tested under a stereo microscope (SMZ-U, Nikon). The specimen was 
elongated by a linear motor (MLA-7020. Micron Kiki) with the crosshead speed of 
2mm/min and the load was measured by a load cell (120T-100B, Kyowa Electric). 
The deformation induced in the specimens was monitored by a video camera and 
recorded. The images of the specimen were analyzed at 5 locations on the central 
longitudinal axis, i.e. at the edge parts (0.5mm apart from the end), the intermediate 
parts (1.5mm apart from the end), and the central part (2.5mm apart from the end). 
The location changes of marker particles in respective parts were analyzed to give 
the strains and the load-displacement diagram obtained was converted to the stress-

lb) Test apparatus under microscope 

Figure 3. Optical strain measurement. 
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strain diagram. The maximum tensile stress was calculated as the maximum load 
divided by the minimum cross sectional area, and the elastic modulus of the 
specimen was calculated assuming a linear responses from the starting point and the 
failure point in the stress-strain diagram. 

3 Results 

The results are presented for the cases of specimens with the cells immigrating from 
one end and the cases of specimens with the uniformly dispersed cells. To specify 
the directions in the specimens, we would refer the vertical direction of the specimen 
shown in Fig. 1 as longitudinal, and the horizontal direction as lateral. Furthermore, 
the portions of the area close to the horizontal edges of the specimen would be 
referred as the sides, and central portion in the lateral direction as the center. The 
portion of the area close to the vertical end of the specimen as the upper and the 
lower, and the central portion as the middle. 

3.1 Deformation of specimens with cells immigrating from one end 

The upper photographs in Figure 4 show the typical shape change observed in 
experiments. In the photograph, the bright areas were where significant number of 
cells was proliferating. The shrinkage of the specimen in the lateral direction was 
observed. The cells were proliferating along the longitudinal direction, and the rate 

Figure 4. Deformation of specimens with cells immigrating from one end. 
Upper: Static condition, lower: dynamic condition. 
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of proliferation was nearly uniform along the lateral direction. It was also observed 
that the cells aligned in the longitudinal direction. This alignment direction did not 
change throughout the experiment. As the culture period prolonged, the shrinkage in 
the lateral direction proceeded and finally the specimen failed spontaneously. 

The lower photographs in Figure 4 show the typical example of the case of 
dynamic experiments. The shrinkage in the lateral direction was larger than that 
observed in the case of static experiments. The cell alignment was firstly in the 
longitudinal direction but when the cells reached to the middle of the specimen, 
although the cells in the sides kept alignment in the longitudinal direction, the cells 
in the central aligned in the lateral direction. The speed of proliferation in the central 
portion of the specimen was decreased compared to that of the cells in the sides. As 
longer the culture period became, the rigidity of the specimens increased, and some 
part of the specimen was compressed at the maximum compression position. In this 
case, the cells were killed over such area, but some collagen fibers were left and the 
specimen was bent around there and did not fail even after 43 days of incubation. 

The above is the typical example of the results. Similar results were observed in 
repeated experiments and the qualitative reproducibility of the results was confirmed. 

3.2 Deformation of specimens with uniformly dispersed cells 

The specimen after 3 v/eeks incubation under the dynamic stimuli was shown in 
Figure 5. The upper photographs show the specimen under the static condition, and 
the lowers show that under the dynamic stimuli. The lefts show that in the maximum 
stretch position, and the rights in the maximum compression position. Although the 

Figure 5. Specimens with cells uniformly dispersed after 3 weeks incubation. 
Upper: Static condition, lower: dynamic condition. 
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specimen under the static condition 
remained soft and stretchable, the 
specimen under the dynamic stimuli 
increased its rigidity at the middle pari 
of the specimen so that the both ends of 
the specimen were compressed at the 
maximum compression position (the 
parts pointed by arrows in the figure). 
In the tensile tests, the failures of the 
specimens always took place in the 
both ends, and never at the middle 
parts where the cross sectional areas 
were minimum. 

Figure 6 shows the same specimen 
under the dynamic stimuli but observed 
under the polarized light. The 
longitudinal alignment of collagen 
fibers along the direction of tensile 
stresses in the specimen can be clearly 
observed. 

3.3 Mechanical properties of 
specimens with the cells 

The maximum tensile stresses of the 
cultured specimens were shown in 
Figure 7. The solid circles indicate the 
mean values and the error bars express 
the standard deviations. The maximum 

Figure 6. Collagen fibers in specimen 
observed by polarized light. 

1 2 
Culture periods (weeks) 

Figure 7. Maximum tensile slresses of 
cultured specimens. 

tensile stresses were increasing with the increase of the culture periods in both 
specimens under static conditions and dynamic stimuli. Although we could observe 
the tendency that the maximum tensile stresses were larger in the specimens under 
dynamic stimuli than those under static conditions, the scatters in the results were so 
great that we could not have a statistically significant conclusion. This might be 
attributed to the fact that the failure occurred in either of the both ends of the 
specimens in which no effective strengthening by dynamic loading was took place. 

The elastic moduli of the cultured specimens were measured and shown in 
Figure 8. Similar to the maximum tensile stresses, the moduli were increasing with 
the increase of the culture periods and we could observe the tendency that those 
under dynamic stimuli were greater than those under static conditions. Although we 
could not have statistical significances again for the modulus of the whole specimen, 
we could examine the respective parts of the specimens in this case of elastic 
modulus. Hence the changes of the elastic moduli of the respective parts of the 
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specimens, i.e.. the centers (Cnt), the 
intermediates (Mid) , and the edges (Edg) 
were shown in Figure 9. Similar to the 
moduli of the whole specimens, the 
moduli were increasing with the increase 
of the culture periods and furthermore we 
have statistic differences between the 
modulus under the dynamic and the static 
condit ions at intermediate parts of 1 and 
2 weeks culture periods (t-test, p<0.()5). 

4 Discussions 

SIX) 

Cnl. Dyn. 
" Mid. Dyn. 

• — Edg. Dyn. 

"; 

Cnl. Sta. 
Mid.Sla. 

- Edg. Sla. 

400 

0 1 2 
, , , . ,, ,. Culture periods (weeks) 

4.1 Cell alignments ^ 
Figure 8. Elastic modulus of Ihc whole 

We have already shown that fibroblasts cultured specime,ls. 
in the specimens under the static 
condition generate tensile stresses and 
align in the direction of the tensile stress 
[4,5]. In this investigation, we again 
observed the same phenomena in the 
specimens under the dynamic stimuli. 
Furthermore, we observed the aligncmnt 
of collagen fibers in the direction of 
tensile stress in the specimens under 
dynamic stimuli as shown in Figure 6. 
Although we could not identify the 
collagen fibers by the polarized light in 
the specimens under the static conditions, 
the cell algnments were believed to be 
induced by the alignments of the collagen 
fibers, and which were the result of the 
tensile stress induced in the collagen gels 
by the cells. The dynamic stimuli were 
seemingly more effective in the 
structuring performance of the collagen fiber than the static stimuli. 

4.2 Strengthening of the matrix by cells 

In this experiment, both of the maximum tensile stress and the elastic modulus of the 
specimen were increased as the culture period increased. Such phenomenon was 
never observed in the specimens without cells (data not shown), strengthening must 

l 2 
Culture periods (weeks) 

Figure 9. Elastic modulus of respective parts 
of cultured specimens. 
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be the function of the cells and the same mechanism of the in vivo strengthening may 
be responsible for this in vitro strengthening. 

One candidate mechanism of the strengthening is such that as the cells contract 
and generate tensile stresses, the water among the three dimensional meshwork of 
collagen matrix is pushed away and the density of the matrix increased and the 
specific strength of the matrix increased. Since the gel contraction is a remarkable 
event that can be observed by the naked eyes, it surely must be considered to make 
some contributions to the strengthening phenomena. However, the above mechanism 
cannot explain the whole fact since the maximum tensile force as well as the 
maximum tensile stress was increased in this experiment. We believe that the cells 
must make such change in the collagen matrix structure as aligning the orientations 
of fibers and making bridges between fibers according to the tensile stresses. 

We could not find the statistically significant difference in the mechanical 
properties of the whole specimens under the static conditions and those under the 
dynamic stimuli. The specimens under the static conditions were in tensile state and 
the cells may react to strengthen the collagen matrix in such a mechanical 
environment. But the specimen's strengthening was not so great that it broke 
spontaneously during the prolonged period of incubation. Furthermore, we could 
observe that collagen matrix itself flowed toward the supporting mesh at the middle 
part of the specimen. Hence the spontaneous failure was not that of the fracture as an 
elastic solid material but the flow of a viscoelastic liquid material. Hence we believe 
that the specimens under the static condition were so soft and weak that the 
strengthening of the specimens was not so significant phenomena and is not the 
counterpart of that observed in vivo. 

The strengthening of the specimen under the dynamic stimuli was, contrary to 
that under the static condition, observable by naked eyes. For example, as shown in 
Figure 4, in the specimen that did not fail during prolonged incubation, we clearly 
observed the fibrous structure that evidenced that the specimen was of a solid. In 
Figure 5, the rigidity of the middle part of the specimen with uniformly dispersed 
cells was so increased that it could compress the both end parts of the specimen, and 
the middle part could be considered to be solid again. 

The cells in both end parts of the specimen under dynamic stimuli of Figure 5 
were aligned in the lateral directions. As Figure 6 reveals the collagen fibers there 
align in the lateral direction. The collagen matrix was transparent whereas the 
middle part of the specimen was not transparent and looked dark in phase contrast 
microscope. Since the transparency is directly related to low matrix density and low 
rigidity, we concluded that the end parts of the specimen were not strengthened at all. 
In fact, the elastic moduli at the edge parts were remained low. On the other hand, 
the cells in the center and the intermediate parts aligned in the longitudinal direction. 
The elastic moduli were increased at the intermediate parts and there were statistical 
significance between static and dynamic conditions. 
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Thus we conclude that the fibroblasts in specimens made of collagen gel 
significantly strengthen the specimens if they are stimulated by the repeated 
application of dynamic tensile stresses. 
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Monochromatic synchrotron radiation (SR) allows ultrahigh-resolution computed 
tomogtaphy (CT) and accurate density measurements. The purpose of this study was to 
demonstrate the utility of monochromatic SRCT in microstructural analysis of cortical bone. 
Tibial diaphyses of growing rat (14 weeks, n=8) undergoing unilateral sciatic neurectomy 8 
weeks ago were imaged with 5.83-um voxel resolution by 20-keV SRCT at the synchrotron 
radiation facility (SPring-8). Reconstructed image data were translated into local mineral 
densities using a calibrated linear relationship between linear absorption coefficients and 
concentrations of homogeneous K2HPO4 solution. After bone segmentation by a simple 
thresholding, pure bone 3D images were analyzed for macro- and microscopic structural 
properties. In neurectomized hindlimbs, the cortical canal network rarefaction as well as the 
bone atrophy were found. The former was characterized by 30% smaller porosity, 11% 
smaller canal density in transverse section, and 38% smaller canal link density than those in 
the contralateral bone, implying the reduced bone microcirculation in the disuse-induced 
atrophic tibia. On the other hand, no difference was found in the bone mineral density 
between neurectomized and intact hindlimbs. In conclusion, the SRCT is a promising method 
for the 3D analysis of cortical microstructure. 

1 Introduction 

The computed microtomography based on a microfocus X-ray source (uCT) allows 
3D microstructural analyses of trabecular bone (1-3), which is of great clinical 
interests because of its high turnover rate or high vulnerability to bone loss. On the 
other hand, only a few oCT studies have reported on cortical bone despite its 
microstructure or canal pore structure is closely related to the bone strength (4, 5) 
and the cortical microcirculation (6, 7). One reason would be that the resolution of 
conventional uCT is insufficient for quantification of cortical microstructure. 
Accordingly, the 2D histomorphometry or the 3D reconstruction based on serial 
histological sectional images has been mainly used for the cortical microstructural 
analysis (8, 9). However, such techniques are subject to deformation artifacts and 
time-consuming. Besides, anisotropic properties of cortical microstructure make it 
difficult to apply 2D image-based analyses. 

The synchrotron radiation computed microtomography (SRCT) has opened up 
new possibilities in the 3D analysis of cortical microstructure (10-13). Natural 
collimation and extremely high light intensity of SR allow the reconstruction of 
highly resolved 3D images with a high signal-to-noise ratio. Furthermore, the 
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monochromatic X-ray, which eliminates beam hardening artifacts, is available for 
the determination of local bone mineralization (14-16). 

To date, the ability of SRCT has been demonstrated mainly in cancellous bone 
analysis (14, 16-20); however, there have been very few SRCT measurements of 
cortical bone. Thus, the present study was aimed to demonstrate the availability of 
SRCT in cortical microstructural analysis by evaluating disuse-mediated changes of 
cortical microstructure in tibiae of growing rats. 

2 Methods 

Experiments were conducted according to the guiding principles of the American 
Physiological Society and with an approval of the Animal Research Committee of 
Osaka University Graduate School of Engineering Science. 

The synchrotron radiation experiments were performed with the approval of 
the Japan Synchrotron Radiation Research Institute (JASRI). 

2.1 Sample preparation 

Six-week male Wistar rats (140-150 g, n=6) underwent the unilateral sciatic 
neurectomy of the left hindlimb under pentobarbital anesthetization. The right 
hindlimb was left intact. After the operation, the rats were housed singly and 
allowed free access to standard lab chow and tap water for eight weeks. Then, all 
rats, weighing 350-390 g, were sacrificed with the intravenous infusion of saturated 
KC1 solution. Both tibiae in operated (OP) and intact (non-OP) hindlimbs were 
excised, cleaned of soft tissue, and soaked in 70% ethanol for 7 days. Specimens of 
4-mm-long diaphyses were obtained immediately proximal to the tibio-fibula 
junctions using a diamond-saw cutter (South Bay Technology, SBT650). 

2.2 SRCT 

The sample imaging by SRCT was performed at beamline BL20B2 in the SR facility, 
Super Photon Ring-8GeV (SPring-8) in Harima, Japan. The detailed experimental 
arrangement for utilizing monochromatic SR has been described in early works (16, 
18). In the present study, we used 20-keV X-ray (photon flux incident: >lxl09 

photons/sec/mm2; X-ray size: 5 mm (H) x 75 mm (W)). 
The specimens were encapsulated in a polyethylene tube and mounted on a 

stage allowing high-precision translations and rotations (Fig. 1). A high-resolution 
X-ray detector, consisting of a fluorescent screen, a beam monitor (Hamamatsu 
Photonics, AA40P), and a cooled CCD camera (Hamamatsu Photonics, C4880-10-
14A), was used for the radiographic imaging (Fig. 2). The viewing field of 4.0 mm 
(H) x 5.8 mm (W) was resolved into 5.83-um pixels with 14-bit resolution. 
Radiographic images were acquired over an angular range of 0°-180° in 0.5° steps. 
Reconstruction was made with a 2D filtered backward projection algorithm, 
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providing 700 contiguous 2D images comprised of 1000x1000 cubic voxels of 5.83 
Hm in size. The reconstructed images were re-digitized with 8-bit resolution. 
proportional to the linear absorption coefficient. Commercial volume-rendering 
software (Studio Pon, FORGE) was used for the 3D visualization of the canal network. 

Figure I. CT system in SPring-8 BL20B2 experimental hutch. The sample stage consists of a multiple-
axis high precision diffractometers placed on the X-Y translation stages. 

cooled CCD camera _ sample 
fluorescent screen 0=^ monochromator 

Q 
beam monitor 

X-Y-e stage 

Figure 2. SRCT experimental setup. Polychromatic SR is monochromatized to 20-keV X-ray through a 
double crystal monochromator. 

2.3 Calibration 

The use of monochromatic SR allows the quantification of bone hydroxyapatite 
(HAp) because of no beam hardening artifacts. Assuming that the X-ray absorption 
of bone is described as a two-phase mixture (HAp and light elements), a linear 
relationship holds between the linear absorption coefficient (|!b<>nc) and bone HAp 
density (PHAP)- To determine the relationship, cylindrical phantoms containing 
dipotassium hydrogen phosphate (K2HPO\|) water solutions of various 
concentrations were measured by SRCT (14, 15). Only 6% difference of mass 
absorption coefficient between K2HP04 and HAp for 20-keV X-ray (NIST database) 
validates the use of K2HP04 solution as a substitute for the HAp powder solution. 
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The linear regression between the linear absorption coefficient and the concentration 
of K2HPO4 solution provides 

Utane = 5.45 • pIIAp + 0.81 ( r > 0.999). ( I ) 

2.4 Image analysis 

The central sample portion with a height of 2332 um (i.e., 400 contiguous transverse 
sections) was analyzed for each specimen. Prior to the determination of bone 
structural indexes, SRCT images were binarized with a simple thresholding for bone 
segmentation. The simple thresholding operated well because the distributions of 
linear absorption coefficient of SRCT images showed the clear peak corresponding 
to HAp (Fig. 3). The threshold value was determined through the comparisons 
between 2D binarized SRCT images and the light micrograph of the non-decalcified 
sliced sample showing the same transverse section. A threshold value of 5.3 cm"1, 
which corresponds to the HAp density of 0.82 g/cm3 (Eq. 1), was used for every 
image binarization. Figure 4 shows an example of 3D-rendered images of cortical 
tissue, medullary cavity, and cortical canal pores after bone segmentation. 

"/(.frequency 

0.31 

5.3 c m ' (0.82 g/cn*>) 

0 2 4 6 8 10 
linear absorption coefficient (cm1) 

Figure 3. 2D-reconstructed image (left, bar. 200 um) and the relative distribution of linear absorption 
coefficient (right). The threshold value for pure bone segmentation was set to 5.3 cm"1. 

cortical tissue medullary cavity 

s i 

cortical canal pores 

Figure 4. 3D-rendered displays of reconstructed bone elements, based on 100 contiguous 2D binary 
reconstructed images. 
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As macroscopic structural indexes, calculated were the cortical tissue volume 
(CTV), the cortical transverse sectional area (CTA), and the medullary transverse 
sectional area (MA) were calculated, where the latter two were presented as the 
averages over 400 transverse sections. Trabeculac protruding into medulla were not 
excluded in calculating CTV and CTA because of their negligible occupation in 
medullary space (Fig. 4). The indexes characterizing cortical microstructure were 
the canal volume fraction (CaV/CTV), the mean canal cross-sectional area (CaCA), 
the number density of canals penetrating transverse sections (CaN/CTA) averaged 
over 400 transverse sections, the number density of canal bifurcations (CaBf/CTV), 
and the number density of canal links (CaLn/CTV). In the process of sectional 
image scanning, canal bifurcations where both branching canals extended beyond 
three contiguous slices and branching canals that met other canals ahead of their 
counterpart branch were included in the counts of CaBf and CaLn, respectively. The 
26-adjacency was adopted for counting CaBf and CaLn. 

Differences between OP and non-OP tibiae were assessed with Wilcoxon 
matched-pairs signed rank test. A value of P<0.05 was considered statistically 
significant. Data are represented as mean (SD). 

3 Results 

Figure 5 shows 2D-reconstructed images of OP and non-OP tibial transverse 
sections and 3D-rendered canal network images of the anterior-lateral regions of 
interest. The sciatic neurectomy induced bone atrophy; both CTV and CTA were 
significantly smaller while MA was significantly larger in OP than in non-OP tibiae 
(8.34 (0.32) vs. 10.71 (0.49) mm3, 3.58 (0.14) vs. 4.59 (0.21) mm2, and 1.22 (0.10) 
vs. 1.14 (0.08) mm2, P<0.05). 

anterior anterior 

neurectomy intact 

Figure 5. 2D-rcconslractcd images of OP (left) and non-OP (right) tibial transverse sections and volume-
rendered images of regions of interest marked on the 2D images. Volume rendering was based on 400 
contiguous 2D binary reconstructed images. 
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The microstructural indexes are compared in Fig. 6. All indexes showed significant 
differences, indicating the canal network rarefaction under neurectomy. 
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Figure 6. Comparisons of cortical microstructural properties between OP and non-OP tibiae. 

No difference was found in the histogram of %frequency distribution of 
regional pHAp values between OP and non-OP tibiae. Actually, there was no 
difference in both mean pHAp (1.37 (0.01) vs. 1.36 (0.01) g/cm3) and the coefficients 
of variation of regional pHAp values (0.085 (0.002) vs. 0.088 (0.002)) between OP 
and non-OP tibiae. These indicate no disuse effect on the bone mineralization. 

4 Discussion 

4.1 Advantages of SRCT 

The major advantage of SRCT over conventional (iCT is the availability of 
monochromatic X-rays, which makes SRCT free from beam hardening and allows 
the quantification of bone mineralization. The highly linear relationship between the 
concentration and the X-ray absorption of K2HP04 solution (Eq. 1) confirms the 
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validity of the present calibration method translating the SRCT image into the 
distribution of bone mineral density. The clearly differentiated peak of linear 
absorption coefficient corresponding to pure bone was also resulted from the use of 
monochromatic X-ray (Fig. 3), allowing a simple thresholding for the bone 
segmentation. 

4.2 Disuse effects on growing cortical bone 

Disuse or immobilization caused by sciatic neurectomy induced bone atrophy as 
shown by the smaller CTV and CTA and the larger MA values in OP tibiae, 
indicating the disuse-induced deceleration of bone formation, the acceleration of 
bone resorption, or both, especially at the periosteal side. On the other hand, the 
sciatic neurectomy had no influence on bone mineral density. These tendencies are 
consistent with early studies on the cortical bone of sciatic neurectomized growing 
rats (21-23). 

Regarding the cortical microstructure, all indexes demonstrate that the cortical 
canals are smaller the in cross section, more sparsely distributed, and less connected 
in OP tibiae (Fig. 6). Considering that canals possibly contain a single vessel of 
capillary structure, cortical microvascularity may also be reduced in OP tibiae. 
Interestingly, capillary network in disuse-induced atrophic soleus muscle is reduced 
in a similar manner to the present canal network rarefaction (24). The cortical 
microvascular rarefaction will lower the bone perfusion, enhancethe perfusion 
heterogeneity (25), and decrease surface area for oxygen and nutrients supplies to 
bone cells. 

The mechanism underlying the disuse-mediated canal network rarefaction is 
beyond the present scope. However, it could be speculated that loss of mechanical 
loading is responsible for such rarefaction during growth phase. Bone matrix 
deformation and/or interstitial fluid flow caused by loading induces osteocyte- and 
vascular endothelium-derived signals (26-30), which would regulate the bone 
resorption and formation around the cutting and closing cone of a progressing basic 
multicellular unit (BMU). Vascular growth or angiogenesis involved in BMU 
progression would be also driven through those signals (31, 32). During growth 
phase, the coupling of cortical canalization and vascularization would be 
coordinated through those signals to form a highly-developed cortical vascular 
network system, which supports the rapid bone gain through supplying sufficient 
oxygen and nutrients and facilitating a wash out of metabolic waste product. 

The similarity between the mineral density distributions of OP and non-OP 
tibiae would make it reasonable to assume that the neurectomy-induced disuse 
affects the apparent cortical mechanical property essentially through the canal 
network rarefaction. To evaluate the effect of reduced canal network on the pparent 
cortical elasticity, we attempted the finite element analysis, in which 24 cubic bone 
blocks composed of 48x48x48 binarized voxels, one block in every cortical octant 
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at three tibial longitudinal positions, were examined in each tibia. Pure bone was 
modeled as a linear isotropic material with the elastic modulus and Poisson's ratio of 
20 GPa and 0.3, respectively (intrinsic bone properties). The apparent elastic 
modulus was determined from the averaged stress resultant from a simple 
compression enforcing 1-mm displacement (-3,600 microstrain) between two block 
faces opposing each other by means of a voxel finite element analysis. Differences 
in axial, radial, and circumferential apparent elastic moduli were only 1% at most 
between OP and non-OP tibiae (19.6 (0.2) vs. 19.7 (0.1), 19.4 (0.3) vs. 19.5 (0.2), 
and 19.3 (0.3) vs. 19.5 (0.2) GPa). That is, no effect of reduced canal network was 
found on apparent cortical elasticity. 

4.3 Study limitations 

It is not improbable that the widths of some vascular canals are close to or even 
smaller than the present voxel size of 5.83 iim because even such small canals 
contain a single capillary of <5 |J.m in diameter observed in atrophic muscle (24, 33). 
Thus, there might be some differences between true and experimental values of 
indexes, especially CaLn/CTV, which are sensitive to artificial canal disconnections 
due to the thresholding or partial volume effects. More accurate measurements can 
be taken by SRCT arranged for resolving a sample into smaller voxels. 

Although the observed canal network gives a conjecture about topological 
features of cortical microvascular network, whether canals contain vascular vessels 
and whether vascular diameters are correlated with canal diameters are not clear. 
Combining the monochromatic SRCT with a vascular casting or labeling method 
would allow a simultaneous evaluation of cortical canals and vascular vessels. 

In conclusion, SRCT was shown to be useful for cortical microstructural 
analyses. Its application to tibial cortical bone of growing rats undergoing unilateral 
sciatic neurectomy demonstrated the disuse-mediated canal network rarefaction as 
well as the bone atrophy but no change of bone mineral density. The reduced 
cortical vascularity as a corollary to canal network rarefaction will decrease the 
cortical perfusion and increase the perfusion heterogeneity, probably having 
undesirable effects on the bone growth. The mechanism underlying this cortical 
microstructural alteration needs to be further investigated. 
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To study the microcirculation for the analysis of thrombosis and haemolytic anaemia, fluid 
(plasma) flow and the motion of cellular components such as the red blood cell (RBC) and 
platelets must be included in the model. Vascular wall should also be included when the 
mechanical and biological interactions between the wall and cells are of concern. In the 
microvascular region, the cells and the plasma must be separately modeled because the length 
scale of the cellular components is comparable, sometimes larger, than the vascular diameter. 
To model the mechanical interactions between the cell and the wall, including their collisions, 
highly deformable nature of the cellular membrane must be represented in the model. In this 
study, a new computer simulation using particle method was proposed to analyze 
microscopic behavior of blood flow. A simulation region including plasma, red blood cells 
(RBCs) and platelets was modeled by an assembly of discrete particles. The proposed method 
was applied to the motion and deformation of single RBC and multiple RBCs, and the 
thrombogenesis process due to platelet aggregation. 

1 Introduction 

Cardiovascular disease is one of the most frequent causes of death in the 
industrialized world [1]. There is considerable indication that complex 
hemodynamics (blood fluid mechanics) play an important role in the development of 
artherosclerosis and other kinds of vascular diseases [2, 3]. Although the high 
amount of experimental, theoretical and numerical studies have been conducted in 
this area, according to our knowledge, there is not any study that reveals a direct 
evidence of the role of the blood fluid dynamics in the atherogenic process [3]. In 
this way, some unresolved questions need to be clarified, one of which is the blood 
flow at a blood cellular level. 

Because the human blood can be regarded as a homogenous fluid from a 
macroscopic viewpoint, established numerical techniques based on continuum 
mechanics, such as finite difference method (FDM), finite volume method (FVM) 
and finite element method (FEM), have been used to analyze blood flow as 
homogeneous fluid. At a microscopic level, however, blood is treated as a 
suspension in which solid blood cells, such as red blood cells (RBCs), white blood 
cells (WBCs) and platelets, are suspended in fluid plasma. Consequently, the 
particle methods are a natural choice to simulate blood flow on a blood cellular 
scale, in which each component of blood is modeled by an assembly of discrete 
particles [4, 5]. 
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The purpose of this paper is to propose a computer simulation method for 
blood flow using a particle method, in which solid blood cells and fluid plasma is 
directly modeled in order to investigate the microscopic behavior of blood flow. 
Motion of single deformable RBC [6] and thrombogenesis process due to platelet 
aggregation [7] are analyzed as a problem on a capillary scale. In addition, the 
particle method is useful to investigate the micro-macro relationships in the blood 
flow from a viewpoint of computational biomechanics considering multi-scale, in 
which mechanical interaction among multiple blood cells are important. To realize 
this kind of multi-scale simulation by direct modeling using a particle method, which 
is computationally expensive compared to FDM, FVM, and FEM, parallel-vector 
computation on the earth simulator (ES) system [8] is employed in the proposed 
particle method. This is one of a few means in a current computational environment 
that can overcome the difficulty in computing the collective behavior of large 
number of RBCs (order of 100 ii m to cm) directly from blood cellular scale (\i m). 

2 The MPS Methods 

FDM, FVM and FEM have been very powerful and the most popular and widely 
used to solve engineering problems. In these methods, continuum domain is 
discretized into fixed discrete grids (nodes) or meshes (elements), which are 
connected together in a predefined manner with suitable interpolation function. This 
strategy with fixed grids or meshes assures both the robustness and accuracy when 
obtaining the solution of the differential equation by the discrete system. However, 
it also gives several limitations in analyzing complex geometries and multi-physics 
problems, which consequently limits their applications to biomechanical problem. 

The limitations of the fixed grids- or meshes-based method have promoted the 
development of a mesh free method which use only a set of distributed nodes to 
express the mechanical system in a discretized form [9]. Each node is called 
"particle" in a particle method, and it moves in Lagrangean coordinates driven by 
interaction forces determined by discretized form of governing equations for the 
particles. This point makes it easy to track the solid-fluid interface in the case of 
large deformation. In a blood flow simulation using particle method, every particle 
can represents one discrete physical object (e.g. a small blood cell such as platelet) 
or can be generated as a set of particles to represent a part of the physical domain 
(e.g. a large blood cell such as RBC, and fluid plasma) [10], as shown in Fig. 1. 

In this paper, the moving particle semi-implicit (MPS) method [11] is used to 
solve blood plasma flow. This method is a particle method developed for 
incompressible flow analysis based on Navier-Stokes (N-S) equations. The number 
density of particles is kept to be its reference value in order to express 
incompressibility. Gradient and Laplacian of physical quantity 4>, used in Navier-
Stokes equations, on particle i are expressed by the summation of physical quantities 



134 T. Yamaguchi et al. 

<$> over neighboring particles j with a kernel function w (weighing function of 
distance) as 

and 

9, £ h ~r-\2 w{h ~r<\) 

where r is position vector, d is the number of space dimensions and n° is the 
reference value of the particle number density [11]. With this discretization using 
particles, fluid flow is solved using an algorithm similar to a simplified marker and 
cell method. In the following, Two-dimensional numerical examples are briefly 
summarized; (1) motion and deformation of single RBC [6], (2) primary 
thrombogenesis due to platelet aggregation [7], and (3) collective behavior of 
multiple RBCs. 

3 Results 

In the following, two-dimensional numerical examples are briefly summarized; (1) 
motion and deformation of single RBC [6], (2) primary thrombogenesis due to 
platelet aggregation [7], and (3) collective behavior of multiple RBCs. 

3.1 Motion and deformation of single RBC [6] 

Blood flow on a capillary scale was analyzed to examine the basic characteristics of 
the proposed particle method. A two-dimensional particle model was constructed for 
the blood flow between parallel rigid plates, as shown in Fig. 2 (t = 0[s]). The model 
consisted of fluid particles for the blood plasma, elastic particles for the RBC 
membrane, and rigid particles for the rigid plates. The size of the model was L = 80 
]i m in axial flow length and D = 10 ti m in distance between the plates. Particle 
distance was set to 0.5 ji m, and total number of particles was 4919. The physical 
property of the plasma was assumed to be the same as that of water. As a boundary 
condition, constant and uniform velocity in the axial direction was applied to the 
fluid particles placed at the inlet. Reynolds number to the distance between the 
plates D was 0.1. Zero pressure was applied at the outlet, and non-slip condition at 
the inner vessel wall. 

•j{rj - r , )w( | r ; - r , |) (1) 
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RBC was modeled by 59 particles configuring RBC membrane. These particles 
configured the same number of line elements in order to express the mechanical 
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Figure 1. Panicle model of blood consisting of blood cells, plasma and vessel walls. 

behavior of membrane with small number of particles. Elastic energy of the 
membrane was considered for changes in the length of the element and the angle 
between the neighboring elements [12]. In addition, areal constraint was introduced 
to express internal pressure within RBC [12]. Initial biconcave shape, as shown in 
Fig. 2, was obtained by shape change simulation of a swollen RBC based on 
minimum energy principle in the case of decrease in the RBC area by 70% from 
circular shape. 
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Figure 2. Motion and deformation of single RBC in blood flow. 

A simulation result revealed change in RBC shape and position in blood flow, 
as shown in Fig. 2 (t = 2 and 5[ms])). Since fluid pressure was higher upstream than 
downstream, the RBC was accelerated to move downstream at the beginning of the 
simulation. The fluid pressure caused RBC deformation in concave upstream and 
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convex downstream. This shape corresponds to experimental observation, so called 
parachute shape. After the initial acceleration, the pressure force became 
proportional to the viscous force, and the RBC moved at constant velocity with 
keeping its deformed shape. 

3.2 Primary thrombogenesis due to platelet aggregation [7] 

The particle method simulation is applied to primary thrombogenesis due to platelet 
aggregation to injured vessel wall, in which fluid mechanical factors play an 
important role. Each platelet was modeled by single particle. Since the size of each 
platelet is considered to be very small compared to the characteristic size of blood 
vessel, platelets were assumed to move along with blood plasma flow when they 
were far from the injured part of blood vessel. In the near region of the injured part 
within distance dag, aggregation of the platelets was assumed to be stochastic and 
its probability to be higher for the platelets closer to the injured part. This 
probability was expressed by introducing an attractive force acting between the 
aggregating platelet and the injured wall. When the aggregating platelets were 
within the distance dad (< dag), the platelets were assumed to adhere with the 
injured part and neighboring adhered platelets, and to behave as solid. The 
deformation of the adhered platelets as a solid was expressed by introducing normal 
and tangential spring forces acting among the adhered platelets and the injured wall. 

Platelets 

Plasma 

f=0.40[s] 

Figure 3. Primary thrombogenesis due to platelet aggregation in the blood flow. 



Study on Particle Presentations of Blood Cells and the Plasma 137 

A two-dimensional blood flow simulation between parallel plates was 
conducted in the case of Reynolds number of 0.02, as shown Fig. 2. The size of the 
model was L = 70 ii m in axial flow length and D = 20 jirain distance between the 
plates. Particle distance was set to 1.0 n m, and total number of particles was 3044. 

An injured region was placed on the center of the lower plates. At t = 0.1 [s], 
the platelets started to aggregate to the injured wall due to an attractive force acting 
between platelets and the injured wall. After the first aggregation, the number of 
platelets attached to the injured wall increased with time and the shape of the 
aggregated platelets grew until t = 0.25 [s]. Thereafter, the platelets detached due to 
the fluid force of the plasma flow at t = 0.40 Is]. These results suggest that the 
proposed particle method can simulate generation, growth and destruction of 
primary thrombus. 

3.3 Collective behavior of multiple RBCs 

In the much larger vessels than RBC size, collective behavior under the influence of 
mechanical interaction between RBCs is increasingly important to determine 
rheological properties of blood as a mass. In this section, a simulation method for 
multiple RBCs is proposed toward understanding of rheological properties of blood 
from a viewpoint of multi-scale mechanics. Assuming macroscopic flow field is not 
affected by each RBC motion, macroscopic flow field was prescribed by 
theoretical/numerical analysis [13]. The difference in the velocities between the 
RBC and the prescribed flow field determined momentum and viscous forces acting 
on RBC. In addition, reaction force is introduced in the case of contact of RBCs 
[13]. 

A two-dimensional blood flow model between parallel plates was constructed 
using 10 120 = 1200 RBCs, as shown in Fig. 4(a). Each RBC was modeled by 100 
particles. The size of the model was 200 / imin axial flow length and 75 n m in 
distance between the plates. The Poiseuille flow was assumed as the prescribed flow 
field. The ES system [8], a vector/parallel super computer system, was used to 
simulate the problem, in which we used 80 processors and 12 hours in real time 
(960 hours in CPU time). The parallel computation with standard MPI library was 
employed, and the simulation region was divided into 80 regions as the same 

i 1 1 1 1 i 1 1 1 i 
0 100 200 [Mm] 300 400 450 

Figure 4. Multiple RBCs How in the prescribed blood flow field. 
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number of the processors. Preliminary numerical experiments showed that the data 
communication time greatly affected computing time in the simulation. Therefore, 
the communication was performed per 1000 calculation steps, which did not change 
the essential result from that obtained in the case of full communication. 

As for the simulation codes developed for 80 processors on the ES system, 
vector operation ratio, average vector length and parallel efficiency were 99.30%, 
203.19 and 98.69%, respectively. These specs were acceptable to use 1024 
processors in the ES system. The code enabled us to calculate blood flow in 98.9 [s] 
in the simulation time, in which RBCs were able to travel from the inlet to the outlet. 

The simulation result demonstrated that RBCs flew downstream due to fluid 
force and concentrated to the flow axis, as shown in Fig. 4(b). This axial 
concentration, corresponding to experimental observation, would play an important 
role in distributing the RBCs into the daughter vessels at bifurcation [13]. 

4 Discussion and Conclusion 

Three applications of the particle method to study the blood flow were briefly 
analyzed. The simulation results demonstrate that the proposed method enables the 
analysis of single RBC motion and deformation, the initial thrombogenesis, growth 
and destruction of thrombus, and the collective behavior of multiple RBCs. This 
indicates that the particle method is potentially an important and useful approach to 
investigate the mechanical behavior of the blood cells in the blood flow at a 
microscopic level. Although the proposed method seems to be very useful in 
evaluating the microscopic mechanical behavior of blood flow, the results obtained 
by the computer simulation need to be validated by comparing with experimental 
data. In this way, we are currently developing a parallel plate flow chamber in order 
to obtain some experimental results by means of a confocal micro particle image 
velocimeter ( p. PIV). In addition, another very important ongoing work is to 
perform much lager-scale calculation using parallel computing technique, which will 
be an extended work of Sec. 3.3. The sophisticated computing techniques with a 
powerful hard ware, such as the ES system [8], will increase significantly the 
number of particles used in the proposed particle method. Furthermore, we intend to 
extend our simulations from a two dimensional analysis to a three dimensional 
analysis. With these developments, the proposed simulation method would express 
blood flow from viewpoints of both multi-physics and multi-scale, contributing to 
understanding of the over all properties of blood flow from blood cellular level 
(microscopic) to the resultant rheological properties of blood as a mass 
(macroscopic). 
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Skeletal muscle models for computer simulations are reviewed, and special emphasis is 
located on models taking into account a three-dimensional architecture and microscopic 
structure of skeletal muscle. Then a model describing damage as well as deformation is 
proposed by taking into account a three-dimensional architecture and microscopic structure 
and by modifing the model in literature. It is ascertained that the proposed model describes 
damage properties of muscle qualitatively. 

1 Introduction 

Skeletal muscle is a motor organ and is responsible for moving and stabilizing parts 
of the body. For applications in biomechanics and biomedical engineering, we often 
need a simulation model to understand and elucidate the mechanical properties and 
functional behavior of the skeletal muscle. For this purpose, many researchers 
developed mathematical models. 

Skeletal muscle has a hierarchical structure that consists of sub-scale 
microstructure. For accurate description of mechanical properties of skeletal muscle, 
the three-dimensional architecture and the deformation mechanisms of muscle 
should be incorporated into the model based on a physical consistency and 
anatomical accuracy. 

In this paper, we first survey literatures on skeletal muscle models and discuss 
the scheme of our skeletal muscle modeling. Finally, we formulate a mathematical 
model of skeletal muscle taking into account microstructure and damage. 

2 Brief Reviews of Skeletal Muscle Models 

2.1 Simplified skeletal muscle model 

Hill model [1] is the most famous 1-D skeletal muscle model. It represents the active 
and passive properties of the musculo-tendenous unit. The model has three 
components; the contractile element (active muscle force), the series elastic element 
(tendon and other soft tissue), and the parallel elastic element (passive muscle force). 

Zajac [2] derived Lumped-parameter models based on Hill model. This model 
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took into account the effects of pennation angle between the line of action of the 
muscle and tendon. 

These models are commonly used in musculoskeletal models to predict muscle 
forces, and have been recommended as the most practical and accurate approach for 
simulating human movement. But a three-dimensional architecture and microscopic 
structure of skeletal muscle is simplified in those models. Thus, for example, they 
cannot represent nonuniform shortening along some muscle fascicles during low-
load elbow flexion (Pappas et al., [3]) resulting from a more complex arrangement. 

2.2 Skeletal muscle models with geometric features 

Some continuum models describing two- or three-dimensional shapes and internal 
microstructures of skeletal muscle have been developed. Gielen et al. [4] proposed a 
two-dimensional non-liner finite element model to simulate tibialis anterior muscle. 
The geometry was reconstructed by high-resolution MRI image and the fiber 
direction was reconstructed by diffusion tensor images. 

The constitutive equation of the contractile myofibers was based on the micro-
mechanical Huxley model. The stress developed in cross bridge process was derived 
from the attachment distribution function n(J;,i). In this model, it is assumed that 
the cross bridge force depends linearly on the coordinate £,, with constant K. The 
force developed by one cross bridge is then F = KhE,, where h is a typical 
attachment length. The Cauchy stress in a slice of half-sarcomere with thickness s/2 
was computed by summing all cross-bridge forces: 

M0=^J>M£')^ (i) 
where m is the actin-site density, and / is the actin spacing. 

To determine the distribution function n(j;,i), the process of attaching and 
detaching is expressed with a modified two state Huxley equation 

^ - ^ + v , ^ l . , ( , ) / W W / . ) - » ( 6 . ) ] - « W - ( f i O m 
The constitutive equation of the connective tissue network and the passive elements 
within the muscle fiber is given by a strain energy density function Ws: 

1 dWs (E) 
av=-F S±-L.FC (3) p J 8E 

where F and Fc are a deformation gradient and its conjugation, E is the Green-
Lagrange strain tensor, and J = detF. As the viscous effects of muscle tissue only 
seem to play a role at large sarcomere lengths and resting muscle, they are neglected 
in the model. 

In order to specify an anisotropic strain energy density function, an orthonormal 
vector basis eL (i = 1,2,3) with e, parallel to the fiber direction and e2 and e3 
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perpendicular to the fiber direction is chosen. With respect to this basis the strain 
tensor E is written as the strain matrix E with components Ei}. The functional 
form of Ws was chosen as: 

W,(E) = a0 [exp(a,/l + a2IIE + a3E
2

u + a4(E?2 + Ef3)-1)] (4) 

where IE and IIE represent the first and the second invariant of the Green-
Lagrange strain tensor and the muscle tissue behaves (nearly) incompressible. This 
model examined the effects of variation in the fiber direction and the initial 
sarcomere length distribution on the muscle mechanics. 

Yucesoy et al. [5] proposed a nonlinear finite element model using a two-
domain approach. In this model, skeletal muscle is considered explicitly as two 
separate domains: (1) the intracellular domain and (2) extracellular matrix domain. 
To account for the trans-membranous attachments, the two domains are linked 
elastically. 

The strain energy function mechanically characterizing the extracellular matrix 
includes two parts. The first part Wx represents the nonlinear and anisotropic 
material properties. The second part W2 includes a penalty function to account for 
the constancy of muscle volume: 

\k(ea^-aij£ll) for*„>0 
W1=WiJ(sll) = \ ' / ' . (5) 

[ -W,j [\£y |) for £ij <0andi*j 

W 2 = A s ( / 3 - l ) 2 + A f(/3
av8-l)2 (6) 

where Sy is the Green-Lagrange strain in the local coordinate; the indices 
i,7 = l,2,3 represent the local cross-fiber, fiber and thickness directions, 
respectively. The I3 is the third invariant of the right Cauchy-Green strain tensor 
and /j3vg is the weighted mean of all 73 s per element. 

The total stress for the intracellular domain is the Cauchy stress acting only in 
the local fiber direction and is the sum of the active stress of the contractile elements 
and the stress due to intracellular passive tension. 
The stress of contractile elements is defined as 

/ x \b3e
b^2 for s22 > 0 

0 - 2 2 c o n t r ( £ 2 2 J = i ; . ( 7 ) 

[b3e
h'e* for f22 < 0 

This function is scaled such that at optimum length, the strain in the fiber direction is 
zero and the maximal stress value is unity. The stress due to intracellular passive 
tension was chosen as: 
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, x \t}£l2+hS22+h f o r f 2 2 > 0 
C-22lcp 2̂2 = (8) 

0 for £-,o < 0 for £22 < 0 

This model allowed assessment of force transmission and interaction between these 
domains. The results indicate the role of extracellular matrix for a muscle in 
sustaining its physiological condition. It is shown that if there is an inadequate 
linking to the extracellular matrix, the myofibers become deformed beyond 
physiological limits due to the lacking of mechanical support and impairment of a 
pathway of force transmission by the extracellular matrix. This leads to calculation 
of a drop of muscle force and if the impairment is located more towards the center 
of the muscle model, its effects are more pronounced. 

Lemos et al. [6] also suggested an interesting model, which allowed the 
microscopic complexity of the system to account for the macroscopic results. Their 
model incorporated several possible structural levels of representation to predict 
force relationships. 

In order to represent the tissue matrix for the passive soft tissues, it is 
represented by the Mooney-Rivlin relation: 

W = a(lc-3) + b(lIc-3) (9) 

where a and b are material parameters. 
The force in activated muscle tissue represented as velocity-dependent form is 

given by: 

F~=°[f{ro) + K{r0){r-r0)]^^fv(v) (10) 

where f[r) is a force-length relationship given by parabola function. The variable 
r is the ratio r = L/Lopt and Lopt is the optimal fiber length, which corresponds to 
the vertex of the parabola. The stiffness K[r0) represents the behavior for active 
elongations beyond the initial length r0 . The parameter nf is the number of fibers 
running through a given element. It is assumed that the stress corresponds to the 
presence of 10,000 individual fibers per square millimeter. The function /„ (v) is 
the force-velocity dependence which results in the inclusion of a viscous component 
in the muscle fibers: 

/ \ O/120_g-v/12(A 
/ v (v ) = l - t a n h = 1 - 7 — ; 7—f (11) 

The model is used to investigate force production and structural changes during 
isometric and dynamic contractions of the cat medial gastrocnemius. From 
comparison with experimental data, the model faithfully predicts all of the 
observations pertaining to force production, fascicle length and pennation angle 
under various test conditions. 
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These three-dimensional models represent macroscopic behavior and 
mechanical properties of skeletal muscle. In addition, internal distribution of stress, 
strain and each fiber shortening are also represented. Therefore, when considering 
contraction, shortening and muscle injury, it is possible to specify the portion of 
stress or strain concentration and explain the effects of nonuniform fiber length. 

In practice, muscle tissue is damaged by excessive stretch of it. But the 
evolution of the damage to active and passive elements is not incorporated in those 
models. 

2.3 Scheme of our skeletal muscle modeling 

In the real world, muscle injuries are often observed in car crash and sport accidents, 
and simulations to predict muscle damage are often performed for injury prevention. 
For this purpose a constitutive model of muscle is prerequisite which can represent 
the damage distribution in muscle and the damage mechanisms as well as the above-
mentioned mechanical properties of muscle. For this reason, we will formulate a 
constitutive model of muscle taking into account the effects of tissue damage on 
mechanical properties referring to Blemker et al. [7] in the following. 

3 Formulation of a Skeletal Muscle Model Taking Into Account 
Microstructure and Damage 

We considered muscle fiber and extracellular matrix as microstructure of skeletal 
muscle. We formulate the mechanical properties of muscle as an uncoupled form of 
the strain energy referring to Blemker et al. [7]. Then the strain energy density 
function is additively separated into the dilatational and deviatoric parts 

¥ U ( C , a . ) = ¥^(71 ,72 ,74 , /5)+ %oi{j) (12) 

where C is the right Cauchy-Green deformation tensor, a0 is the local fiber 
direction, lx and I2 are deviatoric invariants of C . The /4 and I5 are additional 
deviatoric invariants of C that arise from the description of transverse isotropy, and 
J is equal to ^det(C) and expresses the relative change in volume. The deviatoric 
term is described by 

<rdev = wl + w2 + w3 (13) 
where W, and W2 represent the strain energies of along-fiber and cross-fiber shear 
of intramuscular connective tissue, respectively. The term W3 describes the 
relationship between Cauchy stress in the fibers ( of^f) , the fiber stretch ( A ) and 
activation level of the fiber (a) in the form: 

a i l f muscle 
A ^ ^ — o - s s r ( A , « ) (i4) 

OA 
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To define of^ , several assumptions are made. A force-length relationship led by 
Zajac [2] was used. The active stress is scaled linearly with respect to the activation 
level, which varies from 0 (no activation) to 1 (maximal activation): 

°"totaf \ h a) = °"max {/passTve \^) + ^/active \ty) -V^ofl ( 1 5 ) 

where <rmax is the maximum isometric stress, f ^ „ t is a passive fiber force, f£.^[ is 
an active fiber force, AoSI is the optimal fiber length. 

To describe the microdamage of the muscle tissue, we introduced two damage 
variables into W3 which are defined by 

W3 = jE^L^Dp)f^n +a(i-Dp)(l-Da)f2&\dA (16) 
A-ofl 

The variables Dp and Da describe the damages of passive and active elements, 
respectively. When the passive element is damaged, the function of the force 
generation of the muscle fiber will be lost. Therefore the passive damage variable 
operates on both f^tlz and f^e . The evolution equations of the two damage 
variables are represented by 

Dp=Ape
B^(X)(A-Ayp) (17) 

Da=Aae
B-D-(X)(A-Aya) (18) 

where Ap, Aa, Bp, Ba are material constants, and Xyp, Aya are the threshold fiber 
stretches of injury generation of passive and active elements. The symbol < > is 
Macauley bracket defined by 

, , [ x when x > 0 
(x) = \ (19) N ' [0 whenx<0 

These equations represent that the muscle tissue damage evolves only if stretch 
exceeds the threshold. 

To examine the adequacy of the proposed model, we simulated uniaxial 
stretching of muscle tissue. An example of simulation result of the proposed model 
is shown in Figure 1. 
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Figure 1. Comparison between the stress-strain curves of muscle fiber with and without damage 
evolution. 

The red line shows the result of the model including microstructural damage and the 
blue one describes the ones predicted by the model without damage evolution. 
Second decrease on stress curve represented active element damage, and last one 
represented passive damage. The proposed model could describe the evolution of 
the internal tissue damage and predict the failure of the fiber qualitatively. 

4 Concluding Remarks 

In this study, we surveyed the typical mechanical models of skeletal muscle, and 
formulated the constitutive model taking into account microstructure and damage. 
For describing mechanical behavior of skeletal muscle quantitatively, we need to 
identify better material functions and constants of the proposed model based on 
experimental data; which is our future work. 

Another approach to represent macroscopic properties of muscle deformation 
and damage taking into account microscopic properties is to use the homogenization 
technique. Palmer [8] developed a computational model of a single fiber based on 
the homogenization method which is a rigorous mathematical theory for composite 
materials. In practical application, the homogenization method may be applied to 
problems with a relatively large scale ratios between the microlevel and macrolevel 
of the material and to problems with randomly oriented microstructures. The 
advantages of the homogenization method are its theoretical structure, greater 

Total Stress 
without Damage 
Total Stress 
with Damage 



148 E. Tanaka & D. Ito 

flexibility in deal with non-linear problems and localization of stress-strain fields. 
Although the homogenization method is not new in mechanics, it provides the 
framework for developing new techniques to analyze the behavior of heterogeneous 
materials. 
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We made theoretical predictions of the orientation of actin stress fibers (SFs) in a 
substrate-attached endothelial cell subjected to cyclic stretch within a constant range of 
strains. Taking account of polymerization/depolymerization of actin monomers and 
binding of SFs to adjacent actin filaments (AFs), we simulated the formation of SFs at 
the basal membrane. The numerical simulations predicted that AFs would be bundled but 
remain crossed with other AFs, which suggested that an additional mechanism was 
needed for the model to reproduce the actual distribution of AFs. Next, we validated two 
working hypotheses that defined the maximum strain in a SF during deformation as 
either the strain measured at maximal substrate deformation or the strain measured at 
maximal compression or stretching. Nonuniform cell deformation was also incorporated 
into the model. Under certain conditions of cyclic stretching of SFs for which one end of 
the fiber was attached to the apical membrane, the different measures of maximum strain 
produced clear differences in the position of the other end of the fiber. 

1 Introduction 

Endothelial cells on the luminal side of the arterial wall align longitudinally 
under flow shear stress, thereby avoiding the strain that results from cyclic 
deformation of the vascular wall [1-3]. Under such loading conditions, stress 
fibers (SFs) or bundles of actin filaments (AFs) located on the basal membrane 
of the cell are observed to orient in the major axis of the cell [4-8]. Wang et al. 
reported a "tent-like" actin structure in which AFs orient out of the basal 
membrane surface under cyclic equibiaxial stretch conditions [6]. The alignment 
of SFs running between the apical and basal membrane clearly differs from the 
cell's major axis along the substrate surface. Yamada and Ando also observed 
SFs located above the nucleus in cells which were subjected to cyclic stretch [8]. 

To describe the orientation of vascular endothelial cells under cyclic stretch 
conditions, hypotheses were initially proposed for cell orientation under cyclic 
stretch conditions [2], and later for that of SFs [5, 9, 10]. Initial studies 
recognized SF responses qualitatively, as a phenomenon of deformation 
avoidance [1, 5]. Takemasa et al. explained the orientation angles of SFs on the 
basal membrane by quantifying the strain state of the substrate [5]. We 
conceptualize a forming process of AFs and SFs as a chemical response under 
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cyclic stretch conditions, with the orientation range restricted by the mechanical 
stress/strain state [9-12]. Civelekogu et al. modeled the reorganization of AFs 
focusing on the dynamic behavior [13]. 

In the current study, we first carried out numerical simulations of the 
formation of remodeled array of AFs on the basal region of an endothelial cell 
under cyclic uniaxial stretch. We focused on the actin binding between adjacent 
filaments as well as the polymerization/depolymerization to investigate their 
effects on the formed pattern of AFs. 

We also validated the hypotheses using the two measures of maximum strain 
by comparing theoretical predictions of SF and AF orientation with experimental 
results reported in the literature. Then we performed numerical simulations of 
the orientation of SFs in different cytoplasmic locations under various conditions 
of cyclic stretch, comparing predicted results between these hypotheses. Finite 
element analyses have shown that cells deform nonuniformly [11] and this was 
included in our simulations. 

2 Methods 

2.1 Numerical simulation methods to predict the formation of AFs 

The procedure of numerical simulation is: 
(1) Give a configuration of a cell (shape, location of integrins) 
(2) Give an initial distribution of AFs by random orientation 
Repeat steps (3) to (5) until one obtains a stable pattern of AFs: 
(3) Check if polymerization {Eq. (1)} or depolymerization occurs (At 

1000th step, divide all AFs into 2 |a.m-segments) 
(4) AFs will be bundled if the conditions in Table 1 are satisfied 
Every stretch cycle: 
(5) Check the strain of a AF at the maximum stretch state of substrate. If the 

strain is greater than the limit, then the AF will be dissociated 
immediately. If the strain is less than the limit, then the AF will remain. 

Table 1. Conditions for actin binding in the numerical simulation. 

Case Distance between adjacent Angle between adjacent End of a AF for binding 
AFs (nm) AFs (deg) 

A 100 10 plus 
B 30 20 pjus 

The cell is a half ellipsoid with major and minor axes of 83 u.m and 45 jim 
on the bottom surface and a height of 6 urn. Integrins are located on the basal 
membrane with an interval of 2 \im. AFs are assumed to start polymerization 
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from these locations. The type of cyclic stretch is a pure uniaxial stretch with a 
strain range of 20%. The cycle of stretch is 1 s. A single time step corresponds to 
0.1 s. The strain limit of a AF is +/- 5%. With this limit, the angle range in which 
AFs can exist decreases as 46-134, 61-119 and 67-113 degrees with respect to 
the axis of stretch under cyclic pure uniaxial stretch with an increase of the strain 
range as 10%, 20% and 30%. The pure uniaxial stretch is a uniaxial stretch with 
a fixed length of the substrate in the transverse direction of stretch. 

The polymerization of actin monomers at each end of a AF is governed by 
the equation 

dn/dt -konM -koff (1) 

where n and M are the number of attached actin monomers, concentration of 
actin monomers, kon and koff, capture rate constant and release rate constant, 
respectively [14]. We determined these constants as kon = l^d^Mf's"1), kofS = 
0.2( s"1) at the plus end and kon = 0.1(nM"'s"'), koff = 0.4( s ') at the minus end, 
taking into account the variation of rate constants [15] and the evidence that a 
parallel array of SFs have appeared at 30 minutes under cyclic simple elongation 
at 1 Hz with a strain range of 30% [5]. In Eq. (1), M in the basal region is 
assumed to be constant as M = 190(|iM). In the simulation, we checked the 
effect of the distance and angle to allow actin binding for adjacent AFs as 
summarized in Table 1. 

2.2 Numerical simulation methods to predict the 3D orientation range of SFs 

2.2.1 Hypotheses with different measures of maximum strain and categories 
of SF orientation 

Hypothesis 1: A SF orients itself only in the direction in which the strain 
component in the fiber direction does not exceed the strain limit in the 
maximally deformed state of the substrate [10]. 
Hypothesis 2: A SF orients itself only in the direction in which the strain 
component in the fiber direction does not exceed the strain limit in the 
maximally stretched or compressed state of the SF during a cycle of cellular 
deformation [12]. 

These working hypotheses, formulated to predict the orientation of SFs after 
sufficient cycles of stretch, have different measures of SF maximum strain. 
Hypothesis 1 evaluates a SF's strain at the state in which the substrate is 
maximally deformed. Hypothesis 2 evaluates a SF's strain at the state in which 
the SF is stretched or compressed maximally during the deformation process of 
the substrate. According to our previous study (and with the assumption that the 
cells deform uniformly), whether the maximally deformed state of a SF coincides 
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with the maximally deformed state of the substrate is determined by the type and 
amount of deformation of the substrate [12]. 

SFs are classified into one of five categories depending on their orientation. 
SFs may connect (1) two points (focal adhesions) on the basal membrane, (2) 
two points (apical plaques) on the apical membrane, (3) the apical to the basal 
membrane, (4) the basal membrane and the nucleus, or (5) the apical membrane 
and the nucleus. Quantitative or qualitative observations of SF orientation in 
vascular endothelial cells exposed to cyclic deformation or fluid shear stress are 
reported in the literature for categories (1), (2) and (3) [1, 4-6, 16, 17]. SFs in 
categories (4) and (5) may also form in cells. In this study we focused on the 
case (3) which was of interest to predict the SF formation in various types of 
cyclic stretch. 

2.2.2 Methods for validation of the working hypotheses and prediction ofSF 
orientation 

The above working hypotheses were validated by comparison of their 
predictions of SF and AF orientation in cultured endothelial cells (under 
conditions of cyclic pure uniaxial stretch and cyclic equibiaxial stretch, as well 
as SF orientation under conditions of cyclic simple elongation) with 
experimental measurements in the literature [10, 12] (Table 2, Figure 1). For the 
purposes of the validation, we assumed uniform deformation of the cell during 
substrate stretching. 

Table 2. Boundary conditions of the substrate (Ax and Ay are stretch, and a, 
and az are stress in the x or y direction, respectively). 

Stretch condition x-axis y-axis z-axis 

Pure uniaxial stretch Ax > 1 Ay=\ oz = 0 
Simple elongation Ax > 1 ay = 0 az = 0 
Equibiaxial stretch Ax > 1 Ay = Ax az = 0 

To check whether the different measures of maximum strain in the two 
hypotheses produced differences in the predicted SF orientation, we used SFs 
with one end at the apical membrane. In the numerical simulations, a SF end was 
positioned at one of three locations on the apical membrane, points P, Q, and R, 
as shown in Figure 2. P', Q', and R' were the projected points of P, Q, and R on 
the basal membrane. To simulate nonuniform deformation of a cell, we 
approximated the deformation of the apical surface of the cell as 

Uz)^f{z)-Xx{Q),Ay{z)^g{z)-Ay(Q\Xz{z) = \l{Uz)^y(z)},0<z<zmm 

(2) 

for various types of substrate stretch (Table 2), using finite element models to 
reproduce the deformation of the cell [10, 11]. In Eq. (2), z is a coordinate in the 
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height direction of the cell, X,, X,. and A. are stretch in the x, y and z directions, 
respectively, J[z) and g(z) are approximation functions at height z, and zmwi is the 
height of the cell. 

Ptl 

Y 

e uniaxial stre 

A 
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i 

Simple elongation 

Equibiaxial stretch 

Figure 1. Three types of stretch lor a substrate. 
A square with a solid line at an unstretched 
stale deforms to a rectangle with a dashed line 
at the maximally stretched slate. 
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Figure 2. Selected points on the apical 
membrane (P, Q. R) and their projections on 
the basal membrane (P \ Q", R') in a cell 
model, a quarter of the whole cell. 

3 Results and Discussion 

3.1 Formation of AFs 

Figure 3 shows the initial distribution of AFs through polymerization of actin 
monomers starting from the locations of integrins with random orientation. 

Figure 4 shows the distributions of AFs after 5000 steps for the Case A in 
Table 1. In the figure, a black line denotes a AF which is a part of stress fibers, 
i.e., a bundle of AFs. A yellow line denotes an independent AF which is not 
bundled with any other AFs. The result shows that the orientations of AFs are 
not in specific directions yet. 

Figure 3. Initial distribution of AFs. Figure 4. Distributions of AFs after 5000 steps 
for the Case A in Table I. 
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Figure 5 shows the distributions of AFs on the basal membrane after 1 ()()(K) 
steps for both cases in Table 1. Comparisons of these results show that a long 
distance between AFs which allows actin binding causes bundles with many 
filaments, and that a large angle between AFs tends to have more uniform 
directions between AFs. Compared these numerical simulation results with 
experimental ones in the literature, effective distance of AFs for binding seems 
to be much larger than the size of binding proteins, e.g., 30 nm. The angle 
between AFs for binding also seems to be not so small maybe due to a kind of 
Brownian movement. 

(a) Case A in Tabic I (b) Case B in Table 1 

Figure 5. Distributions of AFs alter 10000 steps. 

3.2 Three dimensional orientation range ofSFs 

3.2.1 Validation and comparison of the working hypotheses with the 
assumption of uniform cell deformation 

We obtained predictions of SF orientation for three conditions of stretch (Table 
2) with a 10% strain range and with the assumption of uniform deformation of 
the cell. Figure 6 compares the theoretical predictions of Hypothesis 1 with the 
experimental observations by Dartsch and Betz of AF orientation on the basal 
membrane of cultured endothelial cells exposed to cyclic pure uniaxial stretch 
with a 15% strain range [1, 12]. In this figure, dashed lines indicate AFs with 1% 
strain when the substrate is maximally stretched, and dot-dash lines are AFs with 
5% strain. The results show that AFs orient in the angle range within which they 
are subjected to <5% strain. In our previous study, we compared the predictions 
of Hypothesis 1 to experimental measurements by Takemasa et al. of SF 
orientation on the basal membrane of cultured endothelial cells exposed to cyclic 
simple elongation with various strain ranges [4, 5, 10]. This result also showed 
that SFs orient in the angle range which has <5% strain. 

We compared the predictions of the two hypotheses for the SF orientation 
range for the three boundary conditions in Table 2 with those for a <20% strain 
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range, which covers the physiological conditions of cyclic stretch. We found that 
if the strain limit of the SFs was 5%, there was no difference in the SF 
orientation predicted by the two working hypotheses. Small differences in the 
ranges of predicted orientations occurred when the SF strain limit was small (e.g., 
1 %) and the substrate strain range was simultaneously large (e.g., 20%). 

Figure 7 presents theoretical predictions of the distributable range of the 
position of a AF end on the basal membrane, under the condition of cyclic 
equibiaxial stretch of the substrate with a 10% strain range, assuming that the 
other end of the AF is located at a height of 8 u.m or 10 u.m. As Wang et al. 
reported for the three-dimensional "tent-like" actin structures observed in their 
experiment, AF ends gather on the apical membrane, while the other end of each 
fiber is located at various points on the basal membrane [6]. One of these "tent
like" structures is shown in Figure 7 (from an image in Ref. [6]) with the 
positions of the AF ends on the basal membrane marked with the symbol (x). 
The simulations involving 10-u.m AFs predicted an orientation range covering 
most of the (x) symbols on the basal membrane. 

-Dartsch&Betzl F'^ue"^ 
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Figure 6. Predictions of the orientation angle 
of AFs by Hypothesis I under conditions of 
cyclic pure uniaxial stretch, with the SF strain 
limit at I % or 5% [ l, 12]. 
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Figure 7. Predictions using Hypothesis 1 for 
the distributable region of a SF end on the 
basal membrane (Z = 0) in AFs in which (he 
other end is located at point (X Y, 7) = (0, 0, 
8) or (0,0, I0) | jm|6, 12]. 

3.2.2 Comparison of predicted results with the working hypotheses based on 

the nonuniform deformation of a cell model 

(3) 

The approximation functions in Eq. (2) are obtained as 

f(z) = 0.921 + 0.079 exp(-0.322z), 

g(z) = l + {-0.166 + 0.166exp(-0.508z)}(/t,(0)-l) 

for a pure uniaxial stretch with 10% strain of the substrate in the x direction, 

/ ( z ) = 0.919+ 0.081exp(-0.246), g(z) = / ( z ) - " 2 (4) 

for a simple elongation with 10% strain of the substrate in the x direction, and 

file:///J./J
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/ ( z ) = 0.907 + 0.093exp(-0.349),g(z) = / (z ) (5) 

for an equibiaxial stretch with 10% strain of the substrate in the x and y 
directions. The averaged errors in the displacement with the above 
approximation functions for all the nodes on the apical surface of the finite 
element model of the cell are 7%, 16% and 14%, respectively. The 
approximation functions therefore reproduce the deformed shape of the cell with 
a 1/10 order of these errors, because the displacements (e.g., 1.5 (im) are roughly 
one tenth of the size of the cell model (e.g., 15 (xm). The deformation of the 
points on the basal surface of the cell is described without error. 

The basal membrane positions of a SF end predicted by the two working 
hypotheses (under conditions of cyclic pure uniaxial stretch with a 10% strain 
range, and with the other end of the SF located at points P, Q, or R on the apical 
membrane) are shown in Figure 8. The black region in the figure indicates a SF 
end on the basal membrane; the grey region denotes a SF end on the nucleus 
surface. Points P, Q, and R are located at different positions in the cell model 
with regard to the deformation of the cell, and as a consequence the shape of the 
SF end distribution range does not have the same symmetry as one derived on 
the assumption of uniform deformation of the cell. The distributable range 
changes depending on the location of the SF's other end on the apical membrane. 
The two working hypotheses predict slightly different ranges. 

Figure 9 shows the predictions of the two hypotheses for the positions of the 
basal membrane end of a SF (the other end of which is at P or R on the apical 
membrane) under cyclic simple elongation with a 10% strain range. There are 
some differences between the distribution range predicted under these conditions 
and those predicted with cyclic pure uniaxial stretch (Figure 8), and this is also 
the case for SFs orienting on the basal membrane. 

Figure 10 shows the predictions of the two hypotheses for the positions of 
the basal membrane end of a SF (the other end of which is at P or R on the apical 
membrane) under cyclic equibiaxial stretch with a 10% strain range. The two 
hypotheses clearly predict different ranges. Under these conditions, the small 
size of the cell model (Figure 2) used in these predictions limits the distribution 
range, which is much larger in the predictions in Figure. 7. The cell in the 
experimental report by Wang et al. was actually larger than the region shown in 
their image (80 (xm by 50 (im) [6]. 

Our numerical simulations describe the distributional range of a SF end 
when the other end is at a specific location. By choosing a stretch condition and 
focusing on the end points of the SFs, this enables validation of the hypotheses 
explaining mechanical effects on SF orientation. Though the orientation of SFs is 
restricted by their deformation, it is still unknown which determines the actual 
array of SFs. Combination of mechanical and chemical responces would be 
required to reproduce the phenomenon. 
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using Hypothesis 1 ((a), (b), (c)) or Hypothesis 2 ((d), (e), (f)) under conditions of cyclic pure 
uniaxial stretch of the substrate with a 10% strain range. The other end of the SF is at point P ((a), 
(d)), Q ((b), (e)) or R ((c), (f)). The grey region denotes that one end of a SF is not on the basal 
membrane but on the surface of the nucleus. The symbol (x) denotes a projected point on the basal 
membrane, i.e., point P' ((a), (d)), Q' ((b), (e)) or R' ((c), (f)). 

3 o-( 

> -5 > -5 

-15-10-5 0 5 1015 
X (jim) 

(a) 

-1510-5 0 5 1015 
X (urn) 
(b) 

15 

>- -5 
-10 
-15 # : # 

-1510-5 0 5 1015 
X (urn) 

(C) 

-1510-5 0 5 1015 
X (urn) 

(d) 

Figure 9. Predictions of the distributable region of a SF end on the basal membrane (black region) 
using Hypothesis 1 ((a), (c)) or Hypothesis 2 ((b), (d)) under conditions of cyclic simple elongation 
of the substrate with a 10% strain range. The other end of the SF is at point P ((a), (b)) or R ((c), (d)). 

1510-5 0 5 1015 
X (am) 

(a) 

-1510-5 0 5 1015 
X (urn) 

(b) 

-1510-5 0 5 1015 
X (urn) 

(c) 

-1510-5 0 5 1015 
X (urn) 

(d) 
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4 Conclusions 

We performed a numerical simulation to reproduce the distribution of SFs on the 
basal membrane during cyclic stretching. The simulation reproduced the effects 
of distance and the angles of AFs on actin binding and a certain structure of AF 
arrays. The simulation revealed that an additional mechanism must exist to avoid 
crossing other AFs. 

We also performed theoretical predictions of the orientation of SFs in an 
endothelial cell that was attached to a substrate and was exposed to cycles of 
biaxial stretching. First, we validated and compared two measures of the 
maximum strain in a SF using two formulations of a strain limit hypothesis. The 
results of the numerical simulations indicated that both measures produced 
accurate predictions of the orientation of SFs and AFs that have been reported in 
the literature. Next, incorporating the nonuniform deformation of the cell into the 
model, we predicted an orientation of SFs such that one end of the fiber was 
located at one of three positions on the apical membrane. Clear differences were 
observed between the distribution ranges predicted by the two hypotheses under 
conditions of cyclic equibiaxial stretch. 
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